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FOREWORD

Groundwater is the most important and widespread water supply resource. Many of us associate it archetypally 
with the beauty and power of a mountain spring. Serbian people say that „for water to be drinkable, it needs 
to pass over seven stones“. European countries predominantly use groundwater, or water obtained through 
artificial-recharge methods, for their drinking water supply. 

However, occasionally the question is raised: Why do we use groundwater so often?

The answer given to this question is sometimes quite banal: “Groundwater is used when technical and economic 
assessments indicate that it is more appropriate than any other competing resource”. This leads to a further 
question: Why do we use groundwater so often, even when the source is more distant and the abstraction 
costlier?  Part of the answer is attributed to self-purification processes in groundwater. These processes result 
in the stabilization, and in most cases, improvement of groundwater quality. Tradition also leads people to 
demand water from this resource. Professional and scientific practice indicates that an intergranular aquifer 
and percolation through the ground are often comparable to an extensive physical and biochemical reactor, 
which contributes to the safety of water supply and to a general improvement of groundwater quality. Coupled 
with this is the fact that the aquifer environment is very heterogeneous, and processes which take place during 
groundwater percolation are numerous, as are their affects.  

Over time, water management has evolved into a very intricate pattern of inter-dependent activities which 
affect water quality, the water regime, the use of water, and protection against the adverse effects of water. It 
encompasses many areas of human activity and constitutes a very large system, whose proper function largely 
determines the state of a human community, and is even a pre-condition for its survival.  

In many areas, groundwater used to be a virtually inexhaustible source of water supply, and was convenient 
because it was readily accessible, and because it continued to deliver a consistently good quality of water. 
However, increasing rates of abstraction, expansion of human settlements and industry, as well as deterioration of 
water quality, have all led to increasing constraints on water management, including the use of groundwater.

Water use and water management can be divided into three stages:
Stage 1: Abundance - Water use and water pollution are low relative to available resources.
Stage 2: Depletion - Water use and water pollution are considerable relative to available resources, leading to 
a gradual depletion of resources.
Stage 3: Sustainable development - Water management must be implemented in such a way as to conserve 
good water status and not deplete the resources to future detriment.

In Europe and throughout the world, major efforts are being made toward sustainable development of water 
systems. European water directives promote water protection and sustainable water management. Many 
European countries have invested heavily in water protection. 

Some countries are just entering this stage. Water management within large river basins is both an important 
and challenging issue. Europe has made great strides in this area. A characteristic example is the Danube 
River Basin, where a number of countries are successfully cooperating within the scope of the International 
Commission for the Protection of Danube River (ICPDR). The European Water Framework Directive, the 
Nitrate Directive, the Groundwater Directive, and various other documents, set forth criteria for the management 
of groundwater resources. These criteria have to be met, and require, inter alia, adequate familiarity with 
natural processes.

Scientific contributions are expected in the definition of natural processes which take place in the aquifer, as 
well as in problem areas relating to groundwater utilization and protection of groundwater resources.  



Chairman of the Programme and Scientific Committee

This Conference is a regional conference of the International Water Association (IWA). However, the presence 
of authors from countries throughout the world extends the breadth of the Conference.  

The Conference is expected to lend interactive support to the achievement of the Danube River Basin 
Management Plan (ICPDR), the gathering and joint work of water services in the Danube River Basin (IAWD), 
and the interaction between the IAWD and ICPDR. 

The IWA umbrella has contributed to the overall character of the Conference. UNESCO has, in addition to 
being a sponsor, contributed through papers of its experts. 

The Conference would not have been possible without the significant support of the Serbian Government and 
the Serbian Academy of Sciences and Arts. 

The Jaroslav Černi Institute for the Development of Water Resources and the Belgrade Water Supply and 
Sewerage Company played a leading role in the profiling and organization of the Conference, with organizational 
and material support of a large number of organizations, companies, and individuals.  

The Conference objectives are:

To provide an overview of current problems in groundwater management in the Danube River Basin and 
in other large rivers basins;
To summarize available background information for the preparation of river basin management plans 
according to the WFD, especially in the Danube River Basin;
To enable the exchange of knowledge relating to the transport and transformation of various substances in 
groundwater, and to the protection of groundwater;
To lend room for discussion between various parties involved in groundwater issues; 
To provide a forum for the discussion of technical issues of groundwater abstraction and groundwater 
quality management; 
To present methodical aspects of groundwater resource status assessment; and
To address socio-economic and legislative issues.  

Conference objectives will be achieved through five discussion themes:  

Theme 1: General Status of Groundwater Management in the Danube River Basin and Other River Basins
Theme 2: Problems of Groundwater Source Management and Maintenance
Theme 3: Bank Filtration and Artificial Recharge 
Theme 4: Natural Attenuation and Aquifer Restoration 
Theme 5: Tools for Status Assessment

More than fifty valuable papers have been submitted addressing these themes and will no doubt assure the 
success of the Conference.
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Up-to-date Information about the Implementation of the EU Groundwater 
directive and of the Associated CIS Working Group

Ph. Quevauviller*1

* European Commission, DG Environment (BU9 3/142), rue de la Loi 200, B-1049   
 Brussels, Belgium (E-mail: philippe.quevauviller@ec.europa.eu)

Abstract    The Water Framework Directive (2000/60/EC) includes a comprehensive regulatory framework 
for the protection of groundwater which follows the same stepwise approach as for surface waters, namely 
a characterisation phase, monitoring programmes, design of programmes of measures in the context of river 
basin management planning, and compliance to good (quantitative and chemical) status objectives by the end of 
2015. In its Article 17, the WFD called for the development of specific criteria related to groundwater chemical 
status and trend studies in the form of a “daughter directive”, which has been adopted on 12 December 2006. 
This paper describes the general groundwater regulatory framework and the involvement of the Groundwater 
Working Group operating under the Common Implementation Strategy (CIS) of the WFD.
Keywords  Water Framework Directive; groundwater; chemical status; Groundwater Directive; Common 
Implementation Strategy

THE GROUNdWATER POLICY FRAMEWORK UNdER THE WFd
The WFD (Directive 2000/60/EC) [1] is certainly the most advanced regulatory framework for the protection 
of all (surface and ground) waters. This directive aims to achieve ‘good status’ objectives by the end of 2015, 
on the basis of specific milestones and operational steps which have to be undertaken by Member States of the 
European Union. With regard to groundwater, the directive stipulates that Member States shall implement the 
measures necessary to prevent or limit the input of pollutants into groundwater and to prevent the deterioration 
of the status of all bodies of groundwater. In this context, Member States have to protect, enhance and restore 
all bodies of groundwater, ensure a balance between abstraction and recharge, with the aim to achieve good 
groundwater (chemical and quantitative) status by 2015, following the definitions given in Table 1. These 
requirements include a range of derogation clauses which can be found in paragraphs 4 to 8 of Article 4 of the 
directive.

The Directive also requires the implementation of measures necessary to reverse any significant and sustained 
upward trend in the concentration of any pollutant resulting from the impact of human activity in order to 
progressively reduce groundwater pollution. Under this Directive, the framework for groundwater protection 
imposes on Member States to:

Delineate groundwater bodies within River Basin Districts to be designed and reported to the European 
Commission by Member States, and characterise them through an analysis of pressures and impacts of 
human activity on the status of groundwater in order to identify groundwater bodies presenting a risk of 
not achieving WFD environmental objectives. This characterisation work had to be carried out in 2004-
2005 and reported to the European Commission. A report giving a synthesis of Member State’s report has 
been prepared by the European Commission and made available on the europa website in March 2007.
Establish registers of protected areas within each river basin districts for those groundwater areas or  
habitats and species directly depending on water, which had to be carried out in 2004-2005. The registers 
have to include all bodies of water used for the abstraction of water intended for human consumption [2] 
and all protected areas covered by the Bathing Water Directive 76/160/EEC [3], vulnerable zones under 

1 The views expressed in this chapter are purely those of the author and may not in any circumstances 
be regarded as stating an official position of the European Commission.

•

•
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the Nitrates Directive 91/676/EEC [4] and sensitive areas under the Urban Wastewater Directive 91/271/
EEC [5], as well as areas designated for the protection of habitats and species including relevant Natura 
2000 sites designated under Directives 92/43/EEC [6] and 79/409/EEC [7]. Registers shall be reviewed 
under the River Basin Management Plan (RBMP, see below) updates. In this context, vulnerable zones are  
defined as “all known areas of land in Member States territories which drain into the waters affected 
by pollution and waters which could be affected by pollution and which contribute to pollution”. For 
these vulnerable zones, action programmes are required under the Nitrates Directive to reduce pollution 
caused or induced by nitrates and prevent further pollution”. The quoted directives, which are relevant to 
groundwater protection, are described in a separate paper by Grath et al. [8].
Based on the results of the characterisation phase, establish a groundwater monitoring network providing 
a comprehensive overview of groundwater chemical and quantitative status, and design a monitoring 
programme that had to be operational by the end of 2006. Monitoring will have to be reported, following 
requirements summarised in a recently published guidance document [9].
Set up a river basin management plan (RBMP) for each river basin district which will include a summary 
of pressures and impact of human activity on the groundwater status, a presentation in map form of 
monitoring results, a summary of the economic analysis of water use, a summary of the programme(s) of 
protection, control or remediation measures etc. The first RBPM is scheduled to be published at the end of 
2009 (after a public consultation to be concluded by the end of 2008). A review is then planned by the end 
of 2015, and every six years thereafter.
By 2010, take account of the principle of recovery of costs for water services, including environmental 
and resource costs, having regard to the economic analysis conducted under Article 5 of the WFD, and in 
accordance with the polluter pays principle.
Establish a programme of measures for achieving WFD environmental objectives (e.g. abstraction 
control, prevent or control pollution measures) by the end of 2009, to be operational by the end of 2012. 
Basic measures include, in particular, controls over the abstraction of groundwater, controls (with prior 
authorisation) of artificial recharge or augmentation of groundwater bodies (providing that it does not 
compromise the achievement of environmental objectives). Point source discharges and diffuse sources 
liable to cause pollution are also regulated under the basic measures. Direct discharges of pollutants into 
groundwater are prohibited subject to a range of provisions. The programme of measures has to be reviewed 
and if necessary updated by 2015 and every six years thereafter.

Table 1.  WFD definitions relevant to groundwater
Ref. WFD Good status

Good quantitative status 
(Annex V.2.1.2)

The level of groundwater in the groundwater body is such that the available groundwater resource 
is not exceeded by the long-term annual average rate of abstraction. Accordingly, the level of 
groundwater is not subject to anthropogenic alteration such as would result in: (a) failure to 
achieve the WFD environmental objectives for associated surface waters, (b) any significant 
diminution in the status of such waters, and (c) any significant damage to terrestrial ecosystems 
which depend directly on the groundwater body. Alterations to flow direction resulting from level 
changes may occur temporarily, or continuously in a spatially limited area, but such reversals 
do not cause saltwater or other intrusion, and do not indicate a sustained and clearly identified 
anthropogenically induced trend in flow direction likely to result in such intrusions.

Good chemical status
(Annex V.2.3.2)

The chemical composition of the groundwater body is such that the concentration of pollutants 
do not exhibit the effects of saline or other intrusions (as determined by changes in conductivity) 
into the groundwater body, do not exceed the quality standards applicable under other relevant 
Community legislation in accordance with Article 17 of the WFD, and are not such as would result 
in failure to achieve the WFD environmental objectives for associated surface waters not any 
significant diminution of the ecological or chemical quality of such bodies nor in any significant 
damage to terrestrial ecosystems which depend directly on the groundwater body.

•

•

•

•
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THE NEW GROUNdWATER dIRECTIVE 
While quantitative status requirements are clearly covered by the Water Framework Directive, it does not 
include, however, specific provisions on chemical status, i.e. the different conceptual approaches to groundwater 
protection did not allow achieving an agreement on detailed provisions within the WFD at the conciliation. As 
mentioned in the above paragraph, this justified including a provision, Article 17, requesting the Commission 
to come forward with a proposal of specific measures to prevent and control groundwater pollution. This 
proposal has been adopted by the Commission on 19th September 2003 (COM(2003)550 final) and has been 
adopted after a conciliation phase among the European Parliament and the Council on the 12th December 
2006 [10]. The directive 2006/118/EC is based on three main pillars, namely:

Criteria linked to good chemical status evaluation, which are based on compliance to EU existing 
environmental quality standards (nitrates, plant protection products and biocides) and to “threshold 
values” (playing the same role as EQS) for pollutants representing a risk to groundwater bodies. The 
latter category of standards has to be established by Member States, using common methodological 
criteria, at the most appropriate scale (national, regional or local), taking account of hydrogeological 
conditions, soil vulnerability, types of pressures etc. They will have to be reported to the Commission 
by the end of 2008, and will be used as quality objectives for further compliance checking. 

Criteria for the identification of sustained upward trends of pollutants in groundwater bodies characterised 
as being at risk. These include measurement principles and requirements regarding trend reversals. 

Requirements on the prevention/limitation of pollutant inputs to groundwater, which will ensure a continuity 
of the 80/68/EEC Directive after its repeal in 2013, i.e. the same principle of prevention of hazardous 
substances introduction and limitation of other pollutants so as to avoid pollution will apply. 

Other elements concern clarifications about the groundwater use as drinking water (albeit this is well covered 
by Article 7 of the WFD) and its relation with the present directive, which relates to WFD environmental 
objectives. Recommendations to undertake research on groundwater ecosystems are also expressed in a 
recital, which illustrates the awareness for a needed scientific integration. Finally, review of technical annexes 
of the directive (in particular concerning the establishment of groundwater threshold values and methods for 
identifying and reversing pollution trends) is requested, taking into account scientific progress, before the end 
of 2012 and every six years thereafter. This review will have to be carried out following “comitology” rules, 
i.e. adoption of possible decisions by a regulatory committee composed of Member States. Since 2006, these 
rules imply that the European Parliament will have right of scrutiny on adopted decisions. An evaluation of the 
functioning of the directive in the light of consistency with parent legislation, in particular agriculture-related 
directives (see paragraph 3) is also foreseen.

THE CIS GROUNdWATER WORKING GROUP

General principles of the CIS
Soon after the WFD adoption, it has become clear that the successful implementation of the Directive will 
be, at the least, equally as challenging and ambitious for all countries, institutions and stakeholders involved. 
Therefore, a strategic document establishing a Common Implementation Strategy (CIS) for the Water 
Framework Directive (WFD) has been developed and finally agreed by the European Union’s Water Directors 
under the Swedish Presidency in 2001 [11]. Despite the fact that the full responsibility of the individual Member 
States for implementing the WFD was recognised, a broad consensus existed among the Water Directors of the 
Member States, Norway and the Commission that the European joint partnership was necessary in order to:

develop a common understanding and approaches;
elaborate informal technical guidance including best practice examples; 
share experiences and resources;
avoid duplication of efforts;
limit the risk of bad application.

1.

2.

3.

•
•
•
•
•
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Chair: FR, UK and Commission

Strategic Steering Group
“WFD and hydromorphology”

Chair: DE, UK and Commission

Working Group e
“Priority Substances”

Chair: Commission

“Chemical Monitoring”

Drafting Group 
“objectives/exemptions/

economics”
Chair: Commission and DK

Stakeholder Forum
“Water Scarcity and Droughts”

Chair: Commission

expert Group – Chair: COM/FR/ES/IT

Working Group F
“Floods”

Chair: Commission

Furthermore, the Water Directors stressed the necessity to involve stakeholders, NGOs and the research 
community in this joint process as well as to enable the participation of Candidate Countries in order to 
facilitate the cohesion process. Following the decision of the Water Directors, a comprehensive and ambitious 
work programme was started of which the first phase, including several working groups, was completed at 
the end of 2003 and led to the availability of fourteen Guidance Documents which are publicly available 
(in the form of CD-ROM and on Internet on the WFD europa website). The second phase of the CIS  
(2003-2004) involved four working groups, namely on ecological status (WG A), Economics and Pilot River 
Basins (WG B), Groundwater (WG C) and Reporting (WG D). These groups were re-conducted in the third 
phase (2005-2006), and this process is now continued under new mandates for the period 2007-2009 (see 
Figure 1), which is detailed with regard to groundwater in the section below.

The CIS working group on groundwater
The CIS Groundwater Working Group (C) aims both to clarify groundwater issues that are covered by the 
WFD and prepare the development of technical guidance documents and exchange best practices on several 
issues in the light of the orientations of the new adopted Groundwater Directive.

Figure 1: CIS operational diagram for the period 2007-2009

The Commission / DG ENV chairs the WG C which is co-chaired by Austria. The Working Group is composed 
of representatives of EU Member States, Associated and Candidate countries, industrial and scientific 
stakeholders, and NGO representatives (around 80 members in total). Plenary meetings are opened to all 
participants, while ad-hoc activities are operated by groups of a maximum of 15-20 participants which develop 
documents that are scrutinised by the plenary group.

The focus in the period 2003-2006 has been on the development of technical reports and guidance documents 
primarily focusing on the issues covered by the WFD, namely monitoring, prevent/limit measures and 
groundwater protected areas. In addition, a specific activity will concern exchange of views on groundwater 
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management in the Mediterranean area (linked to the EU Water Initiative). Activities of the WG were 
conceived with the view of collecting targeted data and information, avoiding duplication with existing 
guidance documents and ensuring an efficient use of available data and information. Series of workshops have 
been held in 2003-2004, which led to three technical reports gathering Member State’s practices in the field 
of groundwater risk assessment, monitoring and programmes of measures [12-14]. The orientations in 2005-
2006 have concerned the drafting of guidance documents on groundwater monitoring, protected areas and 
measures to prevent/limit pollutant introduction into groundwater.

The perspectives for 2007-2009 are to pursue exchanges in support of the implementation of the new 
Groundwater Directive along the CIS principles, focusing in particular on:

Best practices related to groundwater programmes of measures, including measures related to diffuse 
sources of pollution (including agriculture) and megasites;
Common methodology for the establishment of groundwater threshold values;
Compliance, status and trend assessment;
Recommendations for integrated risk assessment, including conceptual modelling.

The activities of the working group (drafting or exchanges of good practices) will be undertaken with selected 
WG participants (groups of ideally 20-25 participants) willing to actively contribute to the drafting of 
documents and to participate in ad-hoc meetings (possibly organised by the activity leaders). Their progress 
will be reported and discussed at plenary meetings of the WG C held twice a year and organised under the EU 
Presidency umbrella.

CONCLUSIONS
The successful implementation of the new Groundwater Directive will closely depend upon an efficient 
participatory approach and harmonised groundwater risk assessment, monitoring, and programmes of measures 
throughout the European Union. The CIS Working Group on Groundwater will be an indispensable element 
supporting this implementation, in particular in view of the preparation of the first River Basin Management 
Plan expected for publication at the end of 2009. This is to be seen as an opportunity to efficiently manage 
groundwater resources at EU level and to collaboratively tackle the challenges ahead of us for achieving good 
quantitative and chemical status of groundwater by 2015.
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Management of Transboundary Groundwaters in the Danube River 
Basin
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Abstract    Groundwater in the Danube River Basin is of major importance and is subject to a variety of uses 
with the focus on drinking water, industry, agriculture and spa and geothermal energy purposes. The Danube 
River Basin WFD Article 5 report provided an overview of important transboundary groundwater bodies in 
the Danube River Basin. Altogether 11 groundwater bodies in eight Danube countries were identified in the 
report and an assessment of a risk of failure to reach the environmental objectives for these groundwater bodies 
was performed. In December 2006, in line with the Article 8 of the EU WFD the ICPDR Contracting Parties 
ensured the establishment of programmes for the monitoring of groundwater status in order to ensure providing 
a coherent and comprehensive status overview within the Danube river basin district.
Keywords  groundwater; ICPDR; monitoring programmes; Water Framework Directive; risk assessment

INTROdUCTION – THE ICPdR
To intensify their water management cooperation in the field of water protection and use the Danube States 
developed the Danube River Protection Convention (DRPC). DRPC entered into force on 22 October 1998 
and it became the overall legal instrument for the cooperation and transboundary water management in the 
Danube River Basin.  One of the major strategic goals of the Convention is to maintain and improve the 
status of surface and ground water resources, including both quality and quantity, and to prevent, reduce and 
control water pollution. To implement these goals the Danube countries have established the International 
Commission for the Protection of the Danube River (ICPDR). The Commission has created a set of Expert 
Groups to strengthen the proactive participation of all Contracting Parties. Furthermore, the Contracting Parties 
agreed that the ICPDR should serve as a common platform for the implementation of the EU WFD on a basin-
wide scale. In order to address the issues of groundwater under WFD the ICPDR created a Groundwater Task 
Group.

Groundwaters in the Danube River Basin
Groundwater in the Danube River Basin is of major importance and is subject to a variety of uses with the 
main focus on drinking water, industry, agriculture and spa and geothermal energy purposes. 
A particular aspect reported by most of the Danube countries is that shallow aquifers are at high risk of 
pollution in the short as well as long term as a result of uncontrolled use of fertilizers and chemicals as well as 
untreated sewage and leaching from contaminated soils. In some cases, groundwater sources cannot be used 
without prior treatment. 
With respect to water utilization the following regional trends on water use can be noted. First, several countries 
have experienced a considerable decrease in water use as a result of the process of economic transformation. 
Second, most of the decline has been observed in the agricultural sector. Third, whereas in the past, agriculture 
was the largest water user, today water use in the industry sector has the largest share. Fourth, water withdrawal 
by the domestic sector has either remained unchanged or has experienced a slight increase as a result of 
increase in access to piped water supply.
Groundwater used as drinking water resource plays a major role in the DRB countries. This is reflected by the 
fact that up to 95 % of the public water supply of some countries is extracted from groundwater resources. 
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Additionally, the proportion of the population, which is self-supplied ranges from 11 % to 43 % in most of 
the countries. This implies that many people use groundwater from their own private wells for drinking water 
purposes.  
The countries in the region depend mainly on groundwater sources to meet their drinking water needs, with 
the exception of Bulgaria, Czech Republic, Moldova and Romania. A conservative estimate is that about  
60 % of the population in the DRB depends on groundwater sources. Therefore, the countries need to ensure 
that the groundwater is not overexploited and that the quality of groundwater is preserved. 
Shared groundwater resources add another level of complexity. While many aquifers lie under the floodplains 
of large rivers, others do not correspond to surface watersheds, especially in the karstic regions of Slovenia, 
Croatia, and Serbia and Montenegro. In the karst, groundwater flow is rapid and it is highly vulnerable to 
pollution.
All countries within the DRB have stated that the water quality of many surface and groundwater bodies is not 
satisfactory. The main reasons for the pollution of the water sources are:

insufficient wastewater collection and treatment on municipal level,
insufficient wastewater treatment at industrial enterprises,
water pollution caused by intensive agriculture and livestock breeding,
inappropriate waste disposal sites. 

The most important transboundary groundwater bodies at the basin-wide level
The Danube River Basin WFD Article 5 report provided an overview of important transboundary groundwater 
bodies in the Danube River Basin. They are defined as follows:

important due to the size of the groundwater body which means an area > 4000 km² or
important due to various criteria e.g. socio-economic importance, uses, impacts, pressures interaction with 
aquatic eco-system. The criteria need to be agreed bilaterally. 

This means although there are other groundwater bodies with an area larger than 4000 km² and fully situated 
within one country of the DRB they are dealt with at the national level as they are not transboundary and not 
of basin wide importance. 

Data on the location, boundaries and characterisation of important transboundary groundwater bodies were 
reported by eight countries. Currently information on 11 important transboundary groundwater bodies with 
eight countries concerned (Germany, Austria, Slovak Republic, Hungary, Serbia and Montenegro, Bulgaria, 
Romania and Moldova) is available (see Map 1).

•
•
•
•

•
•

Map 1: Important transboundary groundwater bodies in the Danube River Basin District
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Table 1 gives a list of the currently nominated and bilaterally agreed important transboundary groundwater 
bodies or groups of groundwater bodies with their key characteristics. 

Table 1  Nominated important transboundary groundwater bodies or groups of groundwater bodies in the 
DRBD

Code Size 
[km²]

Aquifer  
characterisation

Main use Overlying 
strata [m]

Criteria for  
importance

Risk

Aquifer 
Type

Con-
fined Quality Quantity

1-DE-AT 5,900 K Yes SPA, CAL 100-1000 Intensive use No No

2-BG-RO 26,903 F, K Yes DRW, AGR, 
IND 0-600 > 4000 km² No No

3-RO-MD 21,626 P Yes DRW, AGR, 
IND 0-150 > 4000 km² No/

Yes* No

4-RO-BG 6,356 K, F-P Yes DRW, AGR, 
IND 0-10 > 4000 km² No/

Yes* No

5-RO-HU 6,553 P Y/N* DRW, IRR, IND 2-30 GW resource, DRW 
protection No/ Poss* No/ Poss*

6-RO-HU 2,416 P Y/N* DRW, AGR, 
IRR 5-30 GW resource, DRW 

protection No/ Poss* No

7-RO-CS-HU 28,608 P Y/Y/N* DRW, AGR, 
IND, IRR 0-125

> 4000 km², GW use, 
GW resource, DRW 

protection

No: RO/ 
Poss: 

CS/HU*

No: RO/ 
Poss: 

CS/HU*

8-SK-HU 3,353 P No DRW, IRR, 
AGR, IND 2-5 GW resource, DRW 

protection
Poss/ 
Yes*

No/
Yes*

9-SK-HU 2,666 P Yes DRW,IRR 2-10 GW resource Yes/ 
Poss* No

10-SK-HU 1,069 K,F Y/N* DRW, OTH 0-500 DRW protection, de-
pendent ecosystem No No

1-DE-AT 5,900 K Yes SPA, CAL 100-1000 Intensive use No No

11-SK-HU 3,601 F,K Y/N* DRW, SPA, 
CAL 0-2500 Thermal water re-

source Poss Poss

* not harmonised

description

Size Whole area of transboundary groundwater body covering all countries concerned 
in km²

Aquifer characterisation

Aquifer Type: Predom. P = porous/ K = karst/ F = fissured. Multiple selection 
possible: Predominantly porous, karst, fissured and combinations are possible. 
Main type should be listed first.  
Confined: [Yes / No]

Main use
DRW = drinking water / AGR = agriculture / IRR = irrigation / INd = Industry 
/ SPA = balneology / CAL = caloric energy / OTH = other. Multiple selections 
possible.

Overlying strata Indicates a range of thickness (minimum and maximum in metres)

Criteria for importance If size < 4 000 km² criteria for importance of the GW body have to be named, they 
have to be bilaterally agreed upon.

Risk
Indicates whether a groundwater body is “at risk” of failing good status. 
[Yes = “at risk” / No = “not at risk” / Poss = “possibly at risk” due to insufficient 
data/knowledge]
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Risk of failure to reach the environmental objectives 
The risk assessment has been performed using national criteria both for quality and quantity. Hence the 
approaches are different. As a consequence the result of the risk assessment may differ between the national 
shares of an important transboundary groundwater body.  

The main components of the methodologies for assessing the risk of failure to achieve good chemical status 
are the available monitoring data on water quality, data on existing pressures and possible impacts, data on the 
overlying strata of the groundwater bodies and the corresponding vulnerability of the aquifer. Derived from 
the available data the evaluation can be carried out e.g. in a stepwise approach by using threshold values for 
each of the criteria and expert knowledge. However, the risk assessment methods are rather country specific 
and range from using combinations of the above mentioned data sets to focusing on interpreting water quality 
data. 

The assessment of the risk of failure to achieve good quantitative status concentrates on the evaluation of 
changes in groundwater levels and estimating the available water resources taking into account information 
on groundwater abstraction. Being “at risk” is mainly defined by a threshold ratio of annual withdrawal rate 
and exploitable groundwater amounts. Hydrogeological and mathematical models are also used for assessing 
the risk by some countries. 

For many of the nominated important transboundary groundwater bodies the risk of failure assessment has not 
yet been harmonized. Four water bodies are definitely “not at risk” concerning the chemical status and this 
assessment has been harmonized by the countries concerned. Seven out of the 11 important transboundary 
groundwater bodies are “possibly at risk” due to insufficient information. 

The situation is more uniform for the risk assessment of the quantity status. Six groundwater bodies are “not 
at risk” of failing to meet the objectives. Five groundwater bodies are “possibly at risk”. 

MONITORING PROGRAMMES FOR GROUNdWATER BOdIES OF BASIN-WIdE IMPORTANCE
According to the Article 8 of the EU Water Framework Directive (WFD) the Member States shall ensure 
the establishment of programmes for the monitoring of water status in order to establish a coherent and 
comprehensive overview of water status within each river basin district. These programmes shall be operational 
at the latest six years after the date of entry into force of WFD (i.e., by December 2006). Such monitoring shall 
be in accordance with the requirements of Annex V of WFD.

According to Article 15 paragraph 2 WFD the Member States shall submit summary reports of the monitoring 
programmes by 22 March 2007. The ICPDR through its Groundwater Task Group working under the 
Austrian leadership managed to establish the monitoring programmes for the groundwater bodies of a basin-
wide importance and reported on it to the European Commission within the given deadline. The monitoring 
programme for groundwaters was included to the overall concept of the Transnational Monitoring Network in 
the Danube River Basin operated by the ICPDR. A brief overview of the groundwater monitoring programme 
is given below.

MONITORING STRATEGIES ANd NETWORK dESIGN
The network design is based on already existing national monitoring programmes, which are in some cases 
still under adaptation to the requirements of the Art. 8 WFD. There is still a need of further development and 
harmonization of the groundwater monitoring programs in the Danube River Basin District.

To design the network and to select the appropriate sites, different characteristics of the groundwater body have 
been used by the countries. The aquifer characterization (porous, karst and fissured, confined and unconfined 
groundwater) has been taken into consideration. Another criterion considered was the depth of the groundwater 
body since deep groundwater bodies are more difficult and costly to access than shallow groundwater bodies. 
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For deep groundwater bodies the flexibility in the design of the monitoring network is very limited. The flow 
direction was also taken into consideration by some countries. 

The differences in national approaches of groundwater body delineation and characterization, and also in the 
national implementation time plans to adapt the monitoring network to the requirements of the WFD, lead 
to an irregular distribution of the monitoring points in a transboundary groundwater body (Table 2). For the 
comparison of the density of the monitoring stations in a transboundary groundwater body it is important to 
remember that most of them comprise an area larger than 4000 km² and national groundwater bodies with 
different aquifer characteristics.

Table 2  Number of monitoring stations and density per groundwater body

Trans-boundary GWB Country Area 
[km²]

Chemical Quantity Associated to

Sites km²/ 
site

No. of 
sites 

bilaterally 
agreed 
for data 

exchange

Sites km²/ 
site

No. of 
sites 

bilaterally 
agreed 
for data 

exchange

Drinking 
water 

protected 
areas

Eco- 
systems

1  Deep Thermal
DE 4250 4 1063 5 850
AT 1650 4 413 1 1650
∑ 5900 8 738 6 983

2  Upper Jurassic – Lower 
Cretaceous

BG 15476 16 967 23 673
RO 11427 13 879 13 879
∑ 26903 29 928 36 747

3  Sarmatian – Pontian
RO 11964 35 342 35 342
MD 9662
∑ 21626

4  Sarmatian
RO 2178 7 311 7 311
BG 4178 7 597 7 597
∑ 6356 14 467 14 467

5  Mures/Maros
RO 2710 56 48 5 56 48 5
HU 4319 144 30 118 37 134 3
∑ 7029 200 35 174 40 5 134 3

6  Somes/Szamos
RO 1440 44 33 3 44 33 3
HU 976 34 29 23 42 18 2
∑ 2416 78 31 67 36 3 18 2

7  Upper Pannonian – Lower 
Pleistocene /Dunav / Duna-Tisza 
köze deli r.

RO 11408 40 285 40 285
RS 17200 21 819 48 358
HU 9546 204 47 248 38 136 10
∑ 38154 265 144 336 114 136 10

8  Podunajska Basin, Zitny 
Ostrov / Szigetköz, Hanság-
Rábca

SK 2211 63 35 283 8
HU 1160 55 21 97 12 61 15
∑ 3371 118 29 380 9 61 15

9  Bodrog
SK 1466 30 49 102 14
HU 1300 18 72 25 52 11 3
∑ 2766 48 58 127 22 11 3

10  Slovensky kras /Aggtelek-
hsg.

SK 598 4 150 35 17 11
HU 471 12 14 13 36 11 9
∑ 1069 16 67 48 22 22 9

11  Komarnanska Vysoka Kryha 
/ Dunántúli-khgs. Északi r.

SK 563 0 0
HU 3038 16 190 43 71 28 9
∑ 3601
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A comparison of parameters obligatory for the surveillance monitoring program is provided in Table 3 along 
with additional information on monitoring of temperature and further parameters as well as the operational 
monitoring program.  

Table 3  Parameters and frequency for the surveillance monitoring program
AT/DE BG RS HU MD RO SK

Transboundary 
GWB* 1 2, 4 7 5, 6, 7, 8, 9, 10, 11 3 2, 3, 4, 5, 6, 7 8, 9, 10, 11

CHEMICAL (with estimation of frequency)   
Oxygen 1/a >1/a 1/a >1/a11 1/a 1/a
pH value 1/a >1/a 1/a >1/a1 1/a 1/a
Electrical  

conductivity 1/a >1/a 1/a >1/a1 1/a 1/a

Nitrate 1/5a2 >1/a 1/a >1/a1 1/a 1/a
Ammonium 1/a >1/a 1/a >1/a1 1/a 1/a

Temperature cont. >1/a 1/a 1/a
>1/a 

(selected 
stations)

Further  
parameters, e.g. 

major ions
x x x x x x

   
Operational x x x x

QUANTITY   
GW levels/well 
head pressure x x x x x x

Spring flows x x
Flow  

characteristics
Extraction  

(not obligatory) x

Reinjection  
(not obligatory) x

1 In the starting year
2 A yearly program and a five year monitoring program were established.

Remarks:

Transboundary GWB: Number of transboundary GWB according to chapter 5 (WFD Roof Report 
2004)

>1/a: More than 1 per year
x: Parameter is measured

CONCLUSIONS
Differences in the progress of the WFD implementation in the Danube countries are still apparent in 
this stage of the implementation process. Since the monitoring networks are established according to the 
national requirements a wide spectrum of approaches for the network design is in use. As a result the 
density of the monitoring network differs remarkably.
Bilateral coordination in the monitoring of the transboundary groundwater bodies has been established but it 
needs further refinement. This includes monitoring frequency, selection of parameters and monitoring sites.

•

•
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There is a need of further harmonizing of the risk assessment procedures. Common conceptual models for 
each transboundary groundwater body (as a whole) need to be developed.  
Agreements on a harmonized procedure for status assessment of the transboundary groundwater bodies as 
well as on the future groundwater monitoring data flows within the ICPDR have to be reached.
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Abstract    The importance of groundwater in Europe is highly reflected in the development of  the legislative 
framework during the last decades. The Water Framework Directive (2000/60/EC) provides a framework 
for the protection of the water environment including groundwater. This Directive is complemented by 
the Groundwater Daughter Directive (2006/118/EC) concerning specific measures to prevent and control 
groundwater pollution. Apart from these two Directives further regulations are relevant for groundwater. This 
paper describes the different pieces of legislation and their implications for river basin management referring 
in particular to the Danube River Basin. 
Keywords  Groundwater legislation; river basin management; prevent and control groundwater pollution; 
monitoring requirements 

INTROdUCTION
Groundwater is an important resource across Europe. It supplies a high proportion of Europe’s drinking water 
and in some countries its share can be as high as 100 % in Denmark, 99 % in Austria, 84 % in Iceland, 83 % 
in Switzerland and 80 % in Italy [1]. It also supports many industries and is of vital importance for supporting 
the base flow to rivers and groundwater dependent terrestrial and aquatic ecosystems (wetlands).
Groundwater plays also an important role in the Danube River Basin (DRB). The countries of the DRB depend 
mainly on groundwater sources to meet their drinking water needs, with the exception of Bulgaria, Czech 
Republic, Moldova and Romania. A conservative estimate is that about 60 % of the population in the DRB 
depends on groundwater sources. Therefore, the countries need to ensure that groundwater is not overexploited 
and that the quality of groundwater is preserved [2].

dEVELOPMENT OF THE EU GROUNdWATER POLICY FRAMEWORK

In 1991 the Environment Ministers of the EU initiated the process for the protection of Groundwater in Europe. 
As a result of this, in 1996, a “Groundwater Action Programme” was proposed, and the recommendations were 
considered in the development of the legal framework of Directive 2000/60/EC of the European Parliament 
and the Council establishing a framework for Community action in the field of water policy - the so called 
‘Water Framework Directive (WFD)’ [3]. Complementary regulations to support the WFD, and in particular 
Article 17, have also been developed, leading in particular to the adoption of the so-called “Groundwater 
Daughter Directive” (GWD) [4] setting …‘criteria for the assessment of good groundwater chemical status’, 
… trend and trend reversal, and establishing … ‘provisions preventing or limiting inputs of pollutants into 
groundwater…’.

The WFD provides a framework for the protection of the water environment including groundwater. It sets out a 
number of environmental objectives that Member States are required to achieve by implementing Programmes 

1 The views expressed in this paper are purely those of the authors and may not in any circumstances be 
regarded as stating an official position of the European Commission.
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of Measures. The achievement of the objectives for groundwater means that groundwater bodies will be at 
good status by the end of 2015. It is recognised that there are diverse conditions and needs within the EU 
which require different specific solutions and that this diversity needs to be taken into account when planning 
and executing the Programmes of Measures.
It is therefore necessary to undertake an analysis of the characteristics of the river basins and the impacts of 
human activity as well as an economic analysis of water use. This should be supported by monitoring in a 
systematic and comparable way throughout the Community. This information is needed to provide a sound 
basis for identifying where programmes of measures are needed and assessing their success, or otherwise, in 
achieving the relevant environmental objectives [5].

The Programme of Measures is based on Art. 11, respectively Annex VI of the WFD. Annex VI provides “Lists 
of measures to be included within the programme of measures” i.e. measures required under an exhaustive 
list of water-related Directives – apart from provisions of the WFD and GWD and a non-exclusive list of 
supplementary measures. In the following sections a subset of these Directives with relevance for groundwater 
are briefly described. Further details concerning WFD and GWD can be found in the presentation “Up-to-date 
information about the implementation of the EU Groundwater Directive” (Ph. Quevauviller).

EU GROUNdWATER RELEVANT LEGISLATION – APART FROM WFd ANd GWd

Nitrates directive
The Nitrates Directive [6] aims to reduce water pollution caused or induced by nitrates from agricultural 
sources and to prevent such further pollution. It obliges Member States to designate vulnerable zones which 
correspond to all known areas of land in Member States territories which drain into the waters (including 
groundwater) affected by pollution and waters which could be affected by pollution and which contribute 
to pollution. A reference is made to action programmes to reduce pollution caused or induced by nitrates 
and to prevent further pollution, and to requirements for identifying groundwater vulnerable zones as “those 
waters which contain more than 50 mg/l or could contain more than 50 mg/l nitrates if an action programme 
is not undertaken”. The link with groundwater policy is clear in that respect, i.e. nitrate contamination levels 
should not be over the trigger value set at 50 mg/l (this argument was used for proposing this value as an EU 
groundwater quality standard for groundwater in the new Groundwater Directive [7] ).

Plant Protection Products Directive
The Plant Protection Products Directive [8] concerns the authorisation, placing on the market, use and control 
within the Community of plant protection products in commercial form. Regarding groundwater, authorisations 
are only granted if plant protection products have no harmful effect on humans or human health, directly or 
indirectly, or on groundwater, and if they have no unacceptable influence on the environment, particularly 
contamination of water including drinking water and groundwater. The “uniform principles” set out in the 
Directive specify that no authorisation shall be granted if the concentration of the active substance or of 
relevant metabolites, degradation or reaction products in groundwater, may be expected to exceed, as a result 
of use of the plant protection product under the proposed conditions of use, the lower of (i) the maximum 
permissible concentration laid down by Directive 80/778/EEC [9], or (ii) the maximum concentration laid 
down by the Commission when including the substance listed in the Directive, on the basis of appropriate 
data (in particular toxicological data), or where that concentration has not been laid down, the concentration 
corresponding to one tenth of the ADI (acceptable daily intake) laid down when the active substance was 
included in the Directive [7].

Biocides Directive
The Biocides Directive [10] concerns the authorisation and the placing on the market for use of biocidal 
products. Similarly to Directive 91/414/EEC [11], authorisation of biocidal products may only be granted 
if the products have no harmful effect on human or human health, directly or indirectly, or on groundwater, 
and if they have no unacceptable influence on the environment, particularly contamination of water including 
drinking water and groundwater. Similar principles as the “uniform principles” of Directive 91/414/EEC 
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are set out, which means that the 0.1 µg/l quality standard of the 80/778/EC [9] plays a role of maximum 
concentration for all groundwater, but that lower standards may be established following the procedure for 
including the active substance in Annex I of the Directive [7].

IPPC directive
The Integrated Pollution Prevention and Control (IPPC) Directive [12] concerns integrated pollution prevention 
and control, which lays down measures designed to prevent or reduce emissions in the air, water and land from 
a range of activities listed in Annex I of the Directive. It establishes provisions for issuing permit for existing 
and new installations, and makes a specific reference on groundwater, indicating that the permits shall include 
appropriate requirements ensuring protection of the soil and groundwater on the basis of emission limit values 
for pollutants which may be supplemented or replaced by equivalent parameters or technical measures based 
on best available techniques.

The permit procedure under the Integrated Pollution Prevention and Control (IPPC) Directive [12] includes 
a provision for suitable release monitoring, specifying measurement methodology and frequency, evaluation 
procedure and obligation to supply data required for checking compliance with the permit. The Directive 
includes a provision for installations that may have significant negative effects on the environment of another 
Member State [7]. 

Landfill directive
The Landfill Directive [13] concerns the landfill of waste, which aims to provide for measures, procedures and 
guidance to prevent or reduce as far as possible negative effects on the environment, including groundwater. 
Similarly to the IPPC Directive [12], the Directive establishes provisions for issuing permits based on a range 
of conditions including impact assessment studies. Regarding groundwater, site characteristics have to locate 
groundwater and geological and hydrogeological conditions in the area, prevent groundwater from entering into 
the landfilled waste, take appropriate measures to collect/treat contaminated water and leachate, and prevent 
pollution of the soil, groundwater or surface water using appropriate technical precautions (e.g. combination of 
geological barrier and bottom liner). The Directive establishes criteria for waste testing and acceptance, taking 
due consideration of the protection of the surrounding environment, including groundwater [7].

Sewage Sludge Directive
The Sewage Sludge Directive [14] seeks to encourage the use of sewage sludge in agriculture and to regulate 
its use in such a way as to prevent harmful effects on soil, vegetation, animals and man. To this end, it prohibits 
the use of untreated sludge on agricultural land unless it is injected or incorporated into the soil. Treated 
sludge is defined as having undergone “biological, chemical or heat treatment, long-term storage or any other 
appropriate process so as significantly to reduce its fermentability and the health hazards resulting from its 
use”. The Directive also requires that sludge should be used in such a way that account is taken of the nutrient 
requirements of plants and that the quality of the soil and of the surface and groundwater is not impaired [7].

Drinking Water Directive
The Drinking Water Directive [15] concerns the quality of water intended for human consumption. The 
objective of the Directive is to protect human health from the adverse effects of any contamination of water 
intended for human consumption by ensuring that it is wholesome and clean. For the respective Drinking Water 
Protected Areas particular regulations concerning environmental objectives are set in the WFD (considering 
the drinking water quality requirements).

The Water Framework directive’s general requirements for Protected Areas [16]
Areas defined under the WFd
Under Article 4 the environmental objectives of the Water Framework Directive (WFD) are divided into those 
for surface waters, groundwater and protected areas.  For protected areas the objectives are those noted in the 
Community legislation under which these areas are designated, with the additional objective that “Member States 
shall achieve compliance with the existing standards and objectives” at the latest by December 2015, unless 
otherwise stated in the source legislation. Since these requirements may have implications on the elaboration of 
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river basin management plans this requirement is briefly summarised. Further details can be found in [16].
Annex IV of the WFD defines protected areas as areas designated:

For the abstraction of water intended for human consumption under Article 7 of the WFD – Drinking 
Water Protected Areas (DWPAs);
For the protection of economically significant aquatic species;
As recreational waters, including bathing waters under Directive 76/160/EEC [17];
As nutrient sensitive areas, including areas designated as vulnerable zones under Directive 91/676 and 
areas designated as sensitive areas under Directive 91/271/EEC; [18] and
For the protection of habitats or species where the maintenance or improvement of the status of water is 
an important factor in their protection, including relevant Natura 2000 sites designated under Directive 
92/43/EEC [19] and Directive 79/409/EEC [20].

For groundwater protected areas except dWPAs:
At the discretion of Member States, these may:

be part of a groundwater body;
extend over parts of two or more groundwater bodies;
include areas that do not themselves comprise groundwater or surface water but contain habitats or species 
that depend directly on such water (e.g. some Natura Protected Areas); or
coincide with the boundaries of groundwater bodies.

DWPAs defined in accordance with WFD Article 6.2 and Article 7.1 are usually whole groundwater bodies.

The delineation of groundwater bodies, which are management units that are created to facilitate the achievement 
of WFD objectives, is entirely at the discretion of Member States. The requirements associated with DWPAs 
may be a consideration in the delineation of a groundwater body, but safeguard zones may also be delineated 
to focus measures in order to meet the objectives of Article 7.

IMPLICATIONS FOR RIVER BASIN MANAGEMENT
The WFD is aiming at an integrated water management and protection policy. Hence, groundwater is regarded 
as an integral part of river basins. According to the WFD provisions groundwater bodies have to be delineated 
as management units. For different activities GW-bodies can be grouped. The delineation and characterisation 
of GW-bodies according to Annex II of the WFD is essential for all further activities as there are:

Monitoring (both chemical and quantity),
Status and trend assessment and
Programme of measures.

For transboundary GW-bodies in particular within international river basins as it is the Danube river basin, 
further needs and conditions have to be considered. 

Therefore, the International Commission for the Protection of the Danube River (ICPDR) initiated a 
groundwater expert group in February 2002. The activities were triggered by the Water Framework Directive 
aiming at elaborating

criteria for the identification of transboundary groundwater bodies of basin-wide importance and,
guidelines for characterising these GW-bodies (common templates).

The WFD Roof Report of the ICPDR [21] identifies the following groundwaters to be relevant on the basin-
wide scale:

Transboundary groundwater bodies with an area of more than 4000 km² or
smaller transboundary groundwater bodies if they are of great importance based on agreed criteria

Finally, 11 transboundary GW-bodies were nominated as being of basin-wide importance and they were 
characterised in the above mentioned Roof Report [21].
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At the end of 2005, it was decided to establish the Task Group Groundwater (GW TG) under the Monitoring 
and Assessment Expert Group. During 2006, GW TG elaborated the strategy “Towards the development of 
monitoring of groundwater in the Danube River Basin”. The strategy and the current state of implementation 
are described in ICPDR (2007) [22]. First, general principles in line with the monitoring requirements of the 
WFD were elaborated which should be implemented in future. Second, the current state of GW-monitoring in 
the respective GW-bodies were described and third, the future need for further harmonisation to improve the 
joint monitoring efforts and data collection were outlined.
Since the joint groundwater activities within the ICPDR/TNMN (TNMN - TransNational Monitoring Network) 
are in an initial implementation phase, further efforts for the harmonisation of monitoring are still needed. 
With the view of establishing a basin wide coherent monitoring approach, bilateral agreements should be 
reached on both, monitoring strategies (i.e. sampling procedures, network design etc.), and principles, which 
require coordination of conceptual model development, the exchange of data and QA and QC aspects (in line 
with the requirements of Article 13(2) of the WFD).
Finally, monitoring results reported to the ICPDR will be the basis for the development of a joint programme 
of measures within the Danube River Basin Management Plan under consideration of the obligations in the 
Directives outlined above.
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Abstract    The River Nile is one of the world’s great rivers and traverses almost 6700 kilometers from 
its farthest sources at the headwaters of the Kagera River in Burundi and Rwanda to its Delta in Egypt. 
Ten countries share the river Nile: Burundi, Democratic Republic of Congo, Egypt, Eritrea, Ethiopia, Kenya, 
Rwanda, Sudan, Tanzania and Uganda. The Nile Basin serves as home to an estimated 160 million people 
within the boundaries of the Basin, while twice that number, roughly 300 million live within the ten countries 
and use groundwater that share the Nile waters. With the ever-increasing demands and the change in its regime, 
it is essential that issues affecting the River Nile within a basin. Groundwater in many Nile basin Countries 
is either the main source of freshwater or is vitally needed to supplement surface water sources, especially in 
regions affected by frequent droughts. However, there is a scarcity of regional groundwater information and 
the understanding of the role groundwater plays in sustaining the livelihood of the population and related 
ecosystems. This paper is an attempt to empathize the coupled regional groundwater and surface water systems 
in order to manage optimally the resource anticipate and mitigate impacts of droughts, and to reduce the risk 
of over exploiting the limited resource using the advantage of the groundwater; which can be extracted from 
everywhere and allover the year contradictory with surface water.

INTROdUCTION
Groundwater should be closely linked with an overall holistic approach to integrated water resources 
management especially surface water and non-conventional water resources. Deep groundwater in the Nile 
basin countries occurs in large Trans-boundary hydrogeological provinces include: Main Nile province 
(Nubian sandstone and, Upper Nile basins), African – Arabian belt province (Victoria and Tanganyika basins), 
East African province (Somalia and Tanzanian basins) and Congo province.
The rapid progress being made in the use of groundwater in Nile basin countries (Figure 1) parallels their rapid 
entry into the modern world led to rapid advance in groundwater utilization, which is necessary for social and 
economical development.

Occurrences and potentialities of the groundwater resources in any country depend on three types of factors ;( 
a) Morphological factors. (b) Climatic factors, (c) Geological factors. Knowledge of these factors is essential 
for determining the location; boundaries and hydrogeological characteristics of groundwater reservoirs and 
consequently estimating potentialities, recharge and the yield.
Study of groundwater resources in the Nile basin countries shows relative uniformity of known or inferred 
hydrogeological conditions in sizeable area, which are designated as groundwater provinces. The following 
parts introduce the criteria.
For delineating and describing the Nile basin groundwater provinces include rain fall, topography occurrence 
of surface water, presence of perched water, groundwater quality, renewable, non renewable and qualitatively 
groundwater potentials.
There are four hydro geological provinces in the Nile basin. Some of them are distinctive and extend over 
large areas; these are cited and briefly described. It should be borne in mind that geological factors are very 
significant.
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Figure 1: The Study area and Hydrographic map of the Nile Basin Countries

FACTORS GOVERNING THE GROUNdWATER OCCURRENCE IN NILE BASIN COUNTRIES
In any country, the natural conditions for the occurrence of groundwater depend on four types of factors:

Morphological factors. Some flat forms of relief are more favorable than irregular others to the infiltration of 
rainwater. On the other hand, the rupture surface structure of many basins causes most of the water to run off.
In other cases; morphological factors favor the evaporating action to the atmospheres:

Climatic factors. The amount and time –distribution of rain and other forms of precipitation constitute a 
primary factor affecting the water resources available for infiltration into the aquifer. However, part of this 
water potential may be kept from infiltration by the evaporative action of the atmosphere, which itself depend 
on winds, on pressures and especially on temperatures; 

Hydrographical factors. Vast subsidence channels, wadis, the Rift valleys, traverse the high plateaus of eastern 
Africa with great-elongated lakes lying along the bottom. At the center of these plateaus lies the immense 
Lakes Victoria, a sort of inland sea. Precipitation is a function primarily of latitude and secondarily of altitude.
The precipitation regime is irregular and varies widely from season to season and from year to year. 

Geological and Tectonic Factors. These are the most important. The penetration of water into the ground and 
the conservation of water quality and quality, as well as the possibility of mobilizing the water by drainage, 
well withdrawal and pumping require certain physical and chemical characteristics in the geological formations 
involved: the presence of pores capable of holding water; a favorable structure of this porosity permitting the 
water to circulate easily; and the absence from the rocks of water-soluble chemicals that might change the 
quality of the water and make it unsuitable for certain uses. 
It is clear that the large geological units have the same boundaries as the large hydrogeological units or 
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groundwater basins. It should also be borne in mind that the nature and geological structure of the terrain are 
largely responsible for relief forms, which themselves have a considerable on the climate. 
For this reason, knowledge of the geological factors, tectonic (Figure 2), and recent structure are essential 
for determining the location and boundaries of groundwater reservoirs and also for estimating their capacity 
recharge and yield. 

HYdROGEOLOGICAL MAPPING ANd GENERAL CHARACTERISTICS OF 
HYdROGEOLOGICAL PROVINCES
The principles of hydrogeological mapping in this work used a surface and subsurface portion of the Earth 
which includes one or several artesian structures having external and internal recharge areas, and discharge 
areas, and which are characterized by a common orientation of the subsurface and surface runoff in the upper 
hydrodynamic zone and probably, in a zone of difficult water exchange. Hydrogeological provinces form 
hydrogeological basin which are also identified mainly according to the condition of the unity with respect to 
the surface and subsurface discharge of the seas and ocean surrounding the Nile Basin.

Figure 2: The Tectonic Regions of Africa

The hydrogeological Zoning of Africa (Figure 2) showed that groundwater in the Nile basin countries occurs 
in large Transboundary hydrogeological provinces include: Main Nile province (Nubian sandstone and, Upper 
Nile basins), African – Arabian belt province (Victoria and Tanganyika basins), East African province (Somalia 
and Tanzanian basins) and Congo province.
The prepared hydrogeological map of the Nile Basin (Figure 3)  is an attempt to visualizes the hydrogeological 
boundaries and common groundwater characteristics(groundwater recharge, discharge, flow and aquifer 
characteristics) in the Nile basin. It will help water engineers, specialists and decision makers in the planning 
and development of water.

Main Nile Hydrogeological Province 
Its boundary runs further southwards along the Middle- and central African water divides which separate the 
White Nile basin from the Blue Nile basin Hamra, ES- Soda, Guneima, Tibesti, Ennedi and Darfour mountains. 
Based on different geological, tectonic and geomorphologic characteristic features and on peculiarities of the 
surface and subsurface water it divided to Nubian sandstone and Upper Nile basins.
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Figure 3: Hydrogeological map for the Nile Basin

Nubian Sandstone Artesian Basin. The Nubian Aquifer System is one of the largest basins in the world covering 
approximately two million square kilometers of Northeast Africa in SE Libya, NE Chad, N Sudan and Egypt. 
The Nubian Aquifer is of significant importance to the countries that share its valuable natural resources as 
a source of drinking water and  for irrigation. It is the only source of fresh water in the Western Desert of 
Egypt.
Under present climatic conditions the Nubian Aquifer system groundwater is sparsely recharged by Nile water 
seepage in few areas, by precipitation in some mountain regions and by groundwater influx from the Blue 
Nile/Main Nile Rift system. The infiltration rate is estimated to be small compared to the natural groundwater 
flow (in the order of 109m3 per year) due to discharge in depressions, evaporation in areas of low depths to 
groundwater table and leakage into confining beds. 
The origin of the groundwater and the natural flow conditions before the start of artificial extraction as well 
as the change induced by already existing abstractions have been investigated under several different projects 
(Technical University of Berlin, 1988 and IFAD/CEDARE, 2001).
Simulations have shown that groundwater was primarily formed by local paleo-recharge. The natural discharge 
from the whole system decreased from 2,400 million m3/year at 8,000 years ago to 500 million m3/year 
today. A comprehensive explanation of the aquifer behavior seems to indicate a groundwater age far beyond 
the apparent 14C ages. Groundwater mainly flows between regions of former recharge and discharge. The 
presently extracted groundwater from the Egyptian and Libyan oases was formed to a great extend during 
several humid phases in the unconfined part of the Nubian Aquifer in southwest Egypt. 
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Figure 4: Simulation of Nubian Sandstone Drawdown 2000 – 2060

Although the models have shown that recent groundwater recharge is negligible, and that extraction from the 
Nubian aquifer is mining the nonrenewable resources, the huge amount of groundwater allows for reasonable 
exploitation if managed appropriately (Figure 4). It appears that in general the extraction has to be very much 
restricted to limited areas. In a simulation of the impact of previously planned extractions projects it has been 
shown, that such projects are possible but have to be examined carefully.

Upper Nile artesian basin. This basin lying in the extreme southern part of the province comprises the Bahr 
el – Ghazal, White Nile and Sobata plains which constitute an internal recharge and accumulation area, 
and surrounding mountains which serve as an external recharge area of the basin. The latter is composed of 
metamorphic rocks, Precambrian granites and Quaternary sediments. 
In the Precambrian varieties, groundwater is encountered commonly at a depth varying from 3 to 60 m. the 
artesian yields vary form the hundredth of a litter to 2 the lowest yield values are characteristic of the dry 
season, and the highest yields – of the rainy season. The salt content of the water varies form 0.2 to 1.6 g/I. 
in spite of the limited reserves of water accumulating in the weathering crust, the are widely used for water 
delivery (El Fasher - El Obeid).
The alluvial of the external recharge area of the basin contain fresh and brackish phreatic waters. They occur 
at a depth of 6-10 m, locally even deeper and are used only to supply water to small villages.
The Paleozoic Nava Series having a thickness of about 140 m and composing a number of small graben 
– shaped depressions south of the El Obeid town. The water capacity of the rocks is low, its salt content being 
2.6 g/l.
The Nubian Series, of up to 500 m thick are widespread in the northern part of the basin. The water is under 
pressure and its level is established at a depth of 25-100 m towards the center of the Upper Nile Depression 
its level drops. The water capacity of the rocks is sufficiently high artesian yields, with a draw down being 
0.1 –6, m make up 0.4- 6.3 1/s in the vicinity of the En–Nahud town, where the Nubian deposits infill a small 
depression, the borehole yields vary from 1.2 to 3 1/s in the marginal part of the depression The water salinity 
is 0.2- 0.6g/l.

East African Hydrogeological province 
This area includes the artesian basins of Victoria and Tanganyika basins within the boundaries of the Nile 
basin 
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Victoria Artesian Basin. This is one of the largest and most complex artesian basins of the area. It is distinguished 
by abundant precipitation, a well-developed surface drainage system and complex geomorphology and 
structure produced by neotectonic movements. 
The basin is extremely abundant in surface water, which is present in numerous swamps, Rivers and lakes 
include the largest and the youngest lake of the continent. Victoria, which was formed in the subsided part of 
the middle course of two ancient river systems the katonga and the kagera Roof.
In the internal recharge area of the basin, ground water resources are poorly known because of the abundance 
of fresh surface waters widely used for water supply. Water is likely to be found in the deep – lying Neogene 
(Miocene) beds.
The basin is extremely abundant in mineral springs, a great number of mineral springs issuing warm water.

Tanganyika Artesian Basin. This basin includes the Tanganyika and Kivu lake basins and the surface drainage 
systems situated west and east of them the abundance of precipitation favors the presence of a widely developed 
river and lake system and swamps. The main watercourse of the basin is the Malugarasy River. 
The inner recharge area of the basin includes the kivu, Tanganyika Troughs and an intensive depression 
situated east of Tanganyika. 
No groundwater survey was conducted in the karoo and Neogene – Quaternary deposits which underlay the 
lake basins. These aquifers contain free- flowing and in some places confined groundwater. The amount of 
water in them varies from place to place the water are also variable in chemical composition. Some aquifers 
are saturated with fresh and slightly mineralized waters. Some contain brackish or saline water and deep 
– lying aquifer contains brines. 

Congo Hydrogeological Provinces (Artesian Basin)
This area occupies an area of more than 3.2 million km2 Equatorial Africa. The geologic section of the basin 
consists of Archean, Proterozoic, Paleozoic, Mesozoic and Cenozoic deposits. Groundwater of the basin has 
been inadequately and irregularly studied but general characteristics of groundwater potential; this can be 
explained by the abundance of surface water within the region and lack of demand for groundwater development. 
The external recharge area is situated in the plateaus and mountains surrounding the Congo Basin. They are 
composed of Archean and Proterozoic strata, which in some area are overlain by Upper Paleozoic, Mesozoic 
and Cenozoic sediments. 
The Proterozoic schist, limestone and sandstone sequences in the Middle Congo Plateau and in the Crystal 
Mountains are the most favorable for groundwater accumulation. Numerous seepages of thermal and mineral 
water are found in fault zones in the Precambrian rocks. The water of the hot springs flowing within the 
katanga plateau ranges from 28 to 91 ˚C in temperature. Although the basin has been poorly studied so far 
there are indications that it contains adequate amounts of fresh groundwater suitable for water supply besides, 
the highly mineralized thermal waters.

ESTIMATEd GROUNdWATER POTENTIALITY FOR THE NILE BASIN COUNTRIES

Introduction
The Nile Basin Initiative (NBI) is addressing several issues within a basin-wide context. Among these are 
integrated water management, watershed management and the processes affecting the water balance within 
the basin, the maintenance of acceptable water quality on all areas of the basin, and the effects of pollution. It 
was suppose preferable to address these issues on a regional scale, rather than in a fragmented manner.

Methodology, Results and Discussions
The amount of rain water available for recharging the aquifer systems depends on three major climatic factors: 
(Figure 5) the annual amount of rainfall, the time distribution of the rainfall (or how violent the precipitation 
is), and the value of the potential evapo-transpiration, which is essentially a function of latitude, altitude and 
temperature. Any one of these three factors may be decisive in a given set of circumstances. 
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Figure 5: Rainfall runoff relation in the Nile Basin and sub basins (Abu Zeid 1997)

In any area where the rainfall exceeds 1 to 1.20 m per year, neither the violence of rainstorms nor the 
evapo-transpiration value is of any importance; the quantity of rainfall is the predominating factor. 
For rainfall of lass than 250 mm, the central factor is the violence of the precipitation.
In areas where the rain is between 250 mm and 1 m (steppes and dry savannas) the decisive factor is the 
potential evapo-transpiration; since the rain is more evenly distributed over time during the dry season 
there may be considerable evaporation from surface waters and shallow aquifers. 

The objective is to study the relationship between surface water constituting runoff and the infiltrated 
groundwater applying water balance approach. This will help in estimation of groundwater potentiality of 
watershed areas. Applying modern techniques of water harvesting and artificial recharge are promising means 
of increasing the water budget in the different watersheds of these regions.
Nile Basin watersheds rain fall – runoff analysis; several investigations have attempted to estimate that for small 
homogeneous catchments and carefully measuring precipitation, evaporation and outflow as surface runoff. 
By eliminating every thing except infiltration, average values can be obtained for such minor catchments. 
Rational Equation is the method selected to estimate the Nile basin watersheds runoff. This equation states that 
the rate of runoff is proportional to the rate of rainfall excess, if the rain lasts long enough to permit the entire 
area to contribute. The equation takes the following form:

Q = C I A

Where Q = flow in cubic meters per year for a return period equal to that of the rain fall intensity, I
 I = the rainfall intensity in millimeters per year for a duration corresponding to the catchments area and 
 having a recurrence period appropriate to the watershed conditions.
 C = a runoff coefficient expressing the fraction of the rainfall that is assumed to be come direct runoff  
 and inversed to estimate groundwater recharge. (Table 1)
Rainfall is equal to runoff and all losses that include surface detonation, evaporation and infiltration. However, 
infiltration is much the largest loss in tropical catchments and although it is a rough and ready method it is 
widely used as a means of quickly assessing probable runoff from large catchments for particular period.
Soil classification; include its depth, permeability and slope is the most important property of the catchments 
in respect of runoff estimation or groundwater recharge. Soil infiltration capacity allows water to infiltrate 
at different rates. Infiltration capacity is a function of the watershed slope, soil initial moisture content and 
rainfall intensity.
The difficulty remains of ensuring that these has been neither unrecorded underground outflow nor variation 
in aquifer storage, so that although quantitative results are obtained the analysis is intricate and the margin 
for error is wide, Table 1 shows the result of estimated groundwater potential in ten Nile basin countries and 
Figure 6 shows the potential renewable, non renewable and existing extraction of groundwater in Nile basin 
countries.

•

•
•
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Figure 6: Groundwater potential in the Nile Basin 
Countries
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Groundwater in Nile Basin Countries
The estimated groundwater potentiality in Nile basin countries is summarized in the following table at the last 
three columns (Renewable, non renewable groundwater and existing extraction), measured in billion cubic 
meters a year. The following part will review the groundwater condition in the ten Nile basin countries.

Burundi. Burundi is a small country of Africa on the shores of Lake Tanganyika; it is bordered by Rwanda in 
the north, D. Congo in the west and Tanzania in the east. The lowest region, the Ruzizi plain north of Lake 
Tanganyika, lies at an altitude of about 800 m With the exception of this plain, Burundi is a mountainous 
country. It is divided into five different topographical zones. 
Since Burundi’s aquifer have only a modest yield, its surface water is abundant and its springs numerous, it 
is clear that groundwater research and exploitation- relatively difficult and costly operations- can be justified 
only in specific cases. In particular, there seems no question of groundwater contributing usefully to the supply 
of the urban centers. 
The exploitation of groundwater by mean of wells and boreholes is predicted in the disadvantaged regions; 
springs will be developed and the water delivered by gravity and pumping (Kirundo, Cankuzo, Gihofi and 
Imbo). The global groundwater budget for the country estimated to be about 400 million cubic meters a year 
(180 million cubic meters from renewable aquifer and 220 million from non renewable or deep aquifers). That 
means a considerable effort must be made to precise the groundwater potential, about which little is yet known 
in these areas. 

Democratic Republic of Congo. The total country area reaches 2,345,400 km2. The center of the country 
consists of a depression covering 750,000 km2 and ranging in altitude from 340 to 700 m above sea level. 
This basin is bounded in the north by the watershed of the Oubangui River, in the east by the mountain ridge, 
which marks the edge of the African Rift, in the south and southeast by the kasai and shaba plateaus and in the 
west by the Mayumbe hills. The landscape is tranquil consisting of broad steep – sided valleys set between 
very flat interfluves in the south – east and regular dry terraces with abrupt walls in the west. The limit of the 
depression corresponds almost exactly with that of the equatorial forest. 
The global groundwater budget for the country estimated to be about 52 billion cubic meters a year (47 
billion cubic meters from renewable aquifer and 5 billion from non renewable or deep aquifers). After a slow 
start, the study of ground water in D. Congo seems to be developing fairly rapidly with the drinking – water 
programme. It will certainly be necessary at a later stage to consider strengthening the data collection, storage 
and utilization system and to provide facilities for scientific study of the results obtained, with a view to 
evaluating in the groundwater potential and incorporating the evaluation in the planning of water resources 
development for the whole country.
 
Egypt. Egypt lies in the northeastern corner of the African content, with a total area of about 1 million km2. In 
2006, cultivated land was estimated to be 6.5 % of the total area. Total population is about 75 million (2006) 
of which 56% is rural. Average population density is 62/km2, but ranges from 2/km2 over 94% of the total area, 
1492 km2 in the Nile valley and delta this area, where population density is among the highest in the world, is 
only 5% of the total area. Therefore the groundwater is the sole source of water in 95% of Egypt territories 
The main issues facing Egypt’s development include, among others: (i) partial utilization of the territories (less 
than 10%); (ii) unbalanced population distribution and continuous immigration from rural to urban areas; (iii) 
decrease of per capita share in water and agricultural land; and (iv) lack of proper water supply and sanitation 
in the rural and desert areas.
This situation calls for the development of additional sources of water along with the protection of developed 
ones. The main source of fresh water in Egypt is the annual quota from the Nile, however, is limited 
geographically mostly to the Nile valley and delta. Transfer of the Nile water to other portions of the country 
is restricted by physical and economical constraints. Other fresh water resources are represented in the deep 
groundwater, mainly found in the deserts, and flash floods, restricted to wadis.
The global groundwater budget for the country estimated to be about 14 billion cubic meters a year (9 million 
cubic meters from renewable aquifer and 3, 91 billion from non renewable or deep aquifers)
Groundwater is characterized by its wide distribution all over the country. Wadis may also be considered 
potential sources of water if properly managed, as they exist in regions where Nile water is absent.
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Eritrea. Eritrea, situated in northeastern Africa along the Red sea, it has a total area of about 122000 km2.  The 
cultivable land is 1.6 million ha which is 13% of the total area. Cultivated land is 439000 ha.
The total population was estimated at about 3.4 million inhabitants in 1994 with a growth rate higher than 3% 
annually. The density is 28/km2, but 65 % of the population live in the four highland provinces, although they 
account for only 16% of the total land area (Asmara, Hamasien , Akele Gkele;. and Seraye )
Although no measurement of runoff is available, a rough estimate would put internally produced water resources 
at around 2.8 km3/year most of which would be located in the western part of the county. The most important 
river course is the Tekeze – Setit, at the border with Ethiopia, with more than 90% of its catchments situated 
inside Ethiopia Estimates of mean annul flow of the Setit at the border with Sudan vary between 6 and 8 km3/
year. The global groundwater budget for the country estimated to be about 600 million cubic meters a year (140 
million cubic meters from renewable aquifer and 460 million from non renewable or deep aquifers).

Ethiopia. Ethiopia is a landlocked country in the Horn of Africa. It is dominated by highland complex of 
mountains and plateaus (above 1500 m) , which split form northeast to southwest by the East African Rift 
Valley, some 40-60 km wide and occupied by a series of lakes. The maximum elevation is 4600 m above sea 
level. The total land area is about 1.1 million km2. The cultivable land is about 13.2 million ha, 
The total population is around 53 million inhabitants (1994) of which 90% are rural. The population growth 
rate is about 3.1% per year. The population density is 49/km2 but varies from less than 10/km2 in Oromiya, to 
almost 250/km2 but varies country .Nearly 90% of the Ethiopian population live in the highlands. Very little 
reliable data and information about the hydrogeological characteristics of aquifer systems is yet available; this 
is the reason for the lack of sensory reports and hydrogeological maps, documents which are essential for the 
rational planning and exploitation of the resources. The global groundwater budget for the country estimated 
to be about 7.23 billion cubic meters a year (5.5 billion cubic meters from renewable aquifer and 1.73 billion 
from non renewable or deep aquifers).

Kenya. Kenya, situated on the east coast of Africa has total area of 580370 km2 Cultivable land is estimated at 
about 57 million ha, which is 98% of the total area. The total population is 27 million (1994) and is estimated 
to be growing at 4%, annually on a national basis. The rural population is estimated at 80%.
The global groundwater budget for the country estimated to be about 2.34 billion cubic meters a year 
(1.01 billion cubic meters from renewable aquifer and 1.33 billion from non renewable or deep aquifers). 
Groundwater is accessible close to the over vast areas; this must be taken into account for the implementation 
of large village water-supply programmes on an economic basis and with the appropriate technology, i.e. with 
wells drilled or dug to a maximum depth of 150 m under the Egyptian / Kenyan Technical Cooperation Project 
(1996 – 2002) which succeed to implement of 130 productive boreholes 127 productive boreholes equipped 
with submersible pumps, run by diesel generator and 3 productive borehole was equipped with hand pump.

Rwanda. Rwanda is situated in the central part of the African a little to the south of the equator in the heart 
of a region of volcanoes and plateaus. It is flanked in the west by Lake Kivu, a tectonic lake in depression 
formed by the Great African Rift valley. The nearest point on the Indian Ocean coat is more than 1,000 km to 
the east.
Owing to the abundance of spring and surface water, groundwater has so far been studied and exploited to 
only a very small extent in Rwanda. In the low and flat parts of the country the people are usually supplied 
with water by gravity systems, which require the construction of long pipelines of expensive and fragile PVC.
Development of the groundwater of these regions does have possibilities, but there are difficulties connected 
with the hardness of the rocks and the poor hydrogeological properties (permeability, storage capacity of the 
aquifers).
The global groundwater budget for the country estimated to be about 400 million cubic meters a year (315 
million cubic meters from renewable aquifer and 86 million from non renewable or deep aquifers).

Sudan. Sudan is situated in the northeastern corner of Africa and it is the largest African country with a total 
area of about 2.5 km2 it shares common borders with nine countries. The cultivable area is estimated to be 105 
million ha or 42% of the total area, while the cultivated land is 7.6 million ha, or 3% of the total area and 7% 
of the cultivable area.
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The population of Sudan is about 27 million (1994) the average population density is about 11/km2 and the 
demographic growth rate is 2.8% per year. In 1990, 22.5% of the populations were classified as urban and  
77.5 % as rural.
The Nubian sandstones cover more than third of Sudan; they can be up to 4,000m thick in the center of the 
basin which they fill. The aquifers is unconfined, semi- artesian or artesian depending on the distance form the 
edge of the basin.
Groundwater irrigation offers promising prospects in some alluvial regions; the water of the El Gash alluviums 
irrigates 7,000 ha and could irrigate a further 4,000 ha, there are other opportunities in northern Darfur (wadi 
Kutum and wadi Hower) west of the Jabal marra, where there is an irrigation potential of 4,000 ha, and in the 
north of the country in the area of the fossil beds of the Nile.
In the umm kaddada basin the ground water could be used for the full or supplementary irrigation of 50,000 
ha at sag El Naam. The Nubian sandstones are exploited to irrigate several areas an important resource in 
the campaign against desertification in the north of the country (El Seleim and El khewi ) with respect to the 
creation of both wooded and grain – growing areas.
The global groundwater budget for the country estimated to be about 6.4 billion cubic meters a year (1.75 
billion cubic meters from renewable aquifer and 4.65 billion from non renewable or deep aquifers)

Tanzania. The United Republic of Tanzania is located on the southeastern coast of Africa and comprises the 
mainland and two islands (Zanzibar and Pemba). Its total area is about 945090 km3. The cultivable area is 
about 40 million ha, or 24% of the total land area, the cultivated area is 6.3 million ha, which is 7% of the total 
area and 16% of the cultivable area. 
Total population is estimated to be about 29 million (1994), of which 22% is urban. Average population 
density is 31/km3 but almost two-thirds of the people live in areas that together form only about 10% of the 
total area. Annual population growth is 3.0%. Tanzanian renewable water resources amount to about 80 km3/
year, of which 30 km3 is groundwater. These water resources are grossly under-utilized, primarily because 
much of the unused land either does not have good soils or is distant to a source of water. Tanzania does not 
receive water from neighboring countries, but shares three major lakes (Victoria, Tanganyika and Malawi) as 
well as the Rovuma River at the border with Mozambique. 
Tanzania has set a time-limit for supplying its entire people with drinking water of acceptable quality within 
400 m of their dwellings. This will to reduce the risk of water-borne diseases and release for productive work 
the time at present wasted in fetching water on foot from sometimes considerable distances.
The global groundwater budget for the country estimated to be about 5.23 billion cubic meters a year (4 billion 
cubic meters from renewable aquifer and 1.23 billion from non renewable or deep aquifers)

Uganda. Uganda, a landlocked country on the equator in central Africa, has a total area of 235880 km3 15 % 
of which is occupied by freshwater swamps and lakes. The cultivable area was about 16759600 ha in 1991, 
which is 71% of the total area . The cultivated area is estimated to be 5027880 ha, or 30% of the cultivable 
area. The total population is nearly 21 million (1994), of which 11% is urban. The average population density 
is 87/ km, but varies from 20 in the northeast to more than 300/km3 in the southeast and southwest. Population 
growth is 2.6% per year. 
Uganda is “water tower “of Central Africa. More than 15% of the area is made up of freshwater swamps and 
lakes, such as Lake Victoria, the second largest lake in the world: 69000 km3 (of which about 29000 km3 is 
in Uganda) with a maximum depth of 80 m and a capacity of 2700 km3. The whole of Uganda lies within the 
Upper Nile catchment, with numerous rivers flowing into Lakes Edward, Victoria, Kyoga and Albert, and also 
directly to the Nile. The only outlet from Lake Victoria is the Victoria Nile. The main river into Lake Victoria 
is the Kagera, which rises in highlands and Burundi. Although not known with precision, water resources are 
globally estimated at 66 km3/year. 
The groundwater resources identified in those procedures are sufficient to meet the requirements of the people 
and their livestock but, except in a few cases, they are not suitable for irrigation owing to their high cost and 
the poor unit yields. The global groundwater budget for the country estimated to be about 2.12 billion cubic 
meters a year (1.96 billion cubic meters from renewable aquifer and 170 million from non renewable or deep 
aquifers).
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CONCLUSION ANd RECOMMENdATIONS
Groundwater in the Nile Basin Countries is an important natural resource which provides water for human 
consumption as well for agriculture and industry. It also plays a key role in preserving surface water and 
terrestrial ecosystems. Groundwater systems are often the only source of fresh water in desert areas of 
the region (78% of the Nile basin Territories) where demand is rapidly increasing. Groundwater can be 
extracted from everywhere and allover the year contradictory with surface water in the ephemeral rivers. 
Deep groundwater in the Nile basin riparian countries occurs in large Transboundary hydrogeological 
provinces include: Main Nile province (Nubian sandstone and, Upper Nile basins), African – Arabian belt 
province (Victoria and Tanganyika basins), East African province (Somalia and Tanzanian basins) and 
Congo province. The global groundwater potential for the overall Nile Basin in the ten riparian countries 
estimated to be about 81 billion cubic meters a year (62 billion cubic meters from renewable aquifer 
and 19 billion from non renewable or deep aquifers). Most of the groundwater is acceptable for human 
consumption and therefore for livestock as well.
Groundwater should be closely linked with an overall holistic approach to integrated water resources 
management especially surface water and other water resources, mineral water and thermo mineral springs 
abound in the fractured zones at the Rift Valley provinces. There is a large potential for geothermal energy 
in the Rift Valleys which is currently being exploited, especially in Kenya.
Important to enhance capabilities and scientific strength of Nile basin countries to address long-term and 
regional groundwater resource assessment and management, while addressing immediate societal needs; 
where the development and management of the groundwater is beset with many difficulties include; lack 
of prospecting, well drilling, monitoring and evaluation facilities, expensive operation and maintenance, 
weakness of the infrastructures, and the unfavorable natural conditions. However, much remains to be 
done to ensure that the groundwater resources of the Nile basin are managed to best effect.
Gaining a better understanding of the groundwater dimension of the Nile will allow the riparian countries 
to work collectively in managing not only the shared river resources, but also in protecting groundwater 
dependent ecosystem that can be achieved by cooperative management efforts.
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Ground-Water Models of the Mississippi River Valley Alluvial Aquifer, 
USA: Management Tools for a Sustainable Resource

J. B. Czarnecki*

* U.S. Geological Survey, Arkansas Water Science Center, 401 Hardin Road,  
 Little Rock, Arkansas, USA 72211 (Email: jczarnec@usgs.gov)

Abstract    The Mississippi River Valley alluvial aquifer is the third largest aquifer in the United States 
in total ground water produced per year, and consists of a water-bearing assemblage of gravels and sands 
deposited by the Mississippi River. Ground-water withdrawals have caused cones of depression to develop in 
the aquifer’s water-level surface, some as much as 30 meters deep. The expansion of the cones of depression 
and the consistent water-level declines indicate that ground-water withdrawals are occurring at a rate that is 
greater than the sustainable yield of the aquifer. Conjunctive-use optimization modeling was used to calculate 
the maximum sustainable yield from wells and rivers, while maintaining simulated ground-water levels and 
streamflows at or above minimum specified limits. Sustainable yield from wells was compared for four different 
management scenarios involving different ground-water-level constraints and river-withdrawal specifications 
in 11 rivers, including the Mississippi River. A systematic relaxation of ground-water-level constraints and 
removal of optimized river-withdrawal specifications resulted in up to 25.3 percent larger sustainable yield 
from ground water.  However, in all four scenarios, sustainable yield from wells was less than 1997 withdrawal 
rates. Withdrawals from rivers represent a potential source of water that could be used to offset the unmet 
demand for ground water.
Keywords  Alluvial aquifer; conjunctive use; sustainable yield; Mississippi River; optimization

INTROdUCTION
Of the world’s rivers, the Mississippi River (Figure 1) ranks third in length, second in watershed area, and fifth 
in average discharge. The Mississippi River basin measures 4.76 million square kilometers, covering about 40 
percent of the United States and about one-eighth of North America, with a length of about 3,700 kilometers 
(km) (Figure 1) (U.S. Geological Survey, 2007). From Tertiary to Quaternary time, the Mississippi River 
deposited sediments up to 2,000 meters (m) thick within an area called the Mississippi Embayment (Arthur 
and Taylor, 1990). The uppermost sediments within the Mississippi Embayment consist of highly transmissive 
sands and gravels of the Mississippi River Valley alluvial aquifer (hereafter referred to as the alluvial aquifer) 
(Figure 2). The alluvial aquifer underlies most of eastern Arkansas and several adjacent states, and in 2000 
ranked 3rd in the United States for the amount of ground water produced (Maupin and Barber, 2005). Ground-
water withdrawals from the aquifer began in the early 20th century, primarily for irrigation of rice, cotton, and 
soybeans.

Ground-water withdrawals from the alluvial aquifer have caused extensive cones of depression to develop 
in the aquifer’s water-level surface, some as much as 30 m deep (Czarnecki et al, 2002). Rivers, such as the 
Arkansas, White, St. Francis, and Mississippi, are in hydraulic connection with the alluvial aquifer. Groundwater 
declines induce recharge from these rivers to the alluvial aquifer. Long-term water-level measurements in the 
alluvial aquifer show an average annual decline of 0.3 m per year in some areas. The expansion of the cones 
of depression and the consistent water-level declines indicate that ground-water withdrawals are occurring at 
a rate that is greater than the sustainable yield of the aquifer.
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Figure 1: Mississippi River Valley alluvial aquifer and Mississippi River

Figure 2: Geologic units and generalized ground-water flow direction within the Mississippi Embayment

For many years, the U.S. Geological Survey (USGS) has worked with the Arkansas Natural Resources 
Commission (ANRC) in the development of ground-water flow models to be used as management tools to 
determine the sustainability of the water resource and the feasibility of various management scenarios. In 
a management scenario, specification of withdrawal locations from wells and from points along rivers are 
made, as are constraints with respect to water levels or streamflows that must be maintained for a feasible 
outcome.  Ground-water flow models of the alluvial aquifer have been developed for eastern Arkansas and 
parts of northern Louisiana, southeastern Missouri, and adjacent states (Reed, 2003; Stanton and Clark, 2003). 
The flow models showed that continued ground-water withdrawals at 1997 rates from the alluvial aquifer 
could not be sustained indefinitely without causing water levels to decline below half of the original saturated 
thickness of the alluvial aquifer, a constraint that is consistent with Critical Ground-Water Area designation 
by the ANRC for certain counties in eastern Arkansas. To develop estimates of withdrawal rates that could be 
sustained relative to the constraints of critical ground-water area designation, conjunctive-use optimization 
modeling was applied to the flow models (Czarnecki et al., 2003a, 2003b). Optimization modeling was used 
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to calculate the maximum sustainable yield from wells and rivers, while maintaining simulated water levels 
and streamflows at or above minimum specified limits. However, those analyses represented only a few of 
the possible management scenarios that might be considered for managing the ground- and surface-water 
resources. For example, if flows in rivers are maintained without additional withdrawals of surface water, a 
larger sustainable yield of ground water should be realized. 

This report describes additional applications of the model of Czarnecki et al. (2003a), in which the effects of 
varying constraints on ground-water levels and surface-water withdrawals from rivers on the model-calculated 
sustainable yield of the aquifer and rivers were evaluated. Three scenarios were simulated and results compared 
to results from a baseline scenario simulation. Scenario 1 is the baseline scenario in which surface-water 
withdrawal was optimized from all 11 rivers specified in the model, while maintaining ground-water levels at 
or greater than half the saturated thickness of the aquifer. Surface-water withdrawals from the Arkansas and 
White Rivers (Figure 3) for two irrigation project areas (the Bayou Meto and Grand Prairie project areas) (U.S. 
Army Corps of Engineers, 2006a; 2006b) are included in Scenario 1, as are withdrawals from agricultural 
diversions or pumping locations withdrawing at 2000 rates. Scenario 2 was selected to evaluate the effect of 
lowering the water-level constraint to 9.14 m (30 feet) instead of half the aquifer thickness above the base 
of the aquifer, with all other conditions remaining the same as in Scenario 1. Scenario 3 was selected to 
evaluate the effect of removing additional surface-water withdrawals. Scenario 4 evaluated the combination 
of conditions for Scenarios 2 and 3. Each of the additional scenarios was expected to result in a larger value 
of sustainable yield for ground water. 
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CONJUNCTIVE-USE OPTIMIZATION MOdELS
This section provides a brief summary of the conjunctive-use optimization model previously developed for 
the alluvial aquifer; a complete description of the model is described in Czarnecki et al. (2003a). “Conjunctive 
use” pertains to use of both ground and surface water. Integral to the conjunctive-use model is the concept of 
sustainable yield, which is the maximum rate at which water can be withdrawn indefinitely from ground- and 
surface-water sources without violating specified constraints. The model consists of an objective function, 
decision variables, and constraints. Specifically, the objective function is to maximize the total rate of 
withdrawal from ground-water and surface-water sources. The decision variables are the withdrawal rates 
calculated at managed well sites and river-withdrawal sites. Constraints consist of water levels and streamflow 
rates that are specified at locations within the model domain. The sustainable yield from rivers represents a 
potential source of water that could supplement ground water. There were 9,979 managed well sites in the 
model, and 1,165 river-withdrawal sites.

The optimization model was formulated as a linear programming problem with the objective of maximizing 
water production from wells and from streams subject to: 
(1) maintaining ground-water levels at or above specified levels; (2) maintaining streamflow at or above 
minimum specified rates; and (3) limiting ground-water withdrawals to a maximum rate of the amount 
withdrawn in 1997. Steady-state conditions were selected (rather than transient conditions) because the 
maximized withdrawals are intended to represent sustainable yield of the system (a rate that can be maintained 
indefinitely without violating constraints). In this model, the decision variables are the withdrawal rates at 
9,979 model cells corresponding to well locations and at 1,165 model cells corresponding to river locations.  

The objective of the optimization model is to maximize water production from ground-water and surface-
water sources.  The objective function of the optimization model has the form: 

maximize z =  ∑qwell + ∑qriver                      (1)

where z is the total managed water withdrawal (L3/T, where L and T are dimensions of length and time, 
respectively);

∑qwell is the sum of ground-water withdrawal rates from all managed wells (L3/T); and  ∑qriver is the sum of 
surface-water withdrawal rates from all managed river reaches (L3/T).

Equation 1 is computed such that the following constraints are maintained:

hc ≥ hminimum               (2)

where hc is the hydraulic head (water-level altitude) at constraint location c (L); and hminimum is the water-level 
altitude at half the thickness of the aquifer (L). To accommodate the ANRC Critical Ground-Water Area 
criteria that water levels within the alluvial aquifer should  remain above half the original saturated thickness 
of the aquifer, hydraulic-head constraints were specified at 2,804 model cells. For a few cells where the 
original saturated thickness of the aquifer is less than 18.3 m but at least 9.14 m, the hydraulic head constraint 
was specified as 9.14 m minimum thickness considered necessary for the aquifer to remain viable for water 
production in those areas. The spatial distribution of constraint points represents approximately every fifth 
model cell.  If water levels were to drop everywhere to the level of the head constraint, then the resulting 
saturated thickness of the alluvial aquifer would range from 9.14 m to 30.5 m.

Streamflow is regulated in Arkansas by ANRC for purposes of maintaining water quality, navigation, and 
species habitat. Streamflow constraints for several rivers specified in the optimization model are based on 7-
day, 10-year-recurrence low-flow data (7Q10). Streamflow constraints are specified as the minimum amount 
of  flow required at individual river cells. The equation governing the relation between streamflow constraints 
and flow into and out of a stream is:
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qR
head + ∑ qR

overland + ∑ qR
groundwater – ∑ qR

diversions – ∑ qR
river ≥ qR

minimum      (3)

where  qR
head is the flow rate into the head of stream reach R (L3/T);

 ∑ qR
overland is the sum of all overland and tributary flow to stream reach R (L3/T);

 ∑ qR
groundwater is the sum of all ground-water flow to or from stream reach R (L3/T);

 ∑ qR
diversions is the sum of all surface-water diversions from stream reach R (L3/T);

 ∑ qR
river is the sum of all potential withdrawals, not including diversions, from stream reach R (L3/T);  and

 qR
minimum is the minimum permissible surface-water flow rate for stream reach R (L3/T).

The proximity of managed wells to model flow boundaries was taken into account to properly formulate the 
management objective. If no limit is imposed on the potential amount of water that can be pumped at each 
managed well, then those wells nearest model sources of water, such as rivers or general head boundaries, will 
be the first to be supplied water, thus capturing flow that would otherwise reach wells further from the sources. 
Test simulations using 1997 withdrawal rates applied to steady-state conditions yielded large areas with dry 
cells in the flow model. Therefore, ground-water demand limits were specified at each cell as a multiple of the 
amount pumped in 1997, such that:

0 ≤ qwell i ≤ Mqwell 1997            (4)

where qwell i is the optimal ground-water withdrawal for well i (L3/T);
 M is a multiplier between 0 and 1; and
 qwell 1997 is the total amount withdrawn in 1997 from all wells (L3/T).

No limits were imposed on optimized withdrawals from rivers such that the range in optimal withdrawal was 
between zero and the maximum amount of water available (that is, the withdrawal rate that exceeds the required 
minimum flow rate set by the constraint value) at a given point in a given river. This specification permitted 
analysis of where water could be produced and the maximum amount available. Optimized withdrawals were 
allowed at all river cells. Because each withdrawal amount is optimized, it is dependent on all of the model 
constraints and conditions, not just those in the immediate vicinity of the withdrawal. Furthermore, because 
maximum production from all potential withdrawal points is the goal, distribution of model cells that can 
withdraw water will be adjusted automatically so that this goal is achieved.

For optimization, 9,979 model cells were used to represent pumping from 35,043 wells in 1997. Each cell 
was specified as a managed well (that is, a decision variable) within MODMAN (Greenwald, 1998). In 1997, 
the annual pumping rate for all wells was 18 million cubic meters per day (Mm3/d). For the sustainable-yield 
analysis, the optimized rate at each of the 9,979 cells was allowed to vary between a rate of zero to a maximum 
rate equal to that which was pumped in 1997. An upper limit was specified because no limit on pumping led 
to unrealistic optimal withdrawal from wells adjacent to rivers.

To allow for both optimal conjunctive use of surface water and ground water within the optimization model, 
11 rivers were specified (Table 1). Flow into the uppermost cell of each river is based on mean-annual flow for 
the period of record, which includes high-, moderate-, and low-flow conditions. Overland flow is an estimate 
of water entering the river from tributaries and surface runoff within the area of the drainage. Overland flow 
less the amount of water diverted or withdrawn during 2000 and planned diversions from Bayou Meto and 
Grand Prairie irrigation projects are listed in table 1. Planned diversions are 1.79 Mm3/d for the Bayou Meto 
project area and 1.56 Mm3/d for the Grand Prairie project area. Of the 11 rivers specified, 3 (Arkansas, Cache, 
and Little Red) have streamflow constraints specified at each river cell as the 7-day, 10-year-recurrence low 
flows (7Q10), which are derived from historical streamflow for the rivers. Five rivers (Bayou Meto, Black, 
L’Anguille, St. Francis, and White) were specified with a constraint that was substantially larger than the 7Q10 
value for each of the rivers to be conservative. Where a streamflow constraint was not provided by ANRC, 
an arbitrary value of zero was specified (Current and Right Hand Chute) except in the case of the Mississippi 
River where a value of about 1.42 billion m3/d was specified (or slightly less than the amount entering at the 
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uppermost river cell (table 1)). If a value of zero was specified, then a stream could be pumped dry; however, 
this condition occurred only in Right Hand Chute (Table 1). Note that if a minimum flow constraint was set 
equal to the 7Q10 value, the available streamflow within the optimization model would be limited all year long 
to an amount equal to or greater than 7Q10, although 7Q10 data reflect a statistically low flow that occurs only 
once every 10 years, and then for only 7 consecutive days. 

MANAGEMENT SCENARIOS
Several management scenarios involving different water-level constraints and river-withdrawal specifications 
were evaluated using the conjunctive-use optimization model. As implied in the previous section, the sustainable 
yield calculated by the optimization model is dependent on the defined upper limits of withdrawal rates at 
wells and rivers that are specified in the model; consequently, sustainable yield is likely to change as the values 
of the specified withdrawal rates are varied.  In the baseline scenario (Scenario 1), managed (optimized) well 
withdrawals were limited to 1997 rates, whereas river withdrawals were unbounded.  Rates of sustainable 
yield also depend on the values of ground-water levels specified in the optimization model; if the specified 
values are relaxed (that is, ground-water levels are allowed to be drawn down further), then the sustainable 
yield of the aquifer may be increased. This section describes management scenarios from optimization-model 
runs in which the specified values of river withdrawals and ground-water levels were varied for the model.  

Table 1  Rivers, streamflows, and streamflow constraints

River name
No. of 
model 
cells

Flow into 
uppermost river cell 

of model (m3/d)

Overland flow less 
surface withdrawals 

per river (m3/d)

Flow constraint 
(m3/d)

Source for value 
of constraint

Basis for  constraint 
value

Arkansas 97 138,843,162 2,473,145 2,838,028 ANRC 7Q10 at Little Rock

Bayou Meto 77 481,975 1,962,053 17,132 ANRC average minimum flow 
for July-October

Black 88 4,219,120       27,192,697 773,118 ANRC average minimum flow 
for July-October

Cache 105 1,425,130        5,879,560 26,912 ANRC 7Q10 near Newport
Current  31 7,953,817        1,738,284 0 Arbitrary arbitrarily chosen

L’Anguille 54 610,421        3,051,684 112,542 ANRC average minimum flow 
for July-October

Little Red 15 6,994,759           552,222 0 Arbitrary 7Q10 at Heber Springs
Mississippi 305 1,421,093,406       25,809,535 1,415,842,330 Arbitrary arbitrarily chosen
Right Hand 

Chute 74 6,936,042        1,274,173 0 Arbitrary arbitrarily chosen

St. Francis 169 6,556,822       53,372,327 205,512 ANRC Q99 at State line

White  150 35,353,017       51,181,644 18,830,703 ANRC average  minimum flow 
for entire year

Total 1,165 1,630,467,671 174,487,324 1,438,646,277 -- --

[ANRC, Arkansas Natural Resources Commission; m3/d, cubic meter per day; 7Q10, 7-consecutive-day 
average flow with a recurrence interval of 10 years; Q99, daily streamflow rate that is exceeded for 99 percent 
of the period of record; --, not applicable]

Constraining River Withdrawals and Water Levels
Differences in sustainable yield from ground water at the county level illustrate the complex interplay of 
hydrologic conditions that exist throughout the model area, which are affected in part by model geometry, 
aquifer thickness, proximity to surface-water sources, and constraints imposed. Constraints specified in each 
of the four management scenarios are listed in Table 2.

Percentage of ground-water withdrawals that are sustainable relative to 1997 pumping rates for Scenario 1 
in the conjunctive-use optimization model of the alluvial aquifer (Czarnecki et al., 2003a) resulted in the 
distribution of sustainable yield shown in Figure 4A. Note that the lowest percentage values of sustainable 
yield from ground water occur in Jackson and Phillips Counties (7 and 18 percent of the 1997 groundwater 
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withdrawal rate, respectively). This is because the conjunctive-use optimization model is designed to maximize 
both ground-water and surface-water withdrawals. Jackson County is bordered by the Black River on its 
northwestern boundary; Phillips County is bordered by the Mississippi River on its eastern side. If no optimized 
surface-water withdrawal locations are specified, then surface water that would be withdrawn directly from 
these two rivers is available for ground-water withdrawal. 

If optimized surface-water withdrawal is removed from the model specification for Scenario 3, the distribution 
of sustainable yield from ground water relative to 1997 pumping rates is that shown in Figure 4B. Note the 
substantial increase in the ground-water sustainable yields that result in Jackson and Phillips Counties with 74 
and 61 percent, respectively, of the 1997 pumping rate. 

Table 2  Constraints specified in each of the four management scenarios

Scenario

Constraint 

Minimum ground-water 
level at or above half the 
thickness of the alluvial 

aquifer

Minimum ground-water 
level at or above 9.14 

meters from the bottom of 
the alluvial aquifer

Surface water withdrawals 
allowable in all river cells; 
surface-water withdrawals 
specified for both Bayou 
Meto and Grand Prairie 

irrigation projects

No surface water 
withdrawals other than 

those occurring in 2000; no 
surface-water withdrawals 
for Bayou Meto or Grand 
Prairie irrigation projects

1 X X
2 X X
3 X X
4 X X

Figure 4: Counties in Arkansas showing the percentage of ground-water withdrawals that are sustainable 
relative to 1997 pumping rates using (A) optimized river withdrawals and (B) no optimized river withdrawals 
(that is, surface-water withdrawals are fixed at 2000 rates at select points, and no additional withdrawals are 
permitted)

Results from the conjunctive-use optimization model for each of the four scenarios are shown in figures 5A-
5D as a ratio of optimal ground-water withdrawal rates relative to 1997 withdrawal rates at model cells with 
a pumping well in 1997. As expected, each of the subsequent scenarios resulted in larger overall sustainable 
yield from ground water (Table 3). When ground-water level constraints are relaxed to 9.14 m above the 
aquifer bottom (Scenarios 2 and 4), optimal ground-water withdrawal rates increase. When optimized river 
withdrawals are removed (Scenario 3), sustainable yield from ground water increases. When ground-water 
level constraints are relaxed, and optimized river withdrawals removed (Scenario 4), sustainable yield from 
ground water increases further still. Jackson County, which has a common border with the Black River on 
its northwest boundary, exhibited the largest change in percentage of 1997 ground-water withdrawal that is 
sustainable relative to Scenario 1. This difference resulted largely from the removal of surface-water withdrawal. 
Sustainable yield from ground water in Phillips County also increases when surface-water withdrawals are 
removed; however, an even larger increase occurs by relaxing the water-level constraint (Scenario 2). When 
averaged over all of the counties, sustainable yield from ground water increases as water-level constraints are 
relaxed, or surface water withdrawals are removed. 
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Table 3  Comparison of sustainable yield from ground water for all four scenarios

Scenario
Sustainable yield 

of ground water, in 
cubic meters per day

Ratio of sustainable 
yield to 1997 ground-

water withdrawal 
rate, in percent

Increase over 
sustainable yield 

from Scenario 1, in 
percent

Number  of cells 
reduced to a pumping 

rate of zero

   Reduction in 
pumping rate for 

cells with a pumping 
rate of zero, in cubic 

meters per day
1 10,209,567 56.7 -- 3,326 7,689,549
2 11,388,357 63.2 11.5 2,836 6,529,434
3 11,593,077 64.3 13.6 2,585 6,314,171
4 12,793,957 71.0 25.3 2,042 5,151,722

Optimized sustainable yield from rivers is affected by aquifer water-level constraints. Table 4 shows that 
as ground-water-level constraints are relaxed (such as between Scenarios 1 and 2), optimized sustainable 
yields from rivers decrease because more ground water is available for withdrawal, which would otherwise 
discharge to the rivers. Values of water available listed in table 4 reflect mean-annual flow into the head of 
each stream and mean-annual overland flow to the stream, which are assumed to be continuous throughout the 
year, although low-flow periods likely would have less water available. 

Table 4  Effect of relaxing the aquifer water-level constraint on sustainable yield from rivers

River Name 
Water available1 from river, cubic meters per day

Scenario 1 Scenario 2 Scenario 1 minus Scenario 2
Arkansas 140,146,793 140,124,765 22,028

Bayou Meto 0 0 0
Black 39,693,507 39,478,922 214,585
Cache 6,383,594 6,179,370 204,224

Current 0 0 0
L’Anguille 3,493,782 3,321,333 172,449
Little Red 0 0 0

Mississippi 31,455,746 31,248,243 207,503
Right Hand Chute 9,174,537 9,174,025 512

St.  Francis 57,669,288 57,621,007 48,281
White 74,619,177 74,427,951 191,226

1 Water available assumes that average flow into head of stream and overland flow to the stream are 
continuous throughout the year, even during low-flow periods when less water would be available.  
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Figure 5: Ratio of optimal ground-water withdrawal to the amount withdrawn in 1997: 
(A) Scenario 1 (baseline); (B) Scenario 2; (C) Scenario 3; and (D) Scenario 4

CONCLUSIONS
The Mississippi River Valley alluvial aquifer is a water-bearing assemblage of gravels and sands deposited 
by the Mississippi River that underlies most of eastern Arkansas and several adjacent states. Ground-water 
withdrawals have caused cones of depression to develop in the aquifer’s water-level surface, some as much as 
30 m deep. Rivers, such as the Arkansas, White, St. Francis, and Mississippi Rivers are in hydraulic connection 
with the alluvial aquifer. Recharge to the alluvial aquifer from these rivers becomes induced as ground-water 
level declines. Long-term water-level measurements in the alluvial aquifer show an average annual decline 
of 0.3 meter per year in some areas. The expansion of the cones of depression and the consistent water-level 
declines indicate that ground-water withdrawals are occurring at a rate that is greater than the sustainable yield 
of the aquifer.

Ground-water flow models of the alluvial aquifer showed that continued ground-water withdrawals at 1997 
rates for the alluvial aquifer could not be sustained indefinitely without causing water levels to decline below 
half of the original saturated thickness of the alluvial aquifer. To develop estimates of withdrawal rates that 
could be sustained relative to the constraints of critical ground-water area designation, conjunctive-use 
optimization modeling was applied to the flow models. Optimization modeling was used to calculate the 
maximum sustainable yield from wells and rivers, while maintaining simulated water levels and streamflows 
at or above minimum specified limits. 
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Modifications to the model were made to evaluate the effects of varying ground-water level constraints and 
surface-water withdrawals from rivers on the model-calculated sustainable yield of the aquifer and rivers. 
As ground-water-level constraints are relaxed, optimized sustainable yields from rivers decrease because 
more ground water is available for withdrawal, which would otherwise discharge to the rivers. Withdrawals 
from rivers represent a potential source of water that could be used to offset the unmet demand for ground 
water. In addition, sustainable yield of ground water was compared for four different scenarios involving 
different constraints and river-withdrawal specifications. Scenario 1 is the baseline scenario in which river 
withdrawals were allowed from all river cells from 11 rivers specified in the alluvial model, which includes 
river withdrawals from the Arkansas and White River for the Bayou Meto and Grand Prairie irrigation project 
areas, while maintaining ground-water levels at or greater than half the saturated thickness of the aquifer. 
Scenario 2 differs from Scenario 1 in that the water-level constraints were relaxed so that the aquifer must have 
at least 9.14 m (30 ft) of saturated thickness everywhere. In Scenario 3, optimized surface-water withdrawal 
was removed from the model specification in all 11 rivers; however, surface-water withdrawals were fixed at 
2000 rates at select points, and no additional withdrawals were permitted. In addition, no withdrawals from 
the Arkansas and White Rivers for either the Bayou Meto or Grand Prairie project areas were specified in  
Scenario 3. Water-level constraints in the aquifer were set to half the saturated aquifer thickness. For  
Scenario 4, the same conditions as for Scenario 3 were specified, but water-level constraints were relaxed to 
have at least 9.14 m (30 ft) of saturated aquifer thickness.  Sustainable yield from ground water increased 11.5, 
13.6, and 25.3 percent over that for Scenario 1, for Scenarios 2, 3, and 4, respectively.
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TYPES OF GROUNdWATER
Based on the geological structure, Austria distinguishes between groundwater in porous media like porous 
bedrock and areas of gravel and crushed stones, groundwater in fractured media like in fractured layered non 
karstic bedrocks groundwater in karstic bedrocks and deep groundwaters. The groundwater in porous media 

Status of Groundwater Management and Groundwater Protection in 
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* Federal Ministry of Agriculture and Forestry, Environment and Water Management;  
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Abstract    The following paper will give an overall view of the Austrian groundwater resources, the 
main hydrological media from which groundwater is extracted, the groundwater monitoring and the level 
of groundwater protection in Austria. Furthermore the actual WFD implementation activities regarding 
groundwater identification and characterisation of groundwater bodies, the methodologies for quantitative and 
qualitative status assessment, as well as the extent to which of reaching the objectives for groundwater can be 
reached and some information about transboundary groundwater bodies will be summarized. 

WATER BALANCE 
In general the hydrological situation in Austria is more or less favourable. Precipitation and the inflow from 
borderlands result in a fresh-water volume from 120 billion m³/year. 84 billion m³ are available for use. The 
average total annual consumption of freshwater is about 2.6 billion m³/year (3 %). 
More than two-thirds are used by industry and agriculture. 

Figure 1: Water Balance 
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in valley and basin landscapes and the karstic groundwater in the northern and southern Limestone Alps 
represent Austria’s most important groundwater resources. Local thermal springs and mineral water sources 
are also of particular importance. 

MONITORING
The protection and the management of groundwater are not possible without relevant data.
Therefore a comprehensive water monitoring system had been established in Austria a long time before the 
WFD required the establishment of programmes for the monitoring of groundwater. 
According to the “Wasserkreislauferhebungsverordnung 2006” (ordinance on the monitoring of water cycle) 
and the former “Hydrographiegesetz” (low on hydrographical data) the survey of the water cycle done by the 
Hydrological Service in Austria includes the observation of the elements precipitation, evapotranspiration, air 
and water temperature, water level, discharge, sediment and suspended load, subsurface water and springs. 
At present about 3450 ground water level gauges, 200 ground water temperature gauges, 87 spring gauges 
and 14 stations for the unsaturated zone are in operation. The systematic quantitative groundwater monitoring 
started in the early 1940’s. 
The Austrian programme for monitoring water quality also covers the entire national territory with a dense 
network of sampling sites according to a uniform measurement method, producing data of high quality. The 
development of a network of sampling sites for groundwater and the monitoring according to uniform criteria 
for parameter section, frequency and methodology started in 1992. 
The water quality in Austria has been consistently monitored by private and public contractors commissioned by 
the Federal Ministry of Agriculture and Forestry, Environment and Water Management (BMLFUW). The sampling 
site network for groundwater currently comprises about 2000 groundwater sampling sites and 230 springs. 
Physical-chemical parameters are monitored 4 times a year at groundwater and spring sampling sites. With 
regard to the physical properties and chemical quantities examined, a method was chosen which allows 
comparison of the monitoring results collected throughout the country with a high degree of flexibility. Certain 
basic parameters are monitored at all sampling sites continuously. Other parameters, for which an overall 
view from the entire country is required, are monitored at all sampling sites for a limited period (usually 
one year) at the very beginning of a monitoring cycle and subsequently once again every 6 years (“initial 
monitoring”). In the case of a non significant analysis, these parameters are no longer taken into consideration 
during operational monitoring (“repeated monitoring”). Special parameters are specifically analysed in 
groundwater areas according to local utilisation and impacts, or their inclusion is in some cases required in 
order to implement certain EU directives. 
In fact, for a large number of the identified groundwater bodies or group of groundwater bodies, sufficient data 
are available to describe their quantitative and qualitative status. 
The dada collected during the quantitative and qualitative monitoring programmes are published by the 
BMLFUW in reports like the “Hydrological Yearbook” and the “Water Quality Report”. Those data are the 
essential basis to implement the risk assessment within the WFD.

HYdRO-CHEMICAL BACKGROUNd INFORMATION
For the purpose of the assessment of the chemical status of a body or a group of bodies of groundwater, 
threshold values have to be established for those pollutants or groups of pollutants, which have been identified 
as contributing to the characterisation of bodies or groups of bodies of groundwater being at risk. 
By establishing these threshold values the hydro-geological characteristics including information on background 
levels and water balance should also be considered. 
As part of the study “GeoHint” worked out by the Geological Survey of Austria, in all shallow groundwater bodies 
for a large number of parameters background information have been determined and regionalised. With these data 
it is now possible to estimate the extent of human caused impact of pollutants to the groundwater in a better way.
Investigations have been made for a great number of parameters as aluminium, arsenic, boron, cadmium, 
calcium, chromium, cooper, iron, hydrogen carbonate, potassium, sum of hydrocarbons, electrical conductivity, 
manganese, magnesium, sodium, ammonium, nickel, nitrate, lead, pH-value, phosphate, sulphate. The results 
have been presented for each parameter graphically. 
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GROUNdWATER PROTECTION
As already pointed out, the main groundwater resources in Austria are to be found in the karstic regions and in the 
valleys and basins with mainly quaternary sediments. The different pressures (agricultural land use, settlements, 
traffic…) create possible impacts on those groundwater resources from mainly high quality. To avoid pollution 
and provide the future use for drinking water purposes groundwater resources have to be protected as well as 
possible. According to the Austrian Water Act the principle of an overall protection of groundwater is applied. 
In Austria the drinking water standards are the basis for quality targets for groundwater.
For the protection of the water supply plants, the Austrian Water Act moreover provides the establishment 
of protection areas. Such areas can be established to protect water supply plants in operation, as well as 
groundwater resources reserved for future supply.
In such areas the use of land or water, the operation of existing or future plants or installations can be prohibited 
or limited by an official notice of the Water Act Authority. Because in Austria groundwater is private property, 
all prohibitions or limitations have to be financially compensated by the water works operators. Guide-lines 
ensure a country-wide coordinated procedure to establish such protection areas. 
A protected area generally consists of three zones. Zone I should protect the abstraction well or the tapping 
of a spring from all kind of negative impacts. Zone II, as appropriate the 60-days protection zone, should 
prevent the water supply plant from the input of micro-organism, like bacteria and virus. Furthermore Zone III 
should protect the water supply plant from being impaired by hazardous and persistent substances. If it is not 
possible to protect the whole catchment area of a well or a tapping of a spring, the installation of early warning 
sampling sites is recommended. The information obtained allows the necessary measures in time to be taken 
before a contamination reaches the extraction zone. 
At present, about 200 larger protecting areas, with an average surface area of about 38 km² and a large number 
of smaller ones (1900) have been installed in Austria. Related to the area they comprise, this means that a total 
of about 10 % of the Austrian territory is covered by special means of groundwater protection based on the 
Austrian Water Act.

WATER SUPPLY
In contrast to many other countries, where surface water must be treated to become drinking water by using 
multi-stage chemical conditioning processes the groundwater in Austria can be used in a widely natural quality. 
This due to the existing high standard of groundwater protection means. 
From 8.1 million Austrian inhabitants, about 7.05 million, i.e. 87% of the population, live in areas provided by 
a central water supply plant. Roughly 1 million people get their water from private wells and springs. 
More than 1900 water utilities and more than 4000 water associations provide the Austrian high quality 
drinking water in accordance with the drinking water ordinance. In the last years an increasing number of 
private companies have been founded to supply the villages and the cities with drinking water. Those private 
companies are owned up to 100 % or by majority by the authorities. 

Figure 2: Background Parameter: Electrical Conductivity 
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The current sources for the Austrian’s drinking water are spring water (50 %) and groundwater (50 %). Treated 
surface water is used for drinking water only in exceptional cases and on a very small scale. 
In Austria the average daily consumption of drinking water is about 135 l/inhabitant and day. This value has 
been constant for many years and has been respectively decreasing. Together with industry and business 
the average daily water consumption is about 230 l/inhabitant. In view of the hydro geological situation an 
elimination of iron, a demanganization or a decarbonisation can be necessary in some areas. There is only 
a small number of water works, where the elimination of nitrate and the water purification using activated 
carbon filter is necessary. 

LOCATION, BOUNdARIES ANd CHARACTERISTICS OF GROUNdWATER BOdIES
In accordance with the horizontal guidance document “Identification of Water Bodies” (2003) groundwater 
bodies should be delimitated in a horizontal and in a vertical manner. According to those criteria a distinction 
between single porous groundwater bodies and groups of ground water bodies as well as surface near 
groundwater bodies (shallow aquifers) and deep groundwater bodies (approx. below 200m) has been made. 
The following delimitation criteria, as size, homogeneity (geological and hydro geological), groundwater 
chemistry, the existing national monitoring network, utilisation, economic importance and risk potential have 
to be taken in to account. With respect to the different geological strata one must distinguish between porous, 
fractured and karstic types of aquifer. 

Table 3: Groundwater Bodies according to WFD 

THE IMPLEMENTATION OF THE WdF IN AUSTRIA
The results of the status quo analysis have been laid out in the Austrian “Summary Report”. This report 
was prepared in compliance with the requirements according to the WFD. It comprises a description and 
classification of water bodies, a review of the impacts of human activities on the waters including a first 
assessment of the compliance with the quality objectives, and an economic analysis of water use. This report 
was prepared by the Austrian Federal Government and the Federal Provinces. 
The methods on which the status quo analysis is based are compiled in a special volume called “Methodology”. 
The results of the economic analysis based on Article 9 of the WFD are included in the volume “Economic 
Analysis of Water Uses”. 

The Article 5 analysis concerning groundwater was based on 64 identified individual shallow groundwater bodies 
covering a total area of 9.682 km2 and 64 groups of groundwater bodies, with a total area of 74.026 km² and 9 
groups of deep groundwater bodies and 1 individual deep groundwater body (thermal groundwater body). 

The adequacy and functionality of the existing monitoring networks in single groundwater bodies was examined 
according the network criteria, given by the CIS study group 2.8. For groups of groundwater bodies a special 
method based on the monitoring sites density was worked out. 



59

ExTENT OF REACHING THE OBJECTIVES FOR GROUNdWATER
The quantitative risk assessment for the shallow single groundwater bodies was based on a comparison of this 
critical or of a characteristic low groundwater level with the average groundwater level within the period from 
1990 to 2001. 
Taking into account the quantity and quality of surface waters and terrestrial ecosystems associated or directly 
dependent on the groundwater body, the actual groundwater level is not allowed to fall bellow the critical 
groundwater level. To avoid the additional workload of working out the critical groundwater level for each 
groundwater body for the first risk assessment a pre measured very low groundwater level was selected. 
There is no risk to fail the objectives given by the WFD, when at 75 % of the monitored sites the average 
groundwater level is above the critical or the low groundwater level. 

Considering the hydrological conditions (precipitation and groundwater recharge) the available groundwater 
resource was calculated for all groups of groundwater bodies and all single groundwater bodies with an 
insufficient data base. 
There is no risk of failing to meet the quantitative objectives for a group or a single groundwater body, if the 
sum of all groundwater abstractions is less than 75 % of the available groundwater resource. 

A general risk assessment method for deep groundwater bodies has not yet been worked out. 

The conclusion of the quantitative risk assessment is that no one single groundwater body or group of 
groundwater bodies has to be classified as being at risk of failing the „good quantitative status“.
The risk of failing the chemical objectives was calculated by means of an evaluation of existing monitoring 
data with the algorithm stipulated according to the regulations of the Ordinance on Groundwater Threshold 
Levels for so called “presumable target areas for measures” for the parameters nitrate, atrazine and desethyl-
atrazine. This was supplemented by a study investigating the existence of sustainable upward trends. For the 
risk assessment two criteria have to be considered: 

A groundwater body will be at risk, if in a considered time period more than 50 % of the monitored sites are 
endangered. A monitoring site is endangered, if the arithmetic mean of a measured parameter is higher than 
the relevant existing threshold level.
A sustainable upward trend is detected, if in a considered period the upward trend line exceeds over 75 % of 
the limiting value of the parameter in Austrian drinking water ordinance. 

The quality of groundwater in Austria is more or less satisfactory, particularly in the western provinces of 
Austria. In the large arable south-eastern and eastern regions of Austria subject to intensive agricultural use, 
the concentrations of nitrate, atrazine, and desethyl-atrazine are more or less high. 

In Austria 7 groundwater bodies or groups of groundwater bodies were identified as being to be at risk of 
failing to meet the qualitative objectives of the WFD. In other words, about 5.9 % or eight of the 138 identified 
groundwater bodies representing about 3.6 % (3.003 km²) of the Austrian territory are at risk of not reaching 
the ”good chemical status”, 1956 km² of which are due to nitrate pollution.

Currently pollution of groundwater by plant protection products has been exclusively caused by atrazine and 
its degradation products. The application of atrazine has been prohibited in Austria since 1995, and thus no 
further measures are required in this respect. The residues still available in the subsoil will further decrease, 
nevertheless a rising tendency with respect to desethyl-atrazine was found in one groundwater body with a 
total of 386 km².

TRANSBOUNdARY GROUNdWATER BOdIES
The WFD obliges neighbouring countries to protect and manage common transboundary water resources. As 
the result of joint efforts transboundary groundwater bodies were identified between Austria and Germany, 
Austria and Slovenia and Austria and Hungary.
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The thermal groundwater in the Malmkarst in the “Lower Bavarian and Upper Austrian Molasse Basin” is 
the only important deep groundwater body in terms of the WFD. It is used for spa purposes and in order to 
gain geothermal energy. The groundwater body covers the area of about 5.900 km². It is also one of the 11 
important groundwater bodies hence data on the location, boundaries and characterisation has to be reported 
to the ICPDR.
Due to the intensive use in both countries a common hydro geological and a mathematical model were 
developed. Prognoses can further be improved and are thus more precise. In order to be able to manage 
and protect the thermal water resources in a sustainable way and according to the best available state of 
technology guidelines have also been elaborated. They will be the basis of the German-Austrian cooperation 
in managing the common deep groundwater body. Data registration is coordinated and the exchange of data 
is guaranteed. 
With the established monitoring system surveillance monitoring, early warning monitoring and quality 
monitoring of spa water supplies strategies should be combined. The evaluation of the data shows that the 
groundwater quality and the groundwater quantity status are not at risk. 

A permanent regional working group was also established. This group is responsible for on – going investigation 
on the basis of the presented guidelines related to monitoring aspects, including technical, financial and 
organizational aspects. Particular attention by the working group is paid to the harmonisation of sampling and 
data process methodologies. Thus a sustainable use is assured, so that this transboundary groundwater body 
should always be in good quantitative and quality status. 

Between Slovenia and Austria the common transboundary groundwater body “Karavanke” has been identified 
in 2005 by „Grenzgewässerkommission für die Drau”. He covers an area of 404 km². The identification of 
this groundwater body was based on geological characteristics as well as on recharge areas. On the Austrian 
side the groundwater body was delineated as a group of groundwater bodies with karstic aquifer. On the 
Slovenian side the groundwater body was delineated as a group of groundwater bodies in a hydraulic complex 
system adapted to intensely folded mountain zones built of different aquifers and aquifer systems. As this 
groundwater body is located in a more or less non populated mountain area, the potential risk of groundwater 
quality deterioration is very low. Therefore it can be concluded that the transboundary groundwater body 
Karavanke is not at risk.

According to the different view with regard to the vertical delineation and the temperature it is not possible 
at the moment to carry out a common characterisation of the transboundaery groundwater bodies between 
Austria and Hungary. Therefore Austria and Hungary agree to clear the open questions bilaterally within the 
“Österreichisch-Ungarische Grenzgewässerkommission”. 

Table 4: German-Austrian Transboundary Groundwater Body 
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NExT STEPS
One of the key issues will be the development of a well working information system, which is based on the 
legal provisions of the Austrian Water Rights Act 1959. Austria is developing the Water Information System 
Austria – WISA since 2003. This work will be the core of the reporting and the public information.
Other important issues will be the establishment of a programme for each river basin district of measures 
which will take the results of the analyses required under Art. 5 WFD in to account, and the elaboration of 
river management plans for each Austrian river basin. 
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Abstract    Presented paper summarises basic data and information on groundwater status in the Czech 
Republic as far as uses and water supply concerns in the context of requirements of Water Framework 
Directive. A survey on groundwater management and groundwater uptakes together with requirement of 
relevant national legislation stipulating requirements on drinking water quality is presented.  The main part 
is devoted to evaluation of pressures on surface and groundwater bodies where nutrient pollution is taken as 
the most important factor. Importance and extent of groundwater monitoring programmes together with status 
of groundwater quality forms the basic part of the content of the article. Final part is devoted to important 
provisions of the UN ECE Guidelines on Monitoring and Assessment of Transboundary Groundwaters in 
context with transboundary groundwater activities.    

GENERAL OVERVIEW
As the Czech Republic is situated on the roof of Europe water from its territory is drained to three seas – North 
Sea, Baltic Sea and Black Sea, and therefore the territory is divided into three main river basins: Elbe River 
basin, Morava River basin and Oder River basin. (See Fig.1)

Czech Republic is largely a highland country with majority of its relief formed by the Bohemian Massif. 
Plateaus situated largely in the eastern part are accompanied by bend of Carpathian Mountains and, in the 
south by Pannonian plain. 

Figure 1: Map of Czech Republic with three main river basins
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USE OF GROUNdWATER BOdIES – WATER SUPPLY
Water need and consumption for drinking and other uses in the Czech Republic is provided from surface water 
and groundwater sources. All surface water demand is much higher in comparison with groundwater, but the 
amount rate of the surface water and the groundwater has been almost the same from the point of view of 
drinking water supply in the nation-wide Czech Republic. The surface water demand in the Elbe River basin 
has been prevailing for the drinking uses on the contrary the groundwater need in the Oder and the Morava 
River basins has been higher.  

The most important groundwater zone in the Elbe River basin is the Czech Cretaceous Basin which presents 
the most extensive continuous aquifer system, mostly in a plateau covering significant part of the Bohemian 
Massif (in the Central Europe). It covers the area of 14,600 km2, of which 12,490 km2 lies within the territory 
of the Czech Republic. Its hydrogeological significance is given by the large porosity ratio in sandstones for 
the accumulation and flow of groundwater. The Bohemian Cretaceous Basin has been used for extensive 
public-supply withdrawals since the 1930s. The reason for the intensive exploitation of the groundwater body 
has been consisting in its very favourable hydraulic parameters and high quality of groundwater. 
In the Morava River basin there are important groundwater zones and accumulations in the Morava River 
Quaternary Sediments. Due to the geological structure, the groundwater capacity is low and the water bearing 
Quaternary sediments cover only a small part of the territory along main watercourses. About 78 % of the 
total groundwater reserves have been already utilized. Groundwater in the Morava River basin serves mostly 
for drinking water supply purposes, where app. 90% of the uptake (180 mil. m3/year) is used for potable water 
need and consumption. Moreover and in view of their protection, about 36% of the territory in the Morava 
River basin has been assigned as vulnerable area. 
In the Oder River basin there are important groundwater accumulations in the Oder River Quaternary 
sediments.

Figure 2: Map of water sources

On the background of the water sources map (see fig. 2) there are marked out important hydrogeological 
areas according which groundwater body compliance with WFD was specified. Delineation of the important 
hydrogeological areas is sufficient for the purpose of demonstration the basic geological types from the 
importance of the groundwater accumulation point of view.  



65

IMPORTANT GROUNdWATER CONSUMPTION
Regular groundwater management started in the Czech Republic in 1968. In 1979 register of groundwater 
need and consumption were initiated into which the data on groundwater uptakes quantity in m3/month for 
individual localities have been then administrated by means of the registers. In the database there were placed 
all uptakes with amount of water higher than 0.5 l/s (duty to register corresponds to the amount of water, if 
it is higher than 600 l/y or 500 m3/month). Since 2001 it is necessary to present uptakes over 6000 m3/y or 
500 m3/month. Register contains data on water used for drinking water supply, local uptakes and uptakes for 
agricultural and industrial subjects. Since 2001 the register has been extended in order to involve mining and 
sewage waters. Among the Czech Republic groundwater predominate uptakes for drinking water supply.

By assessment of the importance of groundwater uptakes, the scale of their absolute magnitude can not be 
mechanically implemented. It has been sure that the cumulative value of groundwater uptakes from individual 
groundwater bodies and their relationship to the natural groundwater resources was decisive with regard to the 
groundwater bodies risk assessment. However, in view of the chosen methodology there can not be assigned 
only few uptakes which cause the risk in the given groundwater body.

Table 1  Total maximum groundwater demand representation in the geological types
River basin district

Geological type
Danube Elbe Oder

Maximum of water need (l/s)
Quaternary 2,494.0 1,267.5 874.8
Neogene 524.4 51.8 10.5

Paleogene 181.0 0 147.5
Cretaceous 1,480.2 5,803.2 0

Permocarbon 117.6 484.0 21.6
Proterozoic, Paleozoic, Crystalinic 767.6 1,618.7 270.7

Source: VÚV T.G.M., local Water Supply and Sewage Companies; in 2005 ČSÚ

The demand of surface and ground water is documented by the watercourse administration, according to the 
water balance established by Decree of the Ministry of Agriculture No. 431/2001 Coll., on the content of 
the water balance, manner of drawing up thereof and on data for the water balance (Article 10). The need of 
surface and ground water above 500 m3/month or 6000 m3/year is followed. The tables show water demand for 
purposes as follows: treatment and distribution of water (only Economic Classification 41), industry (including 
extraction of mineral resources, without energy), energy (production and distribution of electricity, gas, steam, 
and warm water), agriculture etc. (including irrigation, breeding, game keeping, forestry and fisheries), and 
other services (including construction), grouped according to the Branch Classification of Economic Activities 
(Czech Statistical Office, Prague, 1998).

Table 2  Surface water consumption, 2003 - 2005
Economic  

Activity code
2003 2004 2005

thous. m3

Treatment and distribution 41 407, 358 395, 698 383, 795
Industry 

(including extraction of mineral resources) 10 - 37 349, 115 327, 536 319, 967

Power industry 40 865, 193 878, 843 840, 309
Agriculture (including irrigation) 01 - 05 69, 958 19, 519 10, 916

Other (including construction) 50 - 93 + 45 3, 761 4, 484 9, 172
Total 1 695, 385 1 626, 080 1 564, 159

Source: VÚV T.G.M., local Water Supply and Sewage Companies; in 2005 ČSÚ
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Table 3  Groundwater consumption, 2003 - 2005
Economic  

Activity code
2003 2004 2005

thous. m3

Treatment and distribution 41 360, 191 342, 471 325, 274
Industry 

(including extraction of mineral resources) 10 - 37 37, 207 35, 410 35, 585

Power industry 40 2, 019 2, 225 2, 582
Agriculture (including irrigation) 01 - 05 7, 405 7, 835 8, 505

Other (including construction) 50 - 93 + 45 13, 896 13, 987 12, 766
Total 420, 718 401, 928 384, 712

Source: VÚV T.G.M., local Water Supply and Sewage Companies; in 2005 ČSÚ

dRINKING WATER SUPPLY
In 2005 9.376 million inhabitants, i.e., 91.6% out of the entire population of the Czech Republic were 
supplied from water supply systems for public need. In all the water supply systems for public need a total 
quantity of 698.9 million m3 of drinking water was prepared. The losses of drinking water reached up to  
150 million m3. Specific quantity of water invoiced to account of one supplied inhabitant was evaluated as 
ratio of 155 l/inhabitant/day and specific drinking water consumption in households was calculated by means 
of value of 98.9 l/inhabitant/day.

Table 4  Water supply systems for public use, 2000 - 2005
Indicator Unit 2000 2001 2002 2003 2004 2005

Population supplied with water from water  
supply systems

thousand 
persons 8 952 8 981 9 156 9 179 9 346 9 376

Percentage of population suppl. with water 
from water supply systems1) % 87.1 87.3 89.8 89.8 91.6 91.6

Production of drinking water, supplied from 
systems mil. m3 778 754 753 751 720 699

Drinking water invoiced. total mil. m3 554 536 545 547 543 532
including: to households mil. m3 351 339 343 345 349 339

1 Related to mid-year population level. Source: ČSÚ

QUALITY OF WATER WITHdRAWN FOR dRINKING WATER PURPOSES
Requirements on the quality of raw water withdrawn for treatment as drinking water are in the Czech Republic 
stipulated by Act No. 274/2001 Coll., on water mains and sewers for public use and amending some laws, and 
Articles 21–23 of its implementing Decree No. 428/2001 Coll., as amended by Decree No. 146/2004 Coll. 
The part 2 of the Annex No. 13 of this Decree, on standard methods of water treatment, defines types of 
treatment for individual categories of raw water: 

A1 – simple physical treatment and disinfection, e.g. rapid filtration and disinfection or simple sand filtration, 
chemical deacidification or mechanical deacidification or removal of gaseous components by aeration; 

A2 – normal physical treatment, chemical treatment and disinfection, coagulation filtration, infiltration, slow 
biological filtration, flocculation, settling, filtration, disinfection (final behaviour), one-step or two-step iron 
removal and manganese removal; 

A3 – intense physical and chemical treatment, extended treatment and disinfection, e.g. chlorination to the 
break point, coagulation, flocculation, settling, filtration, adsorption (active carbon), disinfection (ozone, final 
chlorination), combination of physical chemical, chemical and microbiological and biological treatment. 
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Table 5  Share of different categories of drinking water sources pursuant to the Decree of Ministry of Agriculture 
No. 428/2001 Coll., as amended by the Decree No. 146/2004 Coll. - in 2005

Category pursuant to Decree of MA No. 428/2001 Coll., as amended by 
Decree No. 146/2004 Coll.

Surface water 
source

Ground water 
source

%
A 1 7.9 77.0
A 2 53.7 8.8
A 3 38.4 14.2

Note: Calculated for treated waters.

PRESSURES ON SURFACE ANd GROUNdWATER BOdIES

Sewerage and organic pollution
The most important part of organic pollution is discharged from municipalities. In the Czech part of the 
Danube River basin there are about 1800 municipalities and app. 79% of inhabitants live in municipalities 
connected to WWTP. All municipalities with capacity of WWTP higher than 5,000 PE have been equipped 
with effective reduction of organic pollution. As far as organic pollution load, out of 1002 registered point 
sources of pollution, municipal ones cover almost 87%. As the Czech Republic undertook obligation to meet 
a deadline of the UWWT Directive 91/271/EEC to the end of 2010, measures aimed at improving WWTP’s 
efficiency and completion of collecting systems would be under process. 

Nutrient discharges 
Point source of pollution. At present, the main attention is focused on implementation of obligation of UWWT 
Directive. Practically, all scheduled intensification of WWTP with capacity more than 10th. PE were realised 
yet and some plants are nowadays in trial operation processes. In the last years main effort was concentrated 
into the agglomerations with capacity more than 2,000 PE. The process of reconstruction or completion of 
collection systems has been started in many of agglomerations. The estimation of emissions from registered 
point sources represents 2.7 kt/a in inorganic nitrogen and 0.3 kt/a in total phosphorus and due to given measures 
is continuously slightly decreasing. Problems resulted from wide application of phosphate detergents were 
responded by „Detergent Regulation”, which specified 2 regulation deadlines in 2006. According to expert 
estimation percentage of reduced phosphorus discharged afterwards into surface waters could be by 12-15% 
less from 2007.

Diffuse discharges. Agriculture as the biggest source of nutrients contribute in total nitrogen-emission into 
surface waters by more than 65 % of total load, in total phosphorus the rate has been assessed as 30%. 
For improvement of the state, important measures have been implemented: rehabilitation of watercourses, 
increased protection of existing waters and wetlands, finishing of unfavourable agricultural practices.
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Table 6  Table of significance related to the type of impacts towards groundwater:

Type of the impact Significance Assessment of substance and  
parameters

Non-point sources of pollution
Agriculture Very significant Nitrogen, pesticides

Municipalities without sewerages Significant Nitrogen, phosphorus
Urbanized areas Less significant* Dimension corresponding to area

Deposition from the air Significant Nitrogen, sulphur
Point sources of pollution  

Old loads Very significant Relevant priority and dangerous 
substance

Landfills, dump sites Significant** Relevant priority and dangerous 
substance

Other point sources Significant* Relevant priority and dangerous 
substance

Water uptakes, withdrawals
Uptakes for drinking water  

purposes Very significant Withdrawn quantity

Other uptakes Significant Withdrawn quantity
Other cases

Artificial groundwater recharge Less significant
Salt buildup Less significant
Other factors Significant*

Annotation: * only locally, ** only old dump sites and landfills

METHOdOLOGY USEd FOR GROUNdWATER RISK ASSESSMENT
Groundwater bodies risk assessment has been proceeded according to two standpoints: assessment of human 
activities responses has been based on values of natural sources of groundwater for individual groundwater 
bodies while using the principles of groundwater balances based on values of basic runoff. Risk assessment 
from the quantitative state point of view contains certain prognosis and the most unfavourable state in the last six 
years formed the basis. The development of the household uptakes is expected as stagnant or slightly increasing. 
Assessment from the chemical state point of view was based on Contemporary Goals for Groundwater giving 
parameters and their limits to be used for the groundwater risk assessment. There are two main groups of risk 
– from relevant dangerous and priority pollutants and from other pollutants discharged mainly from non-point 
sources of pollution. Prognosis is not involved in chemical state risk assessment. Though the development is 
supposed to show improvement of the state it is necessary to follow it in each risk locality. 

WATER POLLUTION ANd RESPECTIVE LEGISLATION
Data on the discharged pollution corresponds to the sum of pollution registered by the administrators of 
watercourses on the basis of the water balance laid down by the Decree of the Ministry of Agriculture No. 431/2001 
Coll., on the content of the water balance, manner of drawing up thereof and on data for the water balance. 

Pollution discharged into surface water has been decreasing during the last decade, but total pollution of 
surface and groundwater, particularly in nitrogen and phosphorus compounds, remains as a problem. 

WASTEWATER TREATMENT
At present a total number of 91.6 % of the inhabitants of the Czech Republic are connected to the public 
water supply system. The objective given by the State Environmental Policy to supply 91 % inhabitants 
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with drinking water by 2010 has been already met. The objective related to the construction or renovation 
of wastewater treatment plants will be fulfilled in compliance with the implementation plan of the Council 
Directive 91/271/EEC latest in 2010. 

dRINKING WATER QUALITY
In the frame of the monitoring system, there was monitored in the year of 2005 the drinking water quality in 
the majority of public water supply system in the CR; The data were elaborated by means of the information 
system (IS PiVo). The administrator of the system is the Ministry of Health. As far as to comply with single 
parameters related to the drinking water quality, it was assessed separately for water supply districts up to 
5,000 inhabitants (smaller districts) and exceeding 5,000 inhabitants (larger districts).

It was found out from the number relating to state of the monitoring determination that by 1.0 % of cases 
there were exceeded the maximum limited values (NMH) and limited values (MH) in view of larger districts 
and then by 3.0 % of cases in view of smaller districts. It resulted  from more detailed district segmentation 
according to the number of water supplied inhabitants that the frequency of „not-meeting“ regarding limited 
values (and relative to total number of the monitoring determination with respect to the type of limited value) 
has decreased due to increased amount of water supplied inhabitants. Almost 6.4 million of the population  
(67 %) was supplied with dribbling water in the year of 2005 from the water distribution network and conduits. 

GROUNdWATER MONITORING PROGRAMMES 
The Czech Republic currently has one of the most complete groundwater monitoring programs in Europe. 
The program started in 1984 with the monitoring of springs and shallow boreholes and it was enlarged in 
1991 when it started to include the monitoring of deep boreholes. At present a total of 460 sites are monitored 
including 137 springs, 147 shallow boreholes and 178 deep boreholes.

All the sites of the State Water Quality Monitoring Network are located within the territory of the Czech 
Republic along important watercourses. 

Groundwater samples are collected twice a year (spring and autumn) by specialized private companies. 

The monitoring program includes regular analysis of:
physico-chemical parameters (twice per year): turbidity, color, sediment, odor, SEC, neutralization capacity, 
pH, DO, DOC, total hardness, dissolved silicates, COD, CO2, NO2, NO3, PO4, SO4, HCO3, Cl, F, Mn, Fe, 
NH4, Mg, Ca, K, Na, Li, cyanides, phenols and humic substances;
heavy metal and metalloid analysis (twice per year): Al, Cr, Zn, Pb, Cu, Ba, Sr, Cd, Ni, As and Hg.;
organic compounds (annually): PAH, volatile organic compounds and chlorinated hydrocarbons;
radioactivity and dangerous substances (annually).

 
All these data are stored in a searchable database and client applications include data loading, data check, data 
retrieval and data presentation. Technical documentation on monitoring sites completes the database.    

QUALITY OF GROUNdWATER IN 2005
In 2005, the State Monitoring Network of groundwater quality covered 461 subjects consisting of 137 
springs, 146 shallow wells and 178 deep wells. From the exceeding of standards A, B and C (according to the 
methodological instruction of the Ministry of Environment from 15. 9. 1996 part 2 – Criteria of pollution of 
soil and groundwater) it is evident that 15 indicators exceeded standard C at least once last year, and the highest 
percentage of exceeding was recorded in indicators for chloride, aluminium and ammonium ions. There are 
less frequent cases of exceeding for benzo(k)fluoranthene, benzo(a)pyrene, benzo(b)fluoranthene, atrazine,  
cis-1,2-dichlorethene. For other indicators there was merely a sporadic exceeding of standard C. Values 
measured above limit B and below limit C where ascertained for 10 substances, primarily for toluene and 
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boron, and there was also an incidence of tetrachloromethane, 1,1,2-trichlorethane, pentachlorobenzene, 
cadmium, ethylbenzene and m-xylene The exceeding of standards B and C is most frequent in the groundwater 
of shallow wells oriented towards alluvial rivers (most heavily influenced by anthropogenic activity). From 
the aspect of comparing the duality indicators of groundwater with requirements for drinking water, in the 
above-limit values the most frequently ascertained pollution was in indicators of the chemical consumption 
of oxygen by dichromate, nitrates, chemical consumption of oxygen by permanganate, ammonium ions, 
chlorides and aluminium. There were less frequent cases of exceeding in indicators for hubic substances, 
phenols escaping with water vapour, fluranthene, benzo(a)pyrene, pyrene, nickel and atrazine. All of these 
substances are represented in the groundwater of shallow wells to a greater extent.
 

PROPOSAL OF SURVEILLANCE MONITORING
A reconstruction of monitoring network co-founded by EU cohesion fund was started in 2006. The basic idea of 
the reconstruction is to create two-component model of observation network. First component of the network 
allows uniform description of the groundwater regime over the Czech Republic territory. Expected density 
is about 1 site/75 km2. Second, an additional component of the network in areas with important groundwater 
resources is needed to fulfill the requirements of the WFD. The density of the network in important areas will be 
about 1 observation point/30 km2. Springs are included to the observation network in cases, where observation 
of spring discharge gives representative description of groundwater regime. The aim of the reconstruction 
is to focus monitoring on important groundwater bodies with large groundwater resources  (prevailingly 
deep aquifers). Reconstructed monitoring network should be fully operational at the end of the year 2008. 
Nowadays, there are 462 monitoring sites monitored for groundwater quality with sampling frequency twice a 
year (spring and autumn sampling campaigns). The monitoring network layout is shown in Fig. 3. Territory of 
the Czech Republic is divided into 7 sampling areas for logistics reasons. All the laboratories selected in public 
tenders must be accredited. In order to assure comparability of results from whole network an unified limit of 
determination for each parameter is required. Surveillance monitoring program according to WFD has been 
started in 2007. For sound groundwater status assessment at least 4 samples per monitoring site throughout 
RBMP are required. Therefore the surveillance monitoring program is going to be executed in two runs. Next 
surveillance monitoring program run is planned for year 2009. The extent of monitored parameters is shown in 
Tab. 7. An operational monitoring program based on the results of surveillance monitoring program will be set 
up for years 2008 and 2001-2012. After the reconstruction of monitoring network mentioned above, cca 600 
monitoring sites will be incorporated in groundwater quality monitoring network in 2009 including selected 
important drinking water supply sources yielding more than 10 l/s.

Table 7  List of surveillance monitoring program parameters  
Group of parameters Number of parameters within a group

Basic physico-chemical 39
Metals and metalloids 21

VOCs 19
PAHs 14
PCBs 7

Pesticides 89
Chlorobenzenes 10
Chlorophenoles 15

Synthetic complex-forming substances 3
Polybrominated diphenylethers 1

Phtalates 1
Alkylphenols and nonylphenols 2

Chloroalkanes 1
Radioactivity 1

Total 223
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Figure 3: Map of the groundwater monitoring sites

UN ECE GUIdELINES ON MONITORING ANd ASSESSMENT OF TRANSBOUNdARY 
GROUNdWATERS
When assessing the groundwater body status a broader trans-boundary aspect should be taken into account. 
The Czech Republic is contracting party to the UN ECE Convention on Protection and Use of Trans-boundary 
Waters and International Lakes since 2000. The Convention’s main goal is to prevent, control and reduce any 
trans-boundary impact, which include significant adverse impact on human health and safety, fauna, flora, soil, 
air, water, climate, landscape and historical monuments or their physical structure. 

Under the Convention the Task Force on Monitoring and Assessment has drafted Guidelines on Monitoring 
and Assessment of Trans-boundary Ground-waters. They are intended to assist governments and joint bodies 
in developing harmonised rules for the setting up and operation of systems for trans-boundary groundwater 
monitoring and assessment. They also provide an approach for identification of problems and for guidance 
to meet information needs. They are stressing the leading idea that exchange of information between riparian 
countries is meaningful if the data are comparable when groundwater monitoring activities are performed using 
similar principle and approaches. This can be easily achieved in Czech-Slovak trans-boundary cooperation 
where the similar approaches are given by the common history in the former common state. 

Moreover, the content of the Guidelines itself is focused on identification of groundwater management 
issues, information needs, strategies for monitoring, data management, quality management and joint actions 
and institutional arrangements.  They also accent the leading idea of monitoring tailor-made and step-wise 
approach, where each step should be concluded with an evaluation of whether or not the obtained information 
is sufficient. Such step-wise testing strategy can ultimately lead to reduction in information needs with respect 
to further routine monitoring and mapping.  In the case of groundwater the long-established approach of 
defining and mapping the vulnerability of aquifers to pollution can be used to prioritize monitoring. Risk 
assessment can also be used for determination whether the given strategy will meet the information needs.
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Besides, implementation of the first elaborated Guidelines for Water Quality Monitoring and Assessment of 
Trans-boundary Rivers was tested in the pilot projects programme. Together with 7 other river basins in the 
Czech Republic in co-operation with the Slovak Republic implemented Guidelines in the Morava River basin. 
Finally, it is to be added that the Guidelines constitute a very useful tool for the newly independent states to set 
up their water management strategies for common trans-boundary water bodies’ protection.  

CONCLUSIONS
Water need and consumption for drinking and other uses in the Czech Republic is provided from surface water 
and groundwater sources. The amount rate of the surface water and the groundwater has been almost the same 
from the point of view of drinking water supply in the nation-wide Czech Republic. 

In 2005 9.376 million inhabitants, i.e., 91.6% out of the entire population of the Czech Republic were 
supplied from water supply systems for public need. In all the water supply systems for public need a total 
quantity of 698.9 million m3 of drinking water was prepared. The losses of drinking water reached up to  
150 million m3. Specific quantity of water invoiced to account of one supplied inhabitant was evaluated as 
ratio of 155 l/inhabitant/day and specific drinking water consumption in households was calculated by means 
of value of 98.9 l/inhabitant/day.

The objective given by the State Environmental Policy to supply 91 % inhabitants with drinking water by 
2010 has been already met. The objective related to the construction or renovation of wastewater treatment 
plants will be fulfilled in compliance with the implementation plan of the Council Directive 91/271/EEC latest 
in 2010. 

Also the protection and monitoring of the groundwater in the Czech Republic is provided by consistent 
enforcement of the EU law and national legislation. The Czech Republic currently has one of the most complete 
groundwater monitoring programs in Europe.
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Abstract    There is a total of 76 799 l.s-1 of disponible groundwater amounts available in different geological 
units of Slovakia. The most important one is Quaternary sediments that accounts for 58,20 % and in the 
carbonate assemblages of Mesozoic age that represent 25,10 %. Extensive agriculture and industry dramatically 
influence the qualitative parameters and caused the main risk of groundwater bodies of failing to achieve 
environmental objectives under Directive 2000/60/EC establishing a framework for Community action in 
the field of water policy. Legislation, programme of measurements, as the part of River basin management 
plans, quantitative and qualitative protection of groundwater, ecological limits of groundwater abstraction and 
economical aspects form the tools for reverse of this negative status in the groundwater bodies.
Keywords  groundwater, groundwater potential, use of groundwater, water quality, groundwater bodies, 
groundwater status, water management.

INTROdUCTION
Water, mainly drinking water is, from worldwide point of view, strategic component of the third millennium. 
The situation in the field of groundwater potential and groundwater abstraction in Slovakia can be considered 
as a positive one and the groundwater play a decisive role in the water supplies. The advantage is that apart 
from convenient rainfall – runoff ratio (rainfall long term average – 762 mm, runoff long term average 262 
mm) as the crucial phenomena of groundwater refill, geomorphology of Slovak territory ( maximum altitude 
2655 m., minimum altitude 94 m.), geology and hydrogeology form the preconditions that  groundwater 
potential as a whole is  formed  directly in our country and it  enable manage the water sources and protect 
the water quality and quantity at the national level. Water from 96% of the Slovak territory 49 014 km sq. 
flows through the Danube and Tisza into the Black See, while the remaining 4 % flows through the Vistula 
River tributaries into Baltic Sea. The way towards comprehensive protection of water resources and their 
use applies a new concept of water management – integrated water resources management and protection 
in hydrological river basins. The current water management in Slovakia provides favourable conditions for 
gradual implementation of integrated river basin management. This implementation is supported also through 
reform of water legislation that was completed in 2005 by adoption of new legislation in accordance with the 
EU legislation. The Ministry of Environment of the Slovak republic is a central body of the state administration 
responsible for environmental protection including:

water management
protection of water quality and quantity and its reasonable use 
flood protection

GROUNdWATER POTENTIAL
Most of Slovakia is covered by the Western Carpathians, an Alpine mountains range. The structure of West 
Carpathians is characterized by zoning. The Mesozoic and Tertiary Formations, arrayed into arcuate belts, 
developed from tectonically transformed and chronologically varied units and from sedimentary basins into 
fold-nappe systems. Extensive Alpine-type folding is responsible for their character of complicated mountain 

•
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range with a classical nappe structure, which is reflected by a great complexity and variability of the hydro-
geological conditions that influence the groundwater circulation. Generally, in case of territory of Slovakia 
we can speak about 146 700 l.s-1 of prognostic natural groundwater amounts as the result of National water 
balance evaluation 2005.  From this amount 76 799 l.s-1 (52,6 % from prognostic natural groundwater amounts) 
represents the disponible groundwater amounts. it. These groundwater sources and resources are documented 
based on concrete hydro-geological evaluation. 

The Committee for Available Groundwater Quantity Classification (under The Ministry of Environment) 
approved 45 409 l.s-1 with state guarantee accuracy that represents 59% of disponible groundwater amount. 
Groundwater is preferentially intended for drinking water supply under the Water Act No. 364/2004 Coll. 
Groundwater sources cover more than 41% from whole water abstraction in the state -  28 763 l.s-1 and more 
than 80% of abstracted water for drinking purposes. The spatial distribution of groundwater sources and 
resources are, of course, not homogenous and correspond with complicated geological structure and hydro-
geological conditions described above (Figure 1). 

Figure 1: The spatial distribution of geological structure in Slovakia

The groundwater potential is dominantly oriented on Quaternary sediments of Danube lowlands, on the south 
of Slovakia ( Žitný ostrov area) , where on the 4% of the whole territory of Slovakia is more than 33 % of all 
national disponibile groundwater amounts. 
The groundwater resources of Slovakia are accumulated also in fluvial sediments of the Morava, Váh, Hron, 
Ipeľ , Bodrog and other rivers, in which the yields are 30,0 – 50,0 l.s-1 or more. 
The limestone-dolomite assemblages of Middle and Upper Triassic age, whose extent of 3280 km2 makes 
them  the second largest groundwater reservoirs of Slovakia ( 25 % of all national disponibile groundwater 
amounts) are most widespread.  The spatial distribution of Triassic limestones and dolomites depends on 
their complicated tectonic setting. A part of Mesozoic rocks is situated in the form of an envelope on top of 
crystalline core mountains (Tatricum Unit) but a number of assemblages occurs in the form of tectonic stacks 
thrusted over the Tatricum Unit (Fatricum, Veporicum and Hronicum Units). The fold and fault tectonics 
enabled us to single out 80 hydrogeologic structures within the Mesozoic sediments of Slovakia. They are 
dewatered through springs, the yields of which range from a few l.s-1 to over 7000 l.s-1. However, much 
groundwater from limestone-dolomite assemblages is being drained via surface streams, while a part of it is 
being transferred into the sediments of the adjoining lowlands and basins. From the water management point 
of view the other geological structures are of less importance (Figure 2 and 3).
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Figure 2: Distribution of disponible groundwater amounts in geological units of Slovakia.

Figure 3: The locations of main groundwater reservoirs
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GROUNdWATER ABSTRACTION
Groundwater exploitation and the system of the evidence of localities where the groundwater are abstracted 
are based on the system of rules that determine the obligation off all users of groundwater to inform Slovak 
Hydrometeorological Institute (SHMI) of beginning of exploitation when abstracted groundwater amount is 
more than 15 000 m3 per year or more than 1250 m3 per months from individual source. Due to the Slovak 
Water Law all users are obliged to inform SHMI yearly about the real abstracted amount in m3 (monthly sum) 
subsequently till the February of following year. Data are included in the SHMI Water Abstraction Register 
and enter the Water resource balance processing.

The SHMI Water Abstraction Register had 5700 groundwater exploited points in 2005 and in the same year 
abstracted  groundwater resources amounted to 11 867,46 l.s-1. This represents a decrease by 332,92 l.s-1, 
(2,73 %) compared to 2004. Groundwater abstraction has been following the downward trends in Slovakia 
since 1990 when groundwater abstraction was 23 075 l.s-1 (Figure 4) although, that decrease is slightly 
levelling off. The amount of 11 867,46 l.s-1 - was the  drinking groundwater supply distributed to the population 
in Slovakia in 2005 via public pipelines 9159,87 l.s-1 (77 %). Water supply via public pipelines dropped by 
2,9% (271,66 l.s-1) in 2005 compared to the 2004 consumption (Figure 5). 
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A growing demand for potable water and its concentration at large consumption sites led in the past to the 
exhaustion of near, easily accessible and qualitatively adequate water sources.
 Therefore, the water supply to towns and communities in the areas of passive groundwater source balance 
is provided via transfer of water from active regions, or from water management reservoirs. This results in 
a gradual integration of the water piping systems into large water management systems supplied from large 
capacity sources. The use of groundwater in Slovakia is uneven and it is very low in several regions. Relatively 
intense use of groundwater sources from the Quaternary sediments in most parts of Slovakia contrasts with 
relatively low use of disponibile quantity of groundwater from Mesozoic carbonate assemblages, while the use 
of groundwater from  other pre – Quaternary units of Slovakia (especially the Neogene and Paleogene ones) is 
scarcely as large as could be. The use of known disponibile groundwater sources from the Mesozoic carbonate 
assemblages represented some 33,8%. A major reason for the low use of fissure and karstic water in Slovakia 
lies in the traditional way resource are assessed: fitting the projected consumption to the minimum yields, 
which frequently results in an undersizing of the supply system when average annual yields are considered. 
Thus, the optimum capacities of the sources cannot be achieved.

Figure 5: Review of groundwater abstraction in Slovakia in 2004, 2005 according to their purpose of use

Figure 4: Trend of groundwater consumption [l.s-1] in Slovakia between 1989 and 2005

Water supply for households is decreasing despite the fact that the number of supplied inhabitants increased. 
In 2005 the specific consumption of drinking water decrease to 94,9 l.inhabitant-1.day-1. It is alarming situation 
mostly because high costs for drinking water lead to construction of own sources of drinking water with the 
quality far behind the hygienic standards.
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The water management system frequently overlaps several regional, or administration areas, or districts. The 
use of ground and surface water sources in the water management systems of Slovakia is shown in Table 1.

SHMI, the institution under the Ministry of Environment, is responsible for monitoring of groundwater quantity 
(1133 wells and 360 springs) and for groundwater balance evaluation on the national level. As a result of this 
duty SHMI collects all accessible data about quantity and quality of groundwater and about groundwater 
abstraction on the national level. 
In harmony with the results published in document Water resource balance 2005 – groundwater in the territory 
of Slovakia is no hydrogeological unit with balance status declared as tense (ratio between disponibile 
groundwater amounts and abstraction is from 1,18 – 1,43), critical (ratio 1,00 – 1,18)  or accidental  ratio less 
than 1,00). It means that in all hydrogeological units the ratio is higher than 1,43.

Table 1  Usage of ground and surface water in the water management of Slovakia
Water management system Groundwater ( % ) Surface water ( % )

Bratislava 100 0
West Slovak 100 0
North Slovak 78,1 21,9

Central Slovak 52,7 47,3
East Slovak 62,3 37,7

GROUNdWATER QUALITY
SHMI has been systematically observing groundwater quality in the territory of Slovakia since 1982. The 
monitoring network has been established from its greater part in the water management important fluvial 
deposits. 26 water management comprising 330 objects in important areas were monitored in 2005 (mainly 
fluvial deposits, Mesozoic and Neovolcanic complexes). The water samplings from groundwater are provided 
in spring and autumn periods for selected sets of determinants. 

The assessment of groundwater quality on the basis of data obtained in the frame of SHMI monitoring has 
documented following facts:

groundwater pollution in the frame of the group of basic determinants is shown in all monitored areas 
(e.g. Fetotal, Mn, CHSKMn). The occurrence of these parameters is pointing out the negative oxidative 
– reductive conditions. Particular parameters excluding Mn, however, are showing decrease of their 
concentration in the observed period.
Common organic compounds represent a frequent type of contaminated groundwater recorded in the SHMI 
monitoring network (NELuv, phenols, humin substances), dominant role playing mostly NELuv. While 
in 1994 the excess of NELuv concentration was recorded in more than a half of all analysis (50,80 %), in 
2003 it was already only 22,19 %, what presents the decrease of concentration as well. The problem of the 
groundwater pollution in the frame of above mentioned group is persisting in the area of Bratislava and in 
the Nitra river basin. The presence of common organic substances is bounded to the industrial localities 
and residential agglomerations.
Among the trace elements the limit values have been most frequently overloaded in Al, As, Hg, Ni, Pb. 
In the term of the development of water quality the increase of the concentration of As has been recorded, 
in other trace elements the decrease of concentration can be stated. With exceptions of industrial plant 
localities the occurrence of the trace elements is mainly of natural origin. 
The gradual decrease of the concentration of the group of nitrogen compounds (NO3

-, NO2
-, NH4

+) prevails 
in the observed period, caused by more effective utilizing of fertilizers in agriculture production and by 
more consistent policy of residential agglomerations sewerage system. 
Among the parameters in the group of specific organic compounds, trichloroethen (TCE), tetrachloroethen, 
benzene and dichloroethen are most often partaking in groundwater contamination. Pollution by specific 
organic substances is of a local character only. According to the information obtained by SHMI the 
groundwater pollution by specific organic substances is situated in the industrially more used areas (for 
example chemical and food processing industry, machine engineering and iron production). 
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In the area of Žitný ostrov the problem of negative oxidative – reductive conditions still remains in spotlight, 
what stressed by frequent increased concentrations of total Fe and Mn. The frequency of overloading of these 
parameters has not significantly changed in the observed period. In the last decade has remained the pollution 
by common organic compounds, indicated by frequent overloading of admissible concentration of NELuv. 
Among the trace elements the overloading of limit values has happened for aluminium, arsenic, lead and 
nickel. Like in other part of Slovakia also here the decreasing trend of occurrence of trace elements (including 
arsenic) has been observed. The prevailing character of land use (agricultural used area) is reflected into the 
increased content of nitrogen substances in groundwater. 

WFd IMPLEMENTATION PROCESS
The adoption of the Water Framework Directive 2000/60/EC (WFD) has built up a start of a new era of 
integrated management of water resources. Slovakia has got an elaborated long-term strategy of national 
implementation process including already performed transposition of legislation of WFD into the national 
regulations – Water Law. 

Process of groundwater bodies delineation 
In the area of the groundwater assessment the basic step of the implementation process has been done by 
the allocation of the groundwater bodies in Slovakia. The unambiguous space identification of groundwater 
bodies (allocated volume of groundwaters with similar flow regime and groundwater quality) has enabled 
their consecutive targeted assessment based on collection, validation and interconnection of data bases joint 
to these territorial units.  
The effort in the allocation of the groundwater bodies was to consider at most the long-term experiences 
and information data base in the area of the assessment of groundwater. After taking in account the complex 
geological composition of the Slovak territory, hydro-geological conditions, definition of groundwater flow 
systems and analysis of groundwater quality, the decision was made to differentiate vertically the allocated 
groundwater bodies into the three independent layers.
The result of the solution was that the groundwater in the significant Quarternary alluvial sediments creates 
the upper – independent layer of 16 groundwater bodies. The basic layer is formed by the middle layer of 
groundwater bodies in pre-Quarternary rocks, composed of 59 groundwater bodies. The deep geothermal 
structures represent the independent layer of 26 geothermal bodies. Altogether there were allocated 101 
groundwater bodies in three layers in Slovakia. 

Assessment of the groundwater status 
The assessment of the groundwater status and the definition of the water bodies at risk of failure to achieve 
the good status till 2015 have been processed in two levels. The quantitative status and the chemical status 
of groundwater for each allocated groundwater body were assessed individually. As a final assessment of the 
groundwater body has been taken the poorer status of particular assessments.

Groundwater bodies at risk - quantity. Methodology of the quantitative assessment of the risk of groundwater 
bodies of failing to achieve the environmental objectives in 2015 has consisted of the analysis of two 
aspects:

Assessment of the total proportion of groundwater utilization in the groundwater body to disponible 
groundwater amounts and examination of the existence of the local excessive utilization of the groundwater 
resources inside the particular groundwater bodies processed on the basis of the results of Water resource 
balance of Slovakia. 
Assessment of the trends of changes of the groundwater level and the spring discharge at monitoring network 
objects – examination of decreasing trends as a direct reflection of possible anthropogenic influences onto 
natural hydrological cycle. The results of the measurements in the period 1980 – 2003 have been compared 
to the period till 1980 and evaluated for the analysis of the importance of the long-term decreasing trends 
in the objects of the all groundwater monitoring network.

•

•
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From the total number of 101 groundwater bodies there are 8 in quantitative risk and 13 in possible quantitative 
risk. 

Groundwater bodies at risk - quality. Methodology of the assessment of the risk of selected groundwater 
bodies from the point of view of examination of their chemical status has consisted of two aspects:

assessment of the current chemical status of groundwater,
identification of the potential risk (from point, diffuse sources of pollution).

Assessment of the current chemical status of groundwater for the territory of Slovakia has been done on the 
basis of the data from the Geochemical atlas of Slovakia – part Groundwater at statistical density of sampling 
3 samples/1 km2, results of observation of monitoring network SHMI and results of the monitoring from 
sampling objects for drinking water. Using these inputs „Map of current chemical status of groundwater bodies“ 
has been created, where the limit concentrations from the Regulation No. 151/2004 Z.z. (Drinking water) 
have been used as the limit values. The input parameters were as follows: value of the total mineralization 
(TDS), NO3, Cl, SO4, As, F, Cd, Cu, Cr, Pb, Hg, Se, NH4, Al, Mn, Zn, Fe, Na and Sb, expressed as the index 
of contamination.

The potential risk has been estimated from the assessment of potential impacts of diffuse and point sources 
of contaminations, vulnerability of groundwater and current chemical status. The input information layers 
were:

classes of land use (Corine Landuse),
amount of pesticides and fertilizers applied in the agriculture, 
point sources of contamination (system GeoEnviron),
map of current chemical status of groundwater bodies
map of vulnerability of groundwater.

From the point of view of assessment of the chemical status among the total number 101 groundwater bodies 
there are 17 groundwater bodies in the risk and 22 in the possible risk (It is regarding again the Quarternary 
and prequarternary groundwater bodies. No geothermal water body was classified into the category of the 
qualitative risk).

Groundwater bodies at risk – summarizing 2005. The main conclusions from the evaluation of groundwater 
bodies in accordance with Article 5 of the Directive and published in the National report 2005 were:

in the upper layer of groundwater bodies in quaternary sediments there are 9 groundwater bodies at risk 
and 6 groundwater bodies possible at risk (insufficient of data) of failing to achieve the environmental 
objectives in 2015. From the whole area of groundwater bodies in quaternary sediments - 10 335 km2 -  it  
represents 69 %.
in the basic layer of groundwater bodies in pre-quaternary rocks there are 15 groundwater bodies at risk 
and 21 groundwater bodies possible at risk (insufficient of data) of failing to achieve the environmental 
objectives in 2015. From the whole area of groundwater bodies in pre-quaternary rocks – 49 014 km2 -  it  
represents 37 %.
in the bottom, in the layer of geothermal water bodies there are no groundwater bodies at risk and 13 
groundwater bodies possible at risk (insufficient of data) of failing to achieve the environmental objectives 
in 2015.

•
•

•
•
•
•
•

•

•

•



80

at risk

possible at risk

not at risk

Figure 6: Map showing the groundwater bodies at risk/possibly at risk (upper layer)

at risk

possible at risk

not at risk

Figure 7: Map showing the groundwater bodies at risk/possibly at risk risk (basic layer)

at risk

possible at risk

not at risk

Figure 8: Map showing the groundwater bodies at risk/possibly at risk risk (geothermal)
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The result of the negotiation processes with neighbouring countries are that 9 transboundary groundwater 
bodies were located in Slovakia - Hungary, Czech Republic and Poland (Figure 9)  

Figure 9: Transboundary groundwater bodies 

PROTECTION OF GROUNdWATER
Water consumption has continued to decrease since 1990 for technical, economical and water resource 
availability. The transformation of the economy, involving a reduction of production and development of new 
kinds of production technologies has led to a reduced demand for water. Also, the metering of, and charging 
for water use has helped to conserve it. Furthermore, improvements in the supply and distribution of water 
have had a beneficial influence. Lastly, the introduction of environmental measures has fostered conservation. 
A factor potentially influencing the use of groundwater is the deterioration of its quality. A register of protected 
area within the WFD implementation process was prepared in 2005. The register was developed based on 
the principles of integrated river basin management and thus it requires inter-sectoral approach to be applied 
(cover also the groundwater aspects). The following protected areas are the components of the register:

areas intended for drinking water abstraction (1st, 2nd and 3rd level protection zones and in karst areas 
also specific so called „isolated“ protected zone),
sensitive and vulnerable areas,
protected areas under Act on nature and landscape conservation including wetlands.

Much of groundwater in Quaternary sediments is immensely susceptible to anthropogeneous and other 
secondary hazards simply because these deposits are nearest to the surface. Quaternary sediments cover most 
of the densely populated areas of Slovakia. 

ECOLOGICAL ASPECTS ANd QUANTITATIVE REdUCTION OF GROUNdWATER RELATEd 
TO LONG-TERM  CLIMATE CHANGES
Limiting factors influencing the use of groundwater are environmental aspects (significant element of WFD 
policy) and global climate changes. In the field of ecological protection methods for optimal and ecological 
use of groundwater were applied experimentally in 5 pilot areas
This approach used local ecological limits, global ecological limits and anti-devastation groundwater 
development limits of hydrogeological structures exploited by hydrogeological boreholes as the limit values 
of groundwater abstraction.
Recently, the global climatic changes appear to be another limiting factor. During last two decades the situation 
was seriously aggravated by a progressive decrease of groundwater yields, which, in turn, is probably partly 
responsible for the deterioration of qualitative properties of groundwater in some localities. The reduction of 
groundwater yields and a drop in the groundwater reserves (result of the assessments of groundwater level 
changes) was recorded for most regions of Slovakia since 1980, regardless of time, intensity and trend. Results 

•

•
•
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of two projects that were focused on this aspect point out groundwater yield decreasing  in average 10 – 15 
% in 1980 – 2005 related to the reference period till 1980 and the groundwater reserves dropped  in lowlands 
around 50 000 m3.km-2 

ECONOMIC TOOLS
The total number of inhabitants supplied with drinking water from public water supply is 85,3 % out of the 
total number of inhabitants of Slovak republic. In 2005 the number of inhabitants living in houses connected to 
public sewerage system represented 57,9 % out of total number of population. Price for production, distribution, 
supply of drinking water and for waste water collection and treatment is determined by to the Revenue of the 
Office of Regulation of Network Industries determining details concerning the procedure of price regulation in 
water management activities connected to the operation of public water supply network or sewerage system. 
In 2007 the average price for drinking water supply was set to approximately 0,90 EUR/m3  (including VAT).  
Price for water collection for household do not cover the real cost despite relatively big percentage increase so 
that we have still big cross subsidies in this category. In 2007 the average price for waste water collection was 
set to 0,85 EUR/m3  (including VAT).
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Abstract     Currently approximately 75% of the population and industry of Serbia are consuming groundwater, 
but ensuring a stable water supply is a very real problem that faces many large cities. There are five main kinds 
of water supply in urban areas: 1. Groundwater abstraction from Quaternary sediments (mostly alluvial), 2. 
Tapping of karstic springs, 3. Groundwater abstraction from Neogene sediments, 4. Use of surface water 
(reservoirs or stream water), and 5. Combined systems. Major investments until 1990’s resulted in relatively 
sound water supply in a considerable portion of Serbia. However, sanctions and economic decline during the 
1990’s led to a certain degree of devastation of the water system in Serbia. This paper presents basic natural 
conditions, uniform hydrogeological units, and an overview of groundwater utilization and protection in 
Serbia. It also summarizes major activities which have to be undertaken in order to achieve adequate status and 
standards of groundwater utilization and protection. Specific activities relating to the fulfillment of EU WFD 
requirements are discussed. The paper also describes the current socioeconomic environment for operators, as 
well as conditions which need to be created in order to achieve desired goals. 
Keywords  groundwater, Serbia, water supply, protection, WFD

INTROdUCTION 
Serbia is a transit country for several large watercourses (e.g. the Danube, the Sava, and the Tisa, as well as 
the border-defining Drina). Additionally, there is a major internal river (the Morava), as well as many smaller 
internal and transboundary watercourses. Groundwater is accumulated in thick Quaternary and Neogene 
intergranular aquifers. Alluvial aquifers of large rivers (the Danube, Sava, Morava, and Drina) are particularly 
relevant to this paper. Karstic aquifers dominate southwestern and eastern regions of Serbia. These regions 
abound in both strong and weak springs which are, however, generally vulnerable to considerable discharge 
fluctuations. Precipitation, watercourses, and groundwater provide Serbia with quite a favorable water regime.  
Water deficiencies are found in the south of Serbia (the interface between the Black Sea and Aegean basins), 
as well as in a central region of Serbia (Šumadija). Most resources deliver a good natural water quality. One 
exception is the province of Vojvodina (Bačka and Banat) with spacious Quaternary aquifers.  There organic 
material has been deposited in the natural sediments, so that groundwater is frequently loaded with organic 
substances and, occasionally, also arsenic. Investments in the water sector were very effective through to the 
late 1980’s. Roughly 90% of the population has access to the public water supply [1].  Furthermore, some 75% 
of water for public water supply is abstracted from groundwater resources. Unfortunately, projects completed 
before the end of the 1980’s did not include adequate water protection. At that time, 40% of the population 
had access to municipal wastewater collection, with relatively few wastewater treatment plants. The embargo 
which lasted about 10 years, and the resulting economic crisis, led to a reduction in water tariffs and a virtual 
investment standstill, as well as generally inadequate maintenance of all water supply systems. The economic 
crisis also led to a rapid industrial decline. However, the discontinuation of industrial activity reduced industrial 
wastewater discharges into rivers and, thereby, improved river water quality. This also affected, to a certain 
extent, the water quality of bank-filtration sources of water supply.  

Although water tariffs are currently on the rise, they remain far from economic levels. Still, investment activity 
in the water sector is becoming apparent. For example, access to wastewater collection has increased to the 
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current level of roughly 50%. In some areas, currently tapped resources are unable to quantitatively meet 
the population’s water demand. In extensive areas of Bačka and Banat the water abstracted from subartesian 
aquifers is of naturally inadequate quality. The water abstracted from the Lower Morava alluvial aquifer, which 
is used by some 250,000 inhabitants, is threatened by human activity (wastewater and, in part, agriculture).
There are other considerable groundwater resources whose water quality is high. They are especially found 
in alluvium of large rivers with thick sediments of coarse material. Additionally, some karstic aquifers 
(particularly in Eastern Serbia) are under-exploited. Artificial recharge is not used to a large extent (around 
1 m3/s of water is delivered by such sources) [2]. Today, there is the need to expand abstraction and upgrade 
protection of groundwater resources. Additionally, large undertakings are required to improve river water 
quality, since rivers are a precious natural resource and a source of alluvial aquifer recharge. Fulfillment of 
EU Water Framework Directive requirements is ahead of us. Maintenance of water sources and water supply 
systems will also have to be improved. All of the above requires relevant systemic, economic and capacity 
improvements, as well as major efforts and considerable funds. It is important to point out here that relatively 
clear-cut goals, which are identified in this paper, cannot be achieved without appropriate (economic) water 
tariffs and adjustments of the regulatory system and operator environment.  

Figure 1: Hydrogeological Map of Serbia

OVERVIEW OF GEOLOGICAL ANd HYdROGEOLOGICAL CONdITIONS IN SERBIA ANd OF 
CHARACTERISTIC HYdROGEOLOGICAL UNITS
The complex geology of Serbia and adjacent areas has produced hydrogeological heterogeneity and considerable 
variety in aquifer systems and groundwater distribution. Therefore, the region is characterized by both the 
presence of formations with small groundwater reserves, as well as Mesozoic carbonate rocks, and Tertiary 
or Quaternary alluvial and terrace deposits which can be very rich in groundwater.  Paleozoic formations, 
magmatic and metamorphic rocks, Jurassic and Cretaceous flysch or deeper and thick sedimentary complexes 
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mostly represent aquitards or aquicludes. Recent alluvial deposits and fans of major rivers such as the Danube, 
the Sava, the Drina, and the Velika Morava constitute by far the richest aquifers. Neogene and Pleistocene 
sediments tapped by many boreholes are the main sources of water supply for numerous small and medium 
size cities in the north, within the Pannonian Basin, as well as several smaller inter- mountainous basins in the 
central and southern parts [3]. 

The territory of Serbia features a diverse lithologic composition and structure. Several hydrogeological 
provinces can be distinguished within the territory, characterized by both specific geological compositions 
and specific hydrogeologic properties (Figure 2). 

Figure 2: Schematic Map of hydrogeological provinces in Serbia – Dachian basin (1), Carpathian-Balkan arch 
of Eastern Serbia (2), Serbian crystalline core (Serbo-Macedonian massif, 3), Šumadija-Kopaonik-Kosovo 
zone (4), Dinarides of Western Serbia (5), Pannonian basin (6).

For the practical purposes in accordance with the Water Master Plan [1] the hydrogeological units in Serbia 
have been classified as follows: the Bačka and Banat region (comprising N and E parts of the Pannonian Basin); 
the Srem, Mačva and Sava/Tamnava region (SW Pannonian Basin and NW Dinarides); Southwestern Serbia 
(SW Dinarides), Western Serbia (W Dinarides), Central Serbia (Serbo-Macedonian massif and Šumadija-
Kopaonik-Kosovo zone), and Eastern Serbia (Dachian Basin and Carpathian-Balkan Arch) (Figure 3). 
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Figure 3: Hydrogeological units of Serbia [1] (according to the 2002 Water Management Master Plan)

The Bačka and Banat Region is the southern and southeastern margin of the Neogene Pannonian Basin, comprised 
of Neogene and Quaternary sediments (up to 4500 m thick). Major aquifers are Quaternary subartesian and 
artesian (up to 230 m deep). A complex of subartesian and artesian aquifers in Bačka and Banat is currently the 
most exploited water resource in Vojvodina; it is generally referred to as the »Basic Water-Bearing Complex« 
(BWC). Groundwater abstraction from the BWC accounts for more than 60% of overall abstraction in the 
Province of Vojvodina [4] [5]. A portion constitutes over-abstraction, resulting in considerable permanent 
drawdown in some areas (up to 0.5m/a). Water quality is generally protected from human activity by thick, 
overlying impervious sediments. However, in large areas the natural quality of groundwater is highly loaded 
with organic matter, ammonia, and, not infrequently, arsenic. The alluvial aquifer of the Danube provides 
water supply for the City of Novi Sad and other areas near the Danube. The rate of water abstraction from 
alluvial aquifers is roughly 2 m3/s.
 
In the Srem, Mačva and Sava/Tamnava Region thick water-bearing layers were formed during the Pliocene 
and Quaternary periods from riverine (the Drina and the Sava) and riverine-lacustrine deposits. The thickest 
water-bearing sediments can be found in the Mačva area, as well as along the left bank of the Sava where 
sediment from the Drina River has been deposited. Closer to Belgrade, the Sava alluvion is 20-30 m thick 
and holds a major water source for the City of Belgrade, including collector wells located along the banks 
of the Sava River. The current rate of water abstraction from this source is 4-5 m3/s [6]. The overall rate of 
abstraction in this region is 6-7 m3/s, although the potential is considerably higher.  

The most important hydrogeological formation in Southwestern Serbia is comprised of extensively karstified 
Middle and Upper Triassic limestones. They are extremely thick in the southern part of the region, where 
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they constitute a single limestone unit between the Pešter Plateau and the northern edge of the Metohija 
Valley.  This part of the country’s territory infiltrates large amounts of precipitation and is abundant in karstic 
groundwater.  Among numerous karstic springs, eleven have a minimum discharge of more than 1000 l/s of 
water [7] [8]. Here intergranular aquifers in alluvial and lacustrine sediments are less significant and their 
abstraction potential is rather limited.  

Groundwater reserves are utilized to a lesser extent in Western Serbia than in other parts of the country. Apart 
from rich alluvial sediments of the Drina River near the City of Loznica, alluvial aquifers are able to deliver 
relatively modest amounts of water. Neogene lacustrine sediments are rather expansive but their permeability 
is poor. Limestone formations in this region are isolated and the most significant among them is the Lelić 
Karst (some 300 km2), including the springs of Paklje, Petnica and Gradac. Western Serbia is, for the most 
part, covered by a semi-pervious fissured water-bearing medium, with aquifers formed in serpentinites and 
periodites, and low-yield springs (in the order of 1 l/s) [9]. 
 
Although it lies between Western and Eastern Serbia, Central Serbia is hydrogeologically different from 
the afore-mentioned units. This region is primarily characterized by alluvial aquifers of the Velika Morava 
(Greater Morava), the Južna Morava (South Morava), and, in part, the Zapadna Morava (West Morava). The 
Velika Morava alluvium is the main water-bearing medium, comprised of 6-60 m thick Quaternary sandy-
gravelly sediments. Another important medium is the Danube alluvium along the stretch from Kostolac to 
Golubac, which is 15-30 m thick [1]. Groundwater in these alluvial aquifers is exposed to highly intensive 
anthropogenous impacts. Neogene water-bearing media include major aquifers in the Leskovac and Jagodina-
Paraćin Neogene basins. The extent of the karstic water-bearing medium is limited. This region of Serbia 
is characterized by considerable groundwater resources in northern intergranular aquifers (the Danube, the 
Greater Morava). Groundwater resources within intergranular aquifers in the central and southern parts of this 
region range from low to considerable. Protection of river water quality is extremely important, particularly 
of the Morava.  

Eastern Serbia is characterized by karstified Upper Jurassic and Lower Cretaceous limestones of the Carpathian-
Balkan Arch and a portion of the Dacian Basin. This region features a large number of karstic springs, 16 of 
which have a minimum yield of more than 100 l/s [10]. The surface karstic relief of Eastern Serbia differs from 
the spacious Dinaride holokarst, primarily as a result of sparse morphological forms of the »polje« type and 
a considerable vegetation cover. On the other hand, carbonate rocks are deeply karstified and includes karstic 
channels and caverns. This is the result of a specific and highly-complex geological make up and other factors 
which lead to karstification. Large alluvial aquifers are rare (the Nišava and Beli Timok basins). However, 
from the water supply perspective, several alluvial water sources play a very important role. For example, the 
artificially-recharged Mediana water source in the City of Niš, with a yield of some 600 l/s of water, is the 
focal point of this city’s water supply, especially during periods of low-discharge by springs which provide the 
additional quantities of water required.  

CURRENT SITUATION IN GROUNdWATER USE
Groundwater is a traditional water supply resource. In Serbia, there is a saying that »water is tasty and healthy 
if it passes over seven stones«. Many archetypes associate groundwater with mountain springs. The proportion 
of groundwater use in Serbia relative to the overall water supply is similar to that which exists in most European 
countries. Surface water is used to a significant extent in the southern part of Serbia, from river reservoirs 
which equalize discharge fluctuations in this region relatively poor in water. More effort should be made to 
harness the potential of karstic aquifers in southeastern and southwestern Serbia. Groundwater is virtually the 
exclusive source of water supply for Central Serbia and Northern Serbia (the Province of Vojvodina). The only 
exception is the City of Belgrade, where part of the water supply originates from the main stream of the Sava 
River. The reasons for such extensive use of groundwater are attributable to their relative protectedness, ready 
access, and significant self-purification processes which take place during permanent and widespread seepage 
of groundwater.  
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Brief history of water supply 
Although groundwater abstraction within the territory of Serbia dates back to Roman times, the beginning 
of organized public use of groundwater (excluding tapping of minor springs) is associated with the year 
1850 when an »artesian well« was bored in Banatski Karlovci (Vojvodina) [4]. By the end of the 19th century 
artesian wells were drilled in all major urban areas of Bačka, Banat and Srem (Subotica, Sombor, etc.) and in 
Central Serbia (e.g. Smederevo, Mladenovac, and Negotin). Abstraction and use of groundwater for modern 
water supply systems began in 1892, when the Makiš water source was developed for Belgrade’s water supply 
[11]. Public (municipal and industrial) water supply in Serbia became fully developed during the second 
half of the last century (since the 1960’s), when most of the current water supply systems were built. Since 
that time, groundwater abstraction has been extensive, as a result of expanding economic activity, primarily 
industrial and agricultural. This period is characterized by disproportionate and inefficient use of groundwater, 
with high-quality water being used for purposes which could have been serviced by water of lower quality. 
The reason for this, of course, lies in relatively low water tariffs. Based on available data, more than 1000 
water sources have been developed in Serbia, including tapped springs.  

Groundwater abstraction 
Based on the Water Master Plan of Serbia (2001), the total yield of groundwater sources is roughly 23 m3/s 
(Table 1). 

Table 1  Groundwater source yield in Serbia by type of water-bearing medium (l/s).

HG Unit Alluvium Main aquifer, 
Lower Quater Neogene Karst Fissured Total

Bačka and Banat 1454 3570 431 0 - 5455
Srem, Mačva, Sava/ Tamnava 6974 340 506 30 - 7850

Central Serbia 2585 - 845 430 - 3860
Eastern Serbia 620 - 60 1711 - 2391

SW Serbia 242 - 140 1614 - 1996
Western Serbia 1051 - 60 397 17 1525

Total 12926 3910 2042 4182 17 23077

The total currently abstracted volume is slightly lower and amounts to roughly 600x106 m3/year, equivalent 
to an average abstraction rate of some 19 m3/s. More than half of the abstracted water is groundwater from 
alluvial aquifers, 80-90% of which originates from infiltrated river water. These aquifers belong to the  
so-called »rapidly rechargeable aquifer« category, since they depend on the hydrologic regime of rivers. On 
the other hand, a good hydraulic link with surface water can be correlated to their quality. The largest alluvial 
aquifers are exploited along large rivers, such as the Danube, the Sava, and the lower courses of the Drina and 
Morava.  These waters are generally abstracted by the bank filtration method. Artificial recharge is used rather 
modestly (a total of some 1000 l/s). The so-called basic water-bearing complex (BWC) virtually »covers« the 
entire territory of the Province of Vojvodina. A major portion of this BWC experiences problems associated 
with naturally poor water quality and over-abstraction. The BWC is tapped by deep wells within so-called 
»solitary water sources« (far from their recharge zones). Roughly one-sixth of the total groundwater abstracted 
originates from this aquifer [1] (Figure 4).
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Figure 4: Proportions of groundwater abstraction from various types of aquifers in Serbia[1] 

Neogene aquifers can be found and are used in valleys of Central and South Serbia, as well as in a small 
portion of Vojvodina. These aquifers feature considerable but still limited and slowly renewable amounts of 
abstractable water. Karstic aquifers in Eastern and Southwestern Serbia are outcropped in areas with relatively 
high precipitation levels. Tapped springs generally characterized by high discharge fluctuations. Water quality 
is good to excellent, and the catchment areas are usually sparsely populated. However, low spring yield during 
dry periods is a problem. It has been overcome for the Krupac Spring, for example, which provides water 
supply for the City of Niš, through tapping of a large karstic channel deep under the point of natural discharge 
(60 m), (Figure 5, Figure 6) [12]. Hydrogeological surveys and feasibility studies undertaken during the last 
two decades made it possible to identify favorable conditions for artificial control of karst aquifers at numerous 
locations. Based on these results, several successful systems have been constructed mostly in Eastern Serbia 
(Bor, Niš, Ćuprija, Knjazevac) [8].

Figure 5: Karstic spring which provides water supply to the City of Niš: the Krupac Spring

Figure 6: Cross-section of the Krupac Spring channel
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Water supply for major cities 
With regard to major cities, groundwater sources are used to supply Niš, Novi Sad (and all major towns in 
Vojvodina), Jagodina, Paracin (and most of the cities in East Serbia), Novi Pazar, etc. The towns that use surface 
water exclusively are Uzice and Pristina, whereas Belgrade, Zajecar, Valjevo and some other cities combine 
surface and groundwater. Belgrade residents consume water which originates from thick alluvial deposits of 
the Sava River (near its confluence with the Danube), or treated river water. The water supply system was 
based on groundwater tapped by numerous conventional drilled wells and about 100 Ranney wells. The rate 
of groundwater abstraction from sources of water supply for cities, towns and municipal centers varies over a 
wide range, from 10-20 l/s to more than 4000 l/s (Table 2). The largest sources of groundwater can be found 
along the Danube River (the water sources of Novi Sad: Petrovaradinska Ada, Štrand and Ratno Ostrvo, 
∑Q=1500 l/s, Fig. 7) and the Sava River (the Belgrade water source, ∑Q=4700 l/s). Groundwater is abstracted 
from Upper Quaternary sediments, with direct bank filtration.  

Figure 7: Layout of Novi Sad’s water supply source, including a plan view of Ranney Well RB-III (Štrand, 
Novi Sad).

Water sources beyond alluvial plains, where water is abstracted from Lower Quaternary sediments, have a 
lower yield, up to Q=300 l/s, while the largest volumes are abstracted from Pliocene water-bearing media 
(some 100 l/s). Minimum capacities of highest-yield tapped karstic springs are below 200 l/s (e.g. the Ljuberađa 
Spring in the City of Niš) [12]. It is noteworthy that the natural yield of a number of untapped karstic springs 
is considerably higher. Although their current contribution to groundwater abstraction is not significant, 
artificially-recharged sources are a solution for increasing yield and providing secure water supply, especially 
in alluviums of small rivers, where water-bearing sediments are not very thick (up to 10 m). An example of 
this approach to resolving water supply reliability and groundwater quality problems is the Mediana source of 
water supply for this City of Niš (Q=600 l/s), [13] Figure 8.  
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Table 2  Water supply methods used in 15 major Serbian cities 

City Population

Rate of abstraction (l/s)

Groundwater origin Artif. 
rech.

Surface water 
/ reservoirs

Average, 
GW

Average, 
SW

Quater. Neog. Karst Max. Aver. Max. % %
Belgrade 1638643 4700   5500  2000 5000 70 30
Novi Sad 306306 1200   1500  - - 100 -

Niš 240734  1052 2432 600 - - 100 -
Kragujevac 180796 191.5   300  616.5 650 24 74
Leskovac 161086 320  400  - - 100 -
Subotica 152278 162.5   505  - - 100 -
Pančevo 131938 475   600  - - 100 -
Kraljevo 126364 165   440 165 - - 100 -
Čačak 119378 90   100  0 0 100 0

Sombor 99949 130 30  200  - - 100 -
Valjevo 99208   142 585  80 180 64 36
Vranje 89591 44   200  30 50 60 40
Užice 84086 -   -  250 300 - 100

Požarevac 83097 210   275  - - 100 -
Trstenik 51925 70   200 40 - - 100 -

Figure 8: Infiltration water source Mediana and karstic spring Divljana, Niš

Groundwater potential 
Based on research conducted to date, the current yield of groundwater sources (Table 1) is roughly 30% of the 
groundwater potential which could be used in the future (67 m3/s) [1]. This estimate is based on the volume of 
groundwater, excluding the application of artificial recharge methods or regulation of karstic springs (Table 3). 

Table 3  Estimated groundwater potential in Serbia (excl. artificial recharge) (l/s)
 Alluvial BWC Neogene Karst Fissured Total

Bačka and Banat 9390 4913 547 0 0 14850
Srem, Mačva, Sava/Tamnava 21108 550 991 100 0 22749

Central Serbia 9930 0 1725 1475 180 13310
Eastern Serbia 1055 0 240 2977 0 4272

Southwestern Serbia 572 0 330 7277 0 8179
Western Serbia 1735 0 120 1887 26 3768

Total 43790 5463 3953 13716 206 67128
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The largest groundwater reserves, which are not being exploited, are exist in alluviums near the confluences of 
powerful watercourses (Drina/Sava, Morava/Danube, Drava/Danube, and Sava/Danube, Fig. 9). 

Figure 9: Potential regional groundwater sources in alluviums of the Danube and Sava rivers 

In addition to natural groundwater potential, extra amounts of groundwater can be obtained through artificial 
recharge methods, from water sources developed in alluvial plains and by controlling karstic springs. According 
to the Water Management Master Plan of Serbia and based on current information, artificial recharge can provide 
an additional 40 m3/s of water; added to amounts abstractable without the use of artificial recharge, the total 
is roughly 107 m3/s [1]. If we compare the contributions by potential future groundwater resources, artificial 
recharge can essentially double the yield of alluvial aquifers and ensure sustainable and environmentally safe 
water use (Fig. 10). 

Figure 10: Proportions of estimated groundwater potential of various types of aquifers in Serbia, including 
artificial recharge  
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Only a lesser portion of these resources will actually be utilized for water supply. However, efforts should 
continue to ensure their programmed, legislated, and operational protection.  

Groundwater quality 
Groundwater quality is being systematically monitored through an alluvial aquifer monitoring network. 
This activity falls within the scope of the Hydrometeorological Service of Serbia, which also monitors 
the quality of watercourses at designated stations. Furthermore, water quality is monitored at abstraction 
points and groundwater is occasionally tested under various projects. Systematic monitoring of Neogene and 
karstic aquifers has not yet been established. Generally speaking, there is a considerable diversity in natural 
groundwater quality and human impact on this quality in Serbia. It depends on the type and properties of the 
resource itself, as well as its vulnerability and the pressures to which it is exposed.  

The Basic Water-Bearing Complex (BWC) in Banat and Bačka, (see typical section in Fig.11) [5] is the main 
water supply source for the population and industry. Above this complex is a shallow, unconfined aquifer 
whose water-bearing characteristics are poorer, its mineralization and hardness levels vary, and it is vulnerable 
to water quality pressures. This top aquifer is essentially not used for water supply. Impervious layers found 
everywhere between the shallow aquifer and the BWC, virtually protect the BWC from impacts originating 
at the ground surface. 

Deeper groundwater within the main aquifer is characterized by an increased content of organic substances, 
arsenic, iron and manganese; in the Tisa area and in Western Bačka (Odžaci) KMnO4 demand exceeds 20 mg/l 
and can even be as high as 100 mg/l (the permitted concentration is 8 mg/l).  It is interesting to correlate the 
age of this aquifer’s water to the organic content [5] (Fig. 12).

Figure 11: Characteristic hydrogeological section through the basic water-bearing complex in Vojvodina
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Figure 12: Age of main aquifer water vs. natural organic content

The next important characteristic of these groundwater is a constantly high iron content, which can even reach 
3 mg/l, and the low concentrations of manganese, nitrites, and nitrates. Alluvial Quaternary aquifers are a 
very important groundwater resource. Oxygen content and the redox potential affect the water quality of these 
aquifers. Groundwater from alluvial Quaternary sediments is generally of the sulfate-hydrocarbonate type, 
with a mineralization level of around 450-750 mg/l [4] [5]. Water hardness is within 10-15 ˚dH, and the iron 
and manganese content is, as a rule, elevated (Fe > 1 mg/l, Mn > 0.2 mg/l).  

A specific feature of this aquifer’s groundwater quality is that in some areas it varies with river water quality, 
depending on the river-aquifer contact. The water quality of large rivers (e.g. the Sava and the Danube) is 
better now than it was during the past fifteen years. To illustrate this, diagrams of average annual potassium 
permanganate demand for the Sava river, as well as water abstracted by wells of Belgrade’s water supply 
system (water source of the bank filtration type) are shown on Figure 13 [14].  

Figure 13: Average annual KMnO4 demand: the Sava River and raw groundwater from Belgrade’s 
groundwater source 
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Inadequate protection of alluvial aquifers has, in places, resulted in water quality changes caused by 
anthropogenous impacts. A typical example is the alluvium of the lower course of the Morava River which is 
threatened by high nitrate concentrations due to uncontrolled wastewater discharges and agricultural pressures. 
Groundwater from the aquifer formed in Neogene sediments is characterized by a higher presence of the 
sulfate-hydrocarbonate subclass. Depending on the level of water exchange, mineralization can be as high as 
1400 mg/l, while iron and manganese content is lower than in alluvial aquifer. Exceptions can be found only in 
areas where there is a hydraulic link between deeper Neogene aquifers and shallower Quaternary aquifers. The 
quality of these groundwaters usually meets drinking water standards. With regard to water quality, karstic 
water resources have a special place in water supply systems. The properties of this water are very favorable, 
mineralization is low, and they, as a rule, meet chemical standards. Occasional bacterial contamination 
is eliminated through chlorination and a large number of water supply systems do not use any additional 
treatment methods prior to delivery. Another problem related to water quality is an occasional increase in 
turbidity during flood periods. Most of the karstic areas in Serbia are not populated, which is favorable from 
the perspective of pollution prevention and protection. On the other hand, discharge characteristics of karstic 
aquifers are not conducive to protection, in view of the size of karstic channels, caverns and fissures which 
constitute privileged pathways of circulation. High groundwater flow velocities have been confirmed by a 
relatively large number of tracer tests. They allow for pollutant transport to a distance of up to 10 km during a 
single day [10]. Problems facing groundwater sources are generally associated with the maintenance of yield 
and the quality of abstracted water.  

Specific problems and limitations in the use of groundwaters in Serbia
Problems encountered over the many decades of groundwater abstraction in this region can be classified 
into problems related to the groundwater resource itself and technical problems associated with abstraction. 
Several typical and important groundwater utilization constraints are discussed below. The BWC is a group of 
aquifers from which water is extracted to provide water supply for a major portion of Vojvodina. Here there 
is no problem associated with human impact on water quality. However, there are constraints due to limited 
yield and inadequate natural quality of the water found within the BWC. Slow and insufficient recharge of 
Lower Quaternary aquifers in Bačka and Banat (with the exception of the southern portion of Banat), have 
led to increasing drawdown as a result of decades of over-abstraction. Hydrodynamic analyses of the impact 
of abstraction in this region indicate that under current conditions the rate of abstraction is more than 1 m3/s 
higher than the rate of recharge [4] [5] (Figure 14). 

Figure 14: History of groundwater abstraction in Vojvodina (rate of abstraction by aquifer and effects of 
over-abstraction)

Increasing water demand will be addressed through delivery of water from other resources by regional water 
systems. Additionally, several water sources will require the securing of appropriate treatment of BWC water.  

Over-abstraction from karstic aquifers is not as frequent and virtually occurs only during short, dry periods; 
considerable karstic aquifer over-abstraction has been recorded in the area of the Nepričava water body (the 
Kolubara River Basin), where the drawdown in the area of the water source ranges up to 100 m and is a result 
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of insufficient recharge. Tapped springs experience high discharge fluctuations. Regulation of karstic aquifers 
is under consideration, similar to the Krupac Spring which provides water supply to the City of Niš and other 
successful projects.  

Groundwater is over-abstracted from Neogene aquifers in South Bačka, the Kostolac Basin, and the Paraćin-
Jagodina Neogene Basin. While water is abstracted in Southern Bačka and the Paraćin-Jagodina Basin for 
municipal and industrial water supply, the main quantitative pressure in the northern portion of the area which 
holds the Kostolac group of water bodies is drainage of strip mines. The future quantitative status of groundwater 
in this area remains an open issue, in view of plans to move and expand the coal mining activity.  

Alluvial aquifers are the richest groundwater resources. However, they are subject to various constraints. For 
some aquifers and localities, the problem is relatively rapid well ageing. Considerable problems associated 
with collectors of existing Ranney wells of Belgrade’s water source have been recorded (Figure 15). This 
condition results in limited groundwater abstractability, even at maximum achievable drawdowns. Measures 
implemented over the years have been generally aimed at collector regeneration using a number of methods.  
Destroyed collectors are currently in the process of being replaced.  

Increasing water demand during the 1970’s, 1980’s and part of the 1990’s, as well as local hydrogeologic and 
spatial constraints, have led to over-abstraction in central areas of urban water sources. Water sources which 
had previously been located outside city limits have now become part of urban areas, as a result of urban 
expansion and inadequate zoning.

Figure 15: Yield decline (l/s) over time, as a result of horizontal collector ageing and destruction (Well RB-8, 
Belgrade’s water source)

The largest Serbian cities, Belgrade and Novi Sad, have batteries of Ranney wells located long the banks 
of the Sava and the Danube, respectively. Unfortunately, there is a conflict between the need of the cities to 
occupy riverbanks and the imperative to protect water sources from pollution. Sanitary protection zones have 
been identified only for large sources of water supply but, even where they have been identified, examples 
of active protection are rare. The applicable Regulation on the Identification of Sanitary Protection Zones of 
Water Sources is 30-years old and requires major revisions. Some alluvial aquifers are threatened by pollution 
originating at the ground surface. The most notable example is extensive nitrate pollution of aquifers in the lower 
course of the Morava River. This pollution is a result of inadequate disposal of municipal wastewater and, in 
part, agricultural activity. Protection of watercourses and control of municipal and agricultural pressures are of 
crucial importance to the quality of water abstracted from aquifers. The Morava River is the leading example, 
since its basin hosts a population of some 4 million and low flows can be as little as Q=30 m3/s [15].

SOCIAL ANd ECONOMIC ASPECTS OF PUBLIC WATER SUPPLY 
Major societal efforts during the 1950–1980 period resulted in a water sector which was, for the most part, 
rather sound. However, the situation has deteriorated since then, and the current state of the water sector and 
overall water management has become considerably degraded.  
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Since the very beginning, water supply systems have been publicly owned, that is, managed by local 
administrations (cities, municipalities, and local communities). Today, there are more than 1000 water supply 
systems in Serbia, most of them built after World War II and financed from the state budget or, during the 1960’s 
and 1970’s, from local voluntary taxes paid by citizens through salary deductions. Public funding of municipal 
capital projects contributed to post-war economic development of the country. These systems initially met the 
municipal drinking water demand, more in terms of quantity than quality, a situation which should have been 
addressed through the construction of appropriate treatment plants. Unfortunately, several projects aimed at 
water supply improvements had to be suspended during the 1990’s due to economic sanctions. During the 
same period, water tariffs (set by the government) were unable to cover maintenance costs of the systems; the 
tariffs were kept at a low level in order not to over-burden already depleted household budgets. As a result, 
water tariffs moved from an economic category to a welfare category. The impoverished state was unable to 
subsidize water tariffs, and all water supply systems in the country sustained considerable degradation due to 
a lack of maintenance funding.  

Water tariffs in Serbia vary by consumer category and average at approximately 0.35 €/m3. Additionally, 
municipal budgets (using land fees) and the Government support various programs. A charge of 0.35-0.5 €/m3  
is currently collected for the production of  1 m    

3  of clean water and the disposal of 1  m    
3  of wastewater.  This is, of 

course, inadequate, but still much better than it was five or more years ago.  It is estimated  that the total charge 
for 1 m3 of drinking water and 1 m3 of collected and adequately treated wastewater should amount to 1.2-1.4 € 
[16]. Such tariffs would cover operating costs, capital-intensive maintenance, and new capital projects. These 
tariffs should be reached gradually (over several years), in order to adapt the entire system to a higher revenue 
stream and not to unduly burden family budgets. Consideration should also be given to the fact that water 
management is an integrated process, and that activities aimed at improvements in water abstraction, water 
protection, and protection against the adverse effects of water should be undertaken in parallel. It is estimated  
that investments in the water sector at a level of 6 ∙ 10    

9  € [16] will be required to meet municipal water demand, 
regulate the water sector, and meet requirements arising from the WFD. Primary capital-project investors must 
include the government (wide-ranging projects, which require funding incentives), municipalities, and the 
private sector. This will require legal, financial and institutional improvements in the water sector.  

In addition, a consolidation of operators and their higher efficiency will likely be needed. However, one 
should not forget that current operators managed to cope quite successfully during the period of a major 
socioeconomic crisis, and managed to perform their basic task – that of providing water supply and wastewater 
disposal services.  

 
IMPLEMENTATION OF THE WFd IN THE FIELd OF GROUNdWATER IN SERBIA
The Federal Republic of Yugoslavia ratified the Danube River Protection Convention (DRPC) on 30 January 
2003 and consequently became a full member of the International Commission for the Protection of the 
Danube River (ICPDR) on 9 August 2003. Accordingly, Serbia also became a full member of the ICPDR, 
whose major role is to implement the DRPC. One of the ICPDR activities is the implementation of the Water 
Framework Directive (Directive 2000/60/EC) in the Danube River Basin, which is conducted by the River 
Basin Management Expert Group (RBM EG). As part of its EU approximation activities, Serbia is actively 
engaged in the implementation of the WFD within its territory.  

Due to belated involvement of Serbia in the WFD implementation process, as well as the fact that Serbia 
is not an EU member or member candidate, it could not respond adequately to the timeframe set for WFD 
implementation. Regardless, Serbia took part in the preparation of the 2004 Roof Report for the Danube 
River Basin and generated a preliminary National Report at the beginning of 2005. While working on the 
2004 Roof Report (groundwater section), Serbia proposed a joint transboundary groundwater body, shared 
with Hungary and Romania, based on criteria for major transboundary aquifers in the Danube River Basin. 
Romania, Hungary and Serbia have identified water bodies within their territories, which are in fact part of a 
single, shared transboundary groundwater body, formed in Upper Pannonian and Lower Pleistocene sediments 
[17] [18].  (Figure 16)
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Figure 16: Transboundary groundwater body shared by Serbia, Hungary, and Romania [17]

102 GWB’s have been identified in the Serbian part of the DRB (Figure 17). For the purpose of characterization, 
17 groups of GWB’s and 58 GWB’s were delineated [9]. Based on aquifers in which they are found, all GWB’s 
were divided into: porous (Quaternary and Neogene), karstic and fissured. The preliminary delineation of 
bodies of groundwater within the various aquifers was based on geological boundaries of water bodies and 
hydrological (hydraulic) boundaries of water bodies. This division was the basis for further delineation of 
bodies of groundwater using other criteria (pressures due to abstraction or pollution, nature and thickness of 
overlying strata, etc.). 

Figure 17: Groundwater bodies and groups of groundwater bodies identified in Serbia based on aquifer type [9]

Characterization of groundwater bodies included hydrogeological characterization of aquifers and overlying 
strata, analysis of existing monitoring data (quantity and quality), and analysis of sustained upward pollution 
trends. The assessment of the current status of water bodies and the risk of failing to meet the objectives of the 
Directive by the year 2015, were in many cases based on expert judgment. This assessment of the quantitative and 
chemical status of groundwaters should be considered as preliminary (it has to be validated through monitoring). 
A preliminary assessment of the risk of failing to achieve good status by the year 2015 suggests that 16 water 
bodies (groups of water bodies) are at risk of failing to achieve good chemical status, and 11 are at risk of failing 
to achieve good quantitative status. A lack of data prevented a risk assessment for 14 water bodies.  

Monitoring of groundwater resources is undertaken at several levels: national level, city level, and water supply 
source level, as well as in a portion of riparian lands of the Danube, Sava, and Tisa rivers which are within the 
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backwater zone of the Iron Gate Dam. The current Water Law requires the Hydrometeorological Service of Serbia 
to monitor the groundwater regime only in alluvial sediments and shallow aquifers of large water-bearing strata. A 
network of monitoring stations has been established for continuous monitoring of quantity and quality characteristics 
of surface water and groundwater regimes; the network is divided into monitoring areas corresponding to the basins 
of major rivers or large water-bearing strata within Quaternary sediments [9] (Figure 18).

Figure 18: National network of groundwater monitoring stations in Serbia  

Systematic groundwater quality monitoring encompasses annual testing of samples taken from 73 groundwater 
monitoring stations (piezometers). Analyses include the determination of a total of 66 physical, chemical and 
biological parameters.  

Monitoring Program 2 was put in place in 1977, to record the effects of the Danube’s impoundment on the 
groundwater regime, to assess the effectiveness of drainage systems (new, reconstructed and non-reconstructed), 
to improve their operating modes, and to determine the need for and undertake timely interventions to protect 
the area. More than 700 piezometers were monitored during the past  decades in order to define the groundwater 
regime and assess the Iron Gate Dam backwater impact on riparian lands. Additionally, stakeholders in the 
area monitor a number of dug wells and piezometers, to adequately maintain the riparian land protection 
system, as well as several piezometers which were installed to study specific problems. Beside these two 
major groundwater monitoring networks, there are several local monitoring networks managed by large 
waterworks.  

Although shallow aquifers in alluviums of large rivers are systematically monitored by HMS Serbia, virtually 
no monitoring data are available on deep Neogene aquifers and karstic aquifers (particularly with regard 
to yield and regimes of numerous karstic springs). It is very important to monitor deep and karstic aquifers 
because they are the ones most often used for municipal and industrial water supply; in some regions (Banat 
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and most of Bačka) only deep, slowly-recharging aquifers are used for water supply. Current monitoring 
programs which address groundwater levels and quality cannot provide adequate data for a reliable assessment 
of the quantitative and chemical status of groundwater bodies, or for the implementation of any program of 
measures.  

It is, therefore, necessary to expand the existing groundwater monitoring network to encompass all aquifers, 
through the inclusion of groundwater user facilities (water supply systems, industry, agriculture) and the 
establishment of new monitoring sites. New monitoring programs should be harmonized with WFD 
implementation requirements, a strategic interest of Serbia’s water sector. Groundwater monitoring plays 
a special role in this process; initially, monitoring data are used to verify risk assessments and complement 
human impact assessments. Groundwater monitoring delivers information required for the assessment of long-
term trends resulting from the alteration of natural conditions and human activity, as well as data needed to 
evaluate the effectiveness of programs of measures undertaken to improve groundwater status.  

GROUNdWATER USE ANd PROTECTION PROSPECTS IN SERBIA 
Groundwater is a very important component of the organically integrated water system. Resolution of numerous, 
extensive and not particularly easy problems will require an appropriate institutional set-up, legislation, and an 
adequate funding system. Active problem solving in this area is expected to take place during the next 20-25 
years [19].

Major tasks are related to protection of groundwater sources, maintenance and upgrading of existing sources, 
and development of new sources. A groundwater balance assessment will have to be prepared, groundwater 
monitoring augmented, and a groundwater information system set up as part of the integrated water information 
system. Activities which lie ahead include [2]:

legal, institutional and financial framework improvements in this area,
definition of resources, their protection and monitoring, and preparation of planning documents, 
specific projects to be undertaken, and 
monitoring and implementation of protection.  

Since groundwater is part of water in general, the work associated with it must be planned and executed in 
concert with a comprehensive water plan. The new Water Law, and its associated regulatory acts, must be 
enacted as the main piece of legislation in the water sector. With regard to groundwater, it must delineate the 
jurisdictions of the ministry and local governments, define the required planning documents, and identify 
competences for information system management.  

The Regulation on Sanitary Protection Zones of Water Sources must be upgraded with adequately defined 
criteria for the size of such zones primarily taking into consideration the local hydrogeological conditions and 
residence time for the pollutant transport. A groundwater balance assessment is required for the sustainable 
development of a groundwater abstraction and protection plan. This plan should be an integral part of Serbia’s 
new Water Master Plan.  

The current Water Master Plan should be amended in order to: update the database, revise water demand 
assessments, address EU water directive requirements, and the like. The Water Plan must clearly identify 
objectives and methods for their achievement within a regulated water sector.  

The information system is a necessary support tool for the water sector planning process. It must contain 
information about research, investigations, studies, and planning, as well as monitoring data.  

The creation of systemic and financial prerequisites for proper use and protection of resources is a precondition 
for a fully-functional water sector. These prerequisites are related to the establishment of an appropriate social 
system which includes [19]:

adequate capacities and set up of the government apparatus, 

•
•
•
•

•
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appropriate scientific, professional and economic capacities, 
appropriate legislation, and 
financial instruments (water tariffs and appropriate financial institutions).  

Investment preparation in this area must be provided on a timely basis, through adequate research, investigation, 
planning, design, engineering, and administrative processes.

The water tariff increase must reflect economic principles and requirements relating to planning, operation, 
maintenance, depreciation, and new investments in the area of groundwater utilization and protection of 
specific groundwater resources used for water supply.  

In order to ensure sustainable water supply in the future and expand existing groundwater systems, it will 
be necessary to plan and implement adequate research and technical measures. In view of the fact that two 
main groundwater categories are used, one related to karstic and the other to porous aquifers, the methods 
for any interventions relating to their control are quite different and should be adapted to local circumstances 
accordingly. In the case of a porous aquifer, the most suitable option, often accompanied by bank filtration, is 
artificial recharge 

In certain parts of the country the development of regional water supply systems appears to be a prudent 
solution. In Vojvodina, regional systems should deliver water from alluvial aquifers of the Danube (Apatin-
Sombor and Kovin-Dubovac areas) to Northern Bačka and Northern Banat. [20] [21]   

Consideration has to be given in the future to Belgrade’s water source and the problems facing its 100 collector 
wells (declining yield, conflict with the expanding city, too-wide or too-narrow sanitary protection zones, and 
the like). Solutions are being sought through revision of this source’s configuration and its protection zones.
It is also necessary to re-define maintenance procedures for water abstraction wells and the water source as 
a whole. Judging by all indicators, it will be necessary to develop two new artificially-recharged sources of 
water supply [22] [23].  

Problems associated with protection of groundwater against nitrate pollution in the alluvium of the Velika 
Morava must be addressed more actively in the future. Solutions are being sought in regulation of wastewater 
disposal and agricultural production. Furthermore, new water sources should be developed or the existing 
ones protected, often by means of artificial recharge. In general terms, protection of resources and protection 
of sources of water supply will be addressed in several ways:

Protection of surface water which recharges groundwater, 
Regulated wastewater treatment and disposal,
Agricultural production harmonized with groundwater protection requirements, and 
Regulation of water source protection zones.  

Proposed protection must be practicable and effective, in order to avoid major conflicts with other users of 
respective areas and to efficiently protect the water resources. In addition to the above, adequate knowledge 
and utilization of the aquifers’ self-purifying potential are needed to successfully address and complete these 
tasks.  
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Abstract  Groundwater represents about 90% of all abstracted water quantities for public water supply in the 
Republic of Croatia. The average population coverage with public water supply systems is 76%. In general, two 
aquifer types are present, as follows: (i) intergranular, in the Pannonian region; and (ii) karstic, of secondary 
fracture-cavernous porosity, in the Dinarides. Groundwater from both areas is mainly of good quality. There are 
128 municipal companies in Croatia with concessions for water supply, which use 407 groundwater abstraction 
sites of  total capacity 22,741 l/s. The paper gives an overview of groundwater resources, its quality and 
protection levels as well as public water supply in the Republic of Croatia. Current and future activities in 
relation to the EU WFD implementation are also presented.
Keywords  Groundwater resources, water supply, water tariff, Water Framework Directive, implementation

INTROdUCTION
The Republic of Croatia is both a Central European and a Mediterranean country, located between the 
Danube River Basin in the north and the Adriatic Sea in the south. The total area of the national territory is  
87,609 km2, of which the continental part covers 56,538 km2, with the remaining 31,071 km2 belonging to the 
coastal area. The population is 4.4 million. The territory of Croatia and associated waters are divided into two 
basins, the Black Sea River Basin in the north and the Adriatic River Basin in the south of the country. The 
Black Sea River Basin is further divided into two river basins, the Sava River Basin and the Drava and Danube 
River Basin. The Adriatic River Basin is also divided into two river basins, the North Adriatic River Basins 
and the Central and South Adriatic River Basins. 
Only 12 % of the total water quantities in Croatia are groundwater; however, its significance for the country’s 
development is best illustrated by the fact that over 90% of water used for water supply to towns and settlements 
is related to groundwater. The high groundwater quality in Croatia should be particularly noted, which is a 
claim only rare European countries can make, thus understandable attention that must be paid to this important 
natural resource.

Hydrological characteristics
Two aquifer types can generally be found in Croatia:

intergranular, dominant in the Pannonian region;
karstic, of secondary fracture porosity, in the Dinaric Alps. 

The Black Sea River Basin is dominated by spacious valleys of the Danube, Drava and Sava Rivers’ right bank 
tributaries, which are filled with thick Quaternary deposits and in which aquifers of intergranular porosity of 
exceptionally high groundwater quantities are formed. These aquifers are the main water supply resources 
in Croatia’s north. The south part of the Black Sea River Basin, from the water divide between the Adriatic 
River Basin to the bordering Pannonian basin, belong to the karstic Dinaric Alps, with aquifers of the same 
or similar hydrogeological characteristics as the karstic aquifers in the Adriatic River Basin. The aquifers of 
fissure porosity in the north part of the river basin cover relatively small surfaces which form the upper part of 
the mountainous areas, and also yield significant water quantities for water supply (Hrvatsko Zagorje, Požega 
valley). The alluvial aquifers in the Drava and Sava valleys are characterized by high porosity and accumulated 
significant groundwater quantities, with a particularly important possibility of induced aquifer recharge. 

•
•
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Pannonian aquifers have very slow groundwater flows, ranging from several centimetres to several meters 
per day, and also slow water exchange, thus higher pollution levels can have permanent consequences, as is 
already happening in the City of Zagreb area. The most productive aquifers are those unconfined aquifers along 
the Sava and Upper Drava Rivers, whereas aquifer yields significantly decrease in the eastward direction due 
to the dominant fine-grained component, in which subartesian and artesian aquifers quite frequently appear.
Karst is characteristic for the Adriatic River Basin, where the appearances of aquifers of intergranular porosity 
are negligible. The basic characteristics of karst river basins are spacious water recharge zones in mountainous 
areas, with abundant precipitation and very complex conditions of water surfacing at the contact of karstified 
water-permeable carbonate aquifers and water-impermeable clastic rocks, or on the sea coast. Karstification 
and groundwater flows are deeper than the present sea level due to significantly lower sea levels in the 
Quaternary period. Groundwater flows are related to fracture systems, with relatively high groundwater flow 
velocities (up to 30 cm/s) and amplitudes of karst spring surfacing (up to 200 m3/s). There are numerous karst 
fields with surfacing zones and sinkholes. The main problem, i.e. quantity-related instability of karstic aquifer 
systems, is caused by long dry summer periods and relatively poor retention capabilities of aquifers, thus 
summer periods usually mean significant reduction in water quantities surfacing in springs, sometimes even 
their full drying up. The largest karst springs are formed at the margins of the Dinaric Alps, on the northeast 
side towards the inner Dinaric Alps (the Kupa, Kupica, Kamačnik, Zagorska Mrežnica, Dretulja, Crna Rijeka, 
Una), which form a part of the Black Sea River Basin, and on the southwest side towards the Adriatic (the 
Rječina, Novljanska Žrnovnica, Zrmanja, Krka, Cetina, Ombla), which form a part of the Adriatic River 
Basin. The water divide between the Black Sea and Adriatic River Basins is related to the appearance of water-
impermeable clastites and low permeable dolomites of Paleozoic and Triassic Age in the mountainous areas 
of Gorski Kotar and Lika.

Figure 1: Hydrogeological map – major aquifers in Croatia

Groundwater budget. Due to complex hydrogeological relations on Croatian territory as well as insufficient, 
uneven aquifer investigation, the determination of groundwater budget is largely based on estimates. 
Renewable groundwater resources are unevenly distributed in the Black Sea River Basin. The most important 
groundwater resources are related to Quaternary coarse-grained clastic deposits sedimented in the Drava and 
Sava valleys, where alluvial aquifers of intergranular porosity are formed, and in karst areas in the Kupa and 
Una River Basins’ south parts, where aquifers of fracture/cavernous porosity formed. Additionally, significant 
precipitation quantities are accumulated also in carbonate aquifers of fissure porosity in north Croatian 
mountainous areas. Renewable groundwater budget in shallow alluvial aquifers is calculated as the product of 
water-bearing layer surface, oscillation amplitude of groundwater levels and effective porosity. Deep water-
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bearing budget is calculated as the product of water-bearing layer surface, oscillation amplitude of piesometer 
levels and coefficient of aquifer storage (Table 2), whereas for carbonate aquifers the budget is determined 
by summing up minimum spring yields (both captured and uncaptured) and yields of other water abstraction 
structures.
Due to the characteristics of karst aquifers in the Adriatic River Basin and complex structural-tectonic relations 
which brought these aquifers in contact with impermeable deposits, karst areas are characterized by very 
complex groundwater flows, which often mean multiple surfacing and sinking of water in various layers 
in the same river basin. In such cases, it is also difficult to divide surface waters from groundwater, i.e. it is 
particularly to determine groundwater budget. Renewable groundwater budget is calculated on the basis of 
minimum spring yields, groundwater abstraction structures and estimated effective porosity and retention 
capability of carbonate aquifers.

Table 1  Estimated renewable groundwater resources

Area
Alluvial aquifer Carbonate aquifer Total

106  m3/year

Black Sea RB
Sava RB 1,198.3 653.8 1,852.1

Drava and Danube 802.6 7.8 810.4

Adriatic RB
North Adriatic RBs - 2,639.5 2,39.5

Central & South 
Adriatic RBs - 3,831.3 3,31

Croatia 2,006.9 7,132.4 9,133.3

Strategic groundwater resources. Strategic resources are defined on the basis of existing investigation level 
of groundwater, and divided into four types (levels) based on the information on groundwater resources and 
quality in individual areas, rate of present use and significance for existing and future water supply, and in 
particular based on the possibilities of their protection on the territory of the Republic of Croatia.

Figure 2:  Strategic groundwater resources
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Groundwater resources of I type comprise of groundwater from karst areas (Gorski kotar, Lika and 
Dalmatia’s hinterland), whose entire catchment areas are on the territory of the Republic of Croatia and 
which are characterized by very high groundwater quality.
Groundwater resources of II type comprise of groundwater from alluvial aquifers in the Sava and Drava river 
valleys, with somewhat lower natural quality. Due to intensive land use in the area, they are significantly 
more difficult to protect.
Groundwater resources of III type comprise of groundwater from areas where water is intensively used, 
sometimes almost to its maximum, which resulted in a gradual decrease in quality. There is a danger that in 
the future a part of this groundwater will be excluded from water supply due to decreased water quality.
Groundwater resources of IV type comprise of groundwater from water abundant areas of southern Croatia. 
The water is of good quality; however, the recharge areas are mostly located outside Croatian state border, 
which renders active protection of the quality difficult or impossible.

Groundwater use for water supply
Water supply. Groundwater represents about 90% of all abstracted water quantities for public water supply. 
The average population coverage by water supply systems in Croatia is 76% (3.34 million). This level is 
higher in the Adriatic River Basin (86%) in comparison to the Black Sea River Basin (71%). The average level 
of public water supply coverage significantly varies across the counties.

1.

2.

3.

4.

Figure 3: Spatial distribution of groundwater abstraction sites
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In Croatia, there are 128 municipal companies which have concessions for provision of water supply, while 
319 concessions were issued for technological uses. For public water supply, 407 groundwater abstraction 
sites are used, with the total capacity of 22,74 m3/s, of which 276 groundwater abstraction sites are in the 
Black Sea River Basin and 131 groundwater abstraction sites in the Adriatic River Basin. The total system 
losses equal 46% of abstracted water quantities. A large part of population not covered by public water supply 
is supplied with water by means of so called local water supply system, of which in the Republic of Croatia 
there are several hundred, mostly in the Black Sea River Basin. The conditions of water supply development in 
Croatia are adapted to varying, uneven population density, uneven distribution of resources and varying types 
of terrain.  The plans of public water supply systems until 2015 anticipate increase in population coverage to 
over 90%.

Table 2  Delivered water from public water supply systems to households and industries

Figure 4: Areas covered by public water supply
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Development of water supply systems anticipates the construction of main pipelines, integration into regional 
systems, extension of existing water sources and investigation and construction of new abstraction sites. 

Monitoring of groundwater quality and quantity. Investigations of groundwater for different reasons, depending 
on purpose and goal, have been conducted on the territory of the Republic of Croatia for a long while. The 
established system of monitoring groundwater levels in the Sava and Drava RBs is characterized by uneven 
coverage of the major aquifers, both spatially and in terms of depth. This is primarily a consequence of the 
existing system’s development, which was created over a period of time for purposes of hydropower facilities 
construction and groundwater use for water supply in individual areas. In karst areas, apart form the partial 
monitoring in Istria, groundwater levels are not monitored. Due to very complex hydrodynamic conditions 
of groundwater flow in this area, complex investigations will have to be conducted prior to establishment of 
monitoring, which will result in identification of representative points for monitoring stations. Through the 
system of groundwater levels monitoring, large data quantities have been collected, which defined the insight 
into the water regime on the entire Croatian territory.

Figure 5: Quantitative groundwater monitoring

The need to implement a new approach to water management based on integrated management and sustainable 
development, a continual demand for new groundwater quantities, increasingly complex conditions in which 
groundwater quality has to be preserved as well as demands for a level of insight into groundwater in terms 
of the EU Water Framework Directive requirements show that, despite seemingly good investigation level of 
the entire Croatian territory, available data are insufficient for solving future problems related to provision of 
groundwater quantities and its protection. 
In karst areas, insufficient investigation level of individual basins’ boundaries is observed, for which 
hydrogeochemical investigations have to be conducted as well as additional tracings of groundwater flows in 
different hydrological conditions.
Groundwater quality. There is no national programme for groundwater quality monitoring; groundwater 
quality is monitored at water abstraction sites, and, consequentially, there are no sufficiently reliable data 
on groundwater quality for a large part of Croatian territory, nor timely insight into the endangerment of 
individual abstraction sites. Groundwater is primarily used for public water supply, and its quality is generally 
assessed according to the indicators defined by the Regulation on sanitary quality of drinking water. Within 
the national monitoring of surface waters, groundwater quality is monitored in certain points of the karst area 
(individual springs and wells). Only in the greater Zagreb area and also in Varaždin and Osijek, groundwater 
monitoring is established is according to the Regulation on water classification.
The groundwater in the western part of the Sava and Drava alluvial aquifer, particularly in the Zagreb and 
Varaždin area where the aquitard is of relatively low thickness and with relatively high concentrations of 
indicators, indicates anthropogenic groundwater pollution. Downstream, due to higher aquitard thickness, 
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vulnerability of the aquitard from the terrain surface is significantly lower. In such areas, groundwater quality 
reflects natural conditions in the aquifer. Since reductive conditions are dominant, groundwater has high 
concentrations of iron and related indicators (manganese, ammonium, arsenic, etc.) Due to high population 
density in the areas in which the most important aquifers are located, the highest pressures on groundwater come 
from domestic and industry wastewater, non-existent or poor state of wastewater collection systems, waste 
disposal sites and intensive application of agrotechnical measures. Groundwater quality from mountainous 
aquifers in the Pannonian area is of mostly excellent quality, the only problem being the occasional occurrence 
of bacteriological pollution resulting from inadequate wastewater collection in recharge areas.

Figure 6: Groundwater quality in the Pannonian basin

Groundwater from karst areas, due to exceptionally high natural vulnerability of karst systems and fast entry 
and transfer of pollution to great distances in the underground, is continually in potential danger. Despite this, 
it is still of relatively high quality. Occasional short-term turbidity and bacteriological pollution occur as a 
consequence of heavy precipitation, in particular following a long dry period. Pressures on groundwater in 
karst areas originate from intensive agricultural activity, domestic and industrial wastewater, various types of 
waste disposal sites, mining, storage and transport of dangerous substances, etc., generally due to a failure 
to enforce prescribed protection measures within defined sanitary protection zones, which still results in 
occasional pollution on individual abstraction sites. 
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Figure  7: Groundwater quality in the Adriatic basin

Groundwater protection. Protection of drinking water in the Republic of Croatia is under the competence of 
water management and health in view of drinking water quality. Local self-government carries out protection 
of surface waters and groundwater for drinking purposes by means of county physical plans, county water 
protection plans, decision on wastewater collection and treatment and decision on protection of the source in 
compliance with the Regulation on sanitary protection zones of the source.

Table 3  Protection of existing drinking water sources for public water supply
GROUNdWATER

BASIN
Abstraction sites Decision Proposal No protection

Total 
numbers Decision Proposal No  

protection
Quse 
(l/s)

Qcon 
(l/s)

Quse 
(l/s)

Qcon 
(l/s)

Quse 
(l/s)

Qcon 
(l/s)

Black sea
276 126 10 140 10433 15079 170 182 1956 7605
% 45,7 3,6 50,7 83,1 65,9 1,4 0,8 15,5 33,3

Mediterranean
Coast

106 52 16 38 7977 11297 905 1392 876 2247
% 49,1 15,1 35,8 81,8 75,6 9,3 9,3 8,9 15,1

Islands
25 11 / 14 267 274 / / 158 226
% 44 / 56 63 55 / / 37 45

TOTAL
407 189 26 192 18677 26650 1075 1574 2989 10078
% 46,4 6,4 47,2 82,2 69,6 4,7 4,1 13,1 26,3
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A source of drinking water which is intended for use or set aside for public water supply must be protected from 
pollution and deliberate or accidental contamination, as well as other influences which may have unfavourable 
impact on sanitary quality of drinking water and its yield. The foundations on which the present protection is 
organized are the Water Act and the Regulation on sanitary protection zones of the source.
In the Black Sea RB area, 45.7% abstraction sites have a decision on protection zones, whereas 50.7% are 
without protection. In the Adriatic RB area, 49.1 % mainland abstraction sites have protection zones, 44% 
island abstraction sites have a decision on protection zones, while 35.8% mainland abstraction sites and 56% 
island abstraction sites have no protection. Water quantities give a significantly better picture, since sanitary 
protection zones cover about 87% water presently abstracted for water supply.

Figure 8: Protection of existing drinking water sources

EU Water Framework directive implementation to groundwater in Croatia
Initial characterization of groundwater bodies in the Republic of Croatia was carried out on the basis of Basic 
geological map of the RC, scale 1:100,000; Hydrogeological map, scale 1:200,000; Hydrogeological map, 
scale 1:300,000; Hydropedological map, scale 1:300,000, and numerous other published and unpublished 
works.

The basis for identification of groundwater bodies was the analysis of the following elements:
geological composition of the terrain (lithostratigraphic units and structural/tectonic relations)
porosity (intergranular, fracture, fracture-cavernous)
geochemical composition (silicate, carbonate)
hydrogeological characteristics (hydrogeological units according to porosity, hydraulic conductivity and 
aquifer transmissivity)

•
•
•
•
•
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direction of groundwater flow – analysis of groundwater tracing in the karst
yields of springs and wells
groundwater recharge
relation with surface waters
position of groundwater bodies within river basins defined in the Strategy of Water Management of the RC 

The criterion used for identification of GW bodies was a requirement from the WFD – yield of over 10 m3 
per day (0.1 l/s). In this manner, on the basis of performed analysis according to previously stated indicators, 
363 groundwater bodies were isolated in the Black Sea RB, all of which were placed into the category of one 
aquifer in the vertical cross-section. In the Adriatic RB, a total of 86 groundwater bodies were isolated on the 
mainland, and 12 on major islands.

•
•
•
•
•

Figure 9: Water bodies on the territory of the Republic of Croatia

Grouping groundwater bodies. Since the WFD enables the grouping of GW bodies for purposes of achieving 
ecological goals, i.e. achievement of good groundwater status and establishment of surveillance monitoring, 
a grouping was carried out by taking into account potential groundwater uses and protection. As the optimum 
grouping method, under our conditions, the UK model was applied, i.e. aquifers were divided into three types: 
primary aquifers (from which groundwater is significantly used and which are vital to groundwater ecosystems’ 
survival); secondary aquifers (with an important role in groundwater supply, but which also, due to their 
hydrogeological and hydraulic characteristics, can lead to overexploitation) and unproductive aquifers.
In the area of the Black Sea RB, three aquifer types were found, on the basis of which the grouping of 
groundwater bodies was performed, as follows: 
Primary aquifers:

Quaternary aquifers of intergranular porosity in the Drava and Sava river valleys with marked hydraulic 
characteristics, which either provide water for the majority of public water supply in northern Croatia or 
are planned for water supply (Drava aquifer, aquifer in the Zagreb area, cone deposits of the Sava River 
right tributaries, alluvial aquifer in the Karlovac area)
Carbonate aquifers of fracture-cavernous porosity and high permeability in high karst zones, i.e. Kupa and 
Una river basins, from which groundwater surfaces in high-yield springs

Secondary aquifers:
Quaternary aquifers of intergranular porosity in the Drava and Sava river basins with somewhat lower 
hydraulic characteristics, used for water supply, with yields generally under 20 l/s
Carbonate (Triassic) aquifers of fissure porosity and medium permeability in northern Croatia (Zagorje 

1.

2.

1.

2.
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and Slavonia mountains, Žumberak-Samobor mountains, Mt. Medvednica)
Carbonate aquifers of fracture-cavernous porosity in shallow karst zones, i.e. Kupa River Basin, virtually 
with no significant springs 

Unproductive aquifers:
Mostly limited to Neogene deposits (exchanges of marls, silts, clays, sand, occasionally carbonates), 
Quaternary deposits with poor hydraulic characteristics and/or small thickness, and metamorphic rocks 
(permeable only in a shallow segment below the terrain surface), which generally cannot yield water 
quantities over 5 l/s

In the area of the Adriatic RB, three aquifer types were also found, as follows:
Primary aquifers: 

Carbonate aquifers of fracture-cavernous porosity and high permeability in high karst zones from which 
groundwater surfaces in high-yield springs (mostly over 10 l/s), which are the main abstraction sites for 
water supply, and also high-yield coastal and undersea springs

Secondary aquifers: 
Carbonate aquifers of fracture-cavernous porosity from which groundwater surfaces in springs with yields 
of mostly under 10l/s 
Aquifers with relatively deep groundwater levels which have not been abstracted to date due to still existing 
problems of optimum technical and economical groundwater exploitation in such aquifers
Island aquifers in which intensive abstraction in dry summer periods can lead to possible salinization

Unproductive aquifers: 
Mostly clastic and flysch deposits (exchange of marls, silts, clays, sands, occasionally carbonates, 
sandstone, conglomerates and breccias) and Quaternary deposits with poor hydraulic characteristics  
and/or small thickness in karst fields which generally cannot yield water quantities over several l/s.

3.

1.

1.

1.

2.

3.

1.

Figure 10: Aquifer types with regard to yield 
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Aquifer vulnerability. When defining natural vulnerability of Quaternary aquifers in the Drava and Sava RBs, 
the most important data were related to thickness and lithological aquitard composition, which play the main 
role in natural aquifer protection, whereas in the Adriatic RB the most important data, apart from the geological 
composition and hydrogeological characteristics, are depth to groundwater, geomorphological phenomena 
and sinkhole zones. Following the analysis of lithological aquitard composition, their thickness and mapping 
of aquitard favourability for aquifer protection, the aquifer vulnerability maps were prepared, both for the 
Black Sea and Adriatic RBs.
Natural vulnerability in the Black Sea RB is divided into 5 categories:
No vulnerability: in the Black Sea RB, these are areas with unproductive aquifers and aquifers with aquitard 
depths of over 20 m (Đakovo-Vukovar plateau).
Low vulnerability: areas with aquifers of aquitards achieving even higher thickness, but where aquifer recharge 
areas are poorly aquitard-protected 
Medium vulnerability: in the Black Sea RB, these are areas with aquifers whose aquitard thickness reaches 20 
m, but where aquifer recharge areas are poorly aquitard-protected 
High vulnerability: in Black Sea RB, these are areas with aquifers whose aquitard thickness reaches 10 m, 
but where aquitard thickness in aquifer recharge areas is significantly less than 5 m; open carbonate (Triassic) 
aquifers of fracture-cavernous porosity and medium permeability in northern Croatia and open carbonate 
aquifers of fracture-cavernous porosity in the Kupa, Korana and Una RBs, partly due to aquitards made of 
clastic deposits of varying thickness or  great depth to groundwater
Very high vulnerability: Varaždin and Zagreb areas where aquitard thickness is generally under 5 m, and open 
carbonate aquifers of fracture-cavernous porosity and high permeability in high karst zones of the Kupa and 
Una RBs

Figure 11: Natural vulnerability of aquifers in the  Republic of Croatia
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Natural vulnerability in the Adriatic RB is divided into 3 categories:
Low vulnerability: areas with mostly unproductive aquifers (mostly clastic and flysch deposits) and areas with 
dominant surface runoff  
Medium vulnerability: in the Adriatic RB, these are groundwater bodies with exchange of impermeable clastic 
and/or flysch-like deposits and carbonate aquifers and GW bodies with predominant surface runoff and water 
sinking into the underground
High vulnerability: GW bodies with open carbonate aquifers of fracture-cavernous porosity and high permeability 
resulting from specific karst characteristics (very high groundwater flow velocities, numerous sinkholes through 
which large precipitation quantities sink into the karst underground, fast pollution transfer). There is a direct 
connection with the surface through numerous morphological phenomena (karst pits, “jame”, sinkholes “vrtače” 
and “ponori”). High groundwater flow velocities indicate very fast transfer of potential pollution.

Groundwater quality. Initial identification of natural groundwater quality was made on the basis of monitoring 
raw water quality at water abstraction sites and systematic monitoring on state waters. According to the 
legislation, monitoring of groundwater quality is mandatory on all water abstraction sites included in the 
public water supply; however, this scope rarely satisfies the criteria stipulated by the Regulation on sanitary 
quality of drinking water (OG 46/1994). Water quality is observed only on water abstraction sites used for 
public water supply, and this mostly in abstraction structures (wells or springs). In all recharge areas in the 
Black Sea RB groundwater quality monitoring is carried out only on major abstraction sites (Zagreb, Varaždin, 
Osijek), where alluvial aquifers are captured. Unlike the sources in the Black Sea RB, in the Adriatic RB a 
large number of springs is included in the permanent monitoring network. For initial groundwater chemical 
and quality status, i.e. selection of indicators for present monitoring, the following are selected:

groundwater temperature
redox conditions in groundwater
mineralization/salinity
groundwater acidity status (alkalinity, ph)
contents of nutrient N (NO3

-,NO2
-,NH3) and P (total P, orthophosphates) salts - anthropogenic impacts 

(agriculture, industries, households, solid waste disposals, etc.)
heavy metals – Fe – indicator of both natural and anthropogenic pollution
chemical oxygen demand (COD)
chlorides – proof of impacts form agriculture and use of mineral and natural fertilizers, wastewater from 
roads, households, agriculture
other indicators – suspended solids, turbidity, microbiological indicators, contents of mineral oils 

Arithmetic mean reflects the general condition of individual GW bodies very well, and the reflection of such 
state which does not exceed 50% of the GW body area, but only if monitoring points are evenly distributed. 
It is, however, unreliable in cases of uneven pollution by a local or diffuse source, or in aquifers of fracture-
cavernous porosity. This notwithstanding, it is selected for initial charcterization of GW bodies. The main 
characteristic of natural groundwater quality in aquifers of intergranular porosity in northern Croatia are 
increased contents of iron, manganese, ammonium and their associated elements, arsenic in particular, as 
recorded in eastern Slavonia (Osijek, Vinkovci). This is a consequence of natural, reductive conditions in the 
aquifer, and not of anthropogenic influence. Groundwater with increased concentrations of heavy metals is 
generally related to deep aquifers of northern Croatia’s eastern areas. Groundwater quality from carbonate 
aquifers in northern Croatia is exceptionally good, since they are located in forested mountain areas, thus there 
are no sources of pollution in their recharge areas. In the areas comprised of carbonate rocks, the natural state 
of groundwater quality is very good. At times of medium to low water levels, groundwater quality in natural 
conditions is very good; however, in periods of high precipitation, water turbidity occurs in springs, but only 
lasts for several days.
Groundwater quality in deeper sections of the alluvial Zagreb aquifer reflects natural geochemical conditions, 
while several shallower areas of the aquifer are under anthropogenic influence of varying intensity. 
Groundwater quality in the Zagreb area mostly satisfies the requirements from the Regulation on sanitary 
quality of drinking water (OG 46/94 and 49/97). However, although they generally do not exceed maximum 
allowed concentrations for drinking water, the presence of nitrates, total and mineral oils, highly volatile 
hydrocarbons and bacteriological pollution indicates that degradation of groundwater quality is consequential 
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to anthropogenic influence. In the area of Varaždin aquifer, higher nitrate concentrations were observed in the 
first water-bearing horizon, which is a result of anthropogenic influence, whereas nitrate concentrations in the 
second water-bearing horizon are lower.
Groundwater quality in the analyzed springs in the Littoral area of Croatia and in Lika is of exceptionally 
good quality. All analyzed indicators are below maximum allowed concentrations for drinking water, with 
the exception of microbiological indicators, which, in accordance with the Regulation, can place water into I 
and II classes. Springs in Lika have only occasional problems with bacteriological indicators. Springs in the 
southernmost Istria are in somewhat worse state due to increased nitrate concentrations (higher population 
density, industrially and agriculturally more developed region). Coastal springs occasionally undergo marine 
influences during dry periods and higher abstraction quantities. Dalmatian springs (the Ljuta, Ombla, Opačac, 
Mala Ruda, Jadro, Butina, Prud, Čikola and Zrmanja) have continually strong or weak bacteriological pollution, 
while the Krčić spring has only occasionally increased microbiological indicators. Larger parts of Dalmatian 
spring basins are located in Bosnia-Herzegovina, thus a possible increase in said indicators could originate 
from the neighbouring country.

Pressures. As part of pressure analyses (with regard to legal use, i.e. pressures on groundwater), the following 
analyses were conducted:

Analysis of pressures on groundwater quantity status (abstraction, lowering of water levels and 
irrigation)
Analysis of pressures on groundwater quality (point sources of pollution: industries, discharges from 
wastewater systems, solid waste disposals; diffuse sources of pollution: agriculture (total nitrogen, 
phosphorus and potassium), data on traffic-related pollution.)

Problems with determination of pressures were caused by undefined indicators and not updated data bases.  
Pressure on groundwater quantity status. Status of groundwater quantity in the Black Sea RB is satisfactory. 
There is virtually no regional negative impact on permanent lowering of groundwater levels in aquifers of 
intergranular porosity, with the exception of the western part of the Sava and Central Drava aquifer. However, 
this lowering of groundwater levels is not attributed only to groundwater overexploitation, but also to other 
factors, such as construction of hydropower facilities in Slovenia, regulation of the Sava tributaries and 
torrential flows as well as the regulation of the Sava river bed and gravel exploitation, etc. Negative influence 
on groundwater quantity status in karst aquifers has not been determined to date. 
Pressure on groundwater quality. Data on point sources of pollution were not quite sufficient for a detailed 
analysis. Pressures, in particular point sources of pollution, were identified: industries, discharges from 
wastewater systems and solid waste disposals. Pressure analysis included identification and impact assessment 
of groundwater quality on all accessible monitoring points (abstraction sites, sources, piesometers).
As part of the impact analysis of diffuse sources of pollution, data were used on terrain coverage with agricultural 
surfaces (fields) and their pressure in terms of nitrogen, potassium and phosphorus as products of fertilizer use 
for cultivation of various agricultural crops. The highest quantities of nitrogen, potassium and phosphorus in 
the Black Sea RB are in Hrvatsko zagorje, in the valleys of Ilova and Pakra rivers and in the Požega depression. 
In the Adriatic RB, the quantities of nitrogen, potassium and phosphorus generally do not exceed 0.1 t/ha, with 
the exception of the Littoral area, where these values are slightly exceeded in a few areas. 
Risk assessment. Based on the prepared characterization of GW bodies according to geological and 
hydrogeological characteristics, available data on groundwater quantity status, analysis of point and diffuse 
sources of pollution (pressures, loads) and available data on groundwater quality in individual GW bodies 
(impact), a risk categorisation of GW bodies was made. All isolated GW bodies were divided into four 
categories: at significant risk, probably at significant risk, at no risk and probably at no risk.
At significant risk are those GW bodies in which an actual negative impact on groundwater has been determined 
on the basis of groundwater levels data. In the Black Sea RB, this primarily relates to the Drava right bank 
in the Varaždin area, where nitrate concentrations in the groundwater of the first aquifer doubly higher than 
maximum allowed concentrations for drinking water. This is also true for the Zagreb area, where groundwater 
quality still generally fulfils criteria for drinking water; the indicators, however, i.e. sulfates, chlorides, oils 
and fats, highly volatile hydrocarbons and nitrates indicate a strong anthropogenic influence. In the same area, 
a lowering of groundwater levels has been recorded. In the karst area, the group of GW bodies significantly 
at risk includes two GW bodies in Gorski kotar (Čabranka, Kupica), where the influence of urban wastewater 
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from the surrounding settlements has been observed. In the Adriatic RB, these GW bodies are the Dragonja 
GW body, whose abstraction sites were excluded from the water supply due to bacteriological pollution, the 
Pazinčica river, into which the wastewater system of the town Pazin is discharged prior to its sinking; also the 
wells of Pula due to overexploitation, leading to salinization of water supply structures and/or aquifers. 
The category “probably at significant risk“ relates to GW bodies where negative impact on groundwater quality 
is not very marked, or is not possible to determine on the basis of available data, but is assumed present due 
to significant pressures of land use. In the Black Sea RB, this is the abstraction site Nedelišće, where nitrate 
concentrations in groundwater reflect anthropogenic pollution, whereas in the Adriatic RB these are the GW 
bodies “Central Istria“ and “Raša – right bank“.
GW bodies grouped into “at no risk“ category are mostly related to GW bodies containing unproductive rocks, 
but also GW bodies which comprise of mostly secondary aquifers in which there are no significant pressures 
from land use, and a negative impact on groundwater quality has not been determined. In the Adriatic RB, the 
majority of GW bodies belong to this category. Namely, by considering the pressures on land and groundwater 
quality, it has been determined that groundwater in the Adriatic RB is of relatively good quality. Apart from 
occasionally increased turbidity in karst groundwater, microbiological indicators are also occasionally 
increased, particularly in rainy periods. However, the majority of microbiological indicators show natural 
water status in sampling points, which are generally somewhat downstream of groundwater surfacing. Land 
pressures are relatively low, particularly in the remote hinterland with low population density and no industry. 
The largest settlements are located along the coast, and as such suffer increased pressures, particularly during 
tourist season. 
GW bodies belonging to the “probably at no risk“ category mostly relate to GW bodies where a negative 
impact on groundwater quality could not be determined due to a lack of data, but is considered absent, or 
increased microbiological indicators are present but it is impossible to determine whether they are of natural 
or anthropogenic origin, or the existing land pressure may have influence on deterioration of groundwater 
quality.
GW bodies belonging to the “probably at significant risk“ and “probably at no risk“ require a more accurate 
definition of risks in the future, after sufficient information has been collected for assessment.

Figure 12: Risk assessment map for the Republic of Croatia
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Future activities within the WFd implementation
Future activities within the WFD implementation are the following: further characterization of water bodies for 
which risk of failure to maintain good water status was determined, establishment of adequate monitoring (of 
qualitative and quantitative status of groundwater), determination of indicators of water quality, harmonization 
of the Regulation on water classification with the Regulation on sanitary quality of drinking water, updating 
data bases on point and diffuse sources of pollution, isolation of water bodies intended for present and 
future water supply, isolation of water bodies for which, for justifiable reasons, lower requirements should 
be established. Under way is the preparation of river basin district management plans, analysis of potential 
transboundary aquifers, definition of transboundary water bodies and establishment of bilateral cooperation 
with neighbouring countries for harmonization of data on such aquifers.

Ownership and municipal water services
Public sector fully dominates municipal water service in Croatia today, i.e. all municipal water companies 
are fully owned by local self-government units. All municipal water services are run by public operators: 
municipal companies, municipal institutions and departments of local self-government units. There are 127 
municipal companies working in the field of public water supply, in 127 service areas. 
In terms of public water supply, the current Croatian legislation and practice differentiate between a concession 
on water resource and a concession for service provision. The former is a concession to abstract water for public 
water supply (water concessions), awarded according to the provisions of the Water Act (with central authorities 
as decision makers) and subject to Regulation on awarding concession on waters and public water estate. The 
latter are concessions for provision of public water supply service (operation concessions), awarded according 
to the provisions of the Water Management Financing Act (with local authorities as decision makers), which 
may but does not need to include the financing of construction, or construction itself of water infrastructure 
facilities.  
Water tariff in Croatia is not at the level of economic price and mostly does not even cover full system 
maintenance costs. State and local funds remain, together with loans of domestic and international institutions, 
the main sources of financing of rehabilitation and development of municipal water infrastructure. Some of 
these public funds are included in the water price and some are not. A special problem in the state investment 
policy is posed by polycentric planning and spending of state funds. Apart from Croatian Water, investment 
programmes into water supply, wastewater collection and treatment are co-financed by the Ministry of the Sea, 
Tourism, Transport and Development, Regional Development Fund, Development and Employment Fund and 
Croatian Bank for Reconstruction and Development. 

Structure of water tariff 
“Water tariff“ means monetary amount for a cubic meter of water delivered to the end user, which is in direct 
or indirect connection with protection of its quality or quantity, and with construction and management of 
water infrastructure which enables its use and/or discharge acceptable in terms of  ecological standards.
The price of a cubic meter of water presently includes a minimum of 5 to a maximum of 9 components:

Figure 13: Potential transboundary aquifers
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Table 4  Present water tariff structure
Component Revenue of Legislation Character Revenue type Use Collection rate Consumption 

level
concession 

fee for water 
supply

state budget Water Act mandatory public  
contribution various RC various

municipal 
service price 

for water 
supply

service provider Municipal 
Utilities Act mandatory price

mangement and 
operation of water 

infrastructure
service area service area

municipal 
service price 

for wastewater 
collection

service provider Municipal 
Utilities Act mandatory price

mangement and 
operation of water 

infrastructure
service area service area

municipal 
service price 

for wastewater 
treatment

service provider Municipal 
Utilities Act mandatory price

mangement and 
operation of water 

infrastructure
service area service area

amount for 
construct. & 
(mainten.) 
financing

local  
self-government 

unit

Municipal 
Utilities Act optional public  

contribution

development of 
water infrastructure 
(& mangement and 
operation of water 

infrastructure.)

area of another 
self-govern. 

unit

area of another 
self-govern. 

unit

source 
protection fee

local self-
government 

unit
Water Act optional public  

contribution

protection of water 
resource quality 

and development of 
water infrastructure

area of another 
self-govern. 

unit

area of another 
self-govern. 

unit

water 
protection fee Croatian Water

Water  
Management 
Financing Act

mandatory public  
contribution

protection of water 
resource quality 

and development of 
water infrastructure

RC service area

water use fee Croatian Water
Water  

Management 
Financing Act

mandatory public  
contribution

ensuring of water 
resource quality 

and development of 
water infrastructure

RC service area

VAT state budget VAT Act mandatory public  
contribution various RC various

Although shown separately in the table, the concession fee for water abstraction for water supply is not a visible 
component of water price. It is the obligation of the municipal operator (not the end user), thus is redirected to 
end users through fees for municipal services (items 1-3). Concession fee is a state budget revenue, and since 
it is included in commercial prices, VAT is also included.  A cubic meter of water includes:

items 1 to 3 – prices of municipal services which can also be termed commercial components of the water 
tariff; and 
items 4 to 6 – public contributions (4 mandatory and 2 optional), of which 4 are directly related to water use 
and protection (amount for construction financing, source protection fee, water protection fee and water 
use fee), and 2 do not have at least direct connection (concession fee and VAT), i.e. are non-commercial 
components of the water tariff.

Commercial components of water tariff are prices for municipal services, which are shown separately in the 
Table for each municipal service (water supply, wastewater collection and wastewater treatment), although 
in practice their presentation (separate/single item(s)) depends solely on the provider of municipal service, 
who does not independently form the tariff, but needs the approval of town/municipal authorities of service 
area. Tariffs of municipal services should reflect the actual fixed and variable costs of system maintenance 
(personnel, energy, business operation costs as well as property depreciation). According to the Municipal 
Economy Act, revenues created on the basis of these price items cannot be used for development.
Local self-government units generally have non-economic (tariff policy, which is less a consequence of 
spatial and technical aspects, and more a consequence of differences in indicators of efficiency and cost-
effectiveness). The reasons can primarily be traced to the fact that fragmented, small service areas of municipal 
systems cannot bear fixed and variable system costs, whose development/construction is subisidized by the 
state (through different forms of support) and to the fact that the actual prices are “socially unacceptable“ for 
small, and even larger, communities. In most cases, service prices do not reflect the actual costs, and very often 
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not even the depreciation. Non-economic tariff policy has further consequences as well – the systems are not 
adequately maintained, constructed facilities are damaged or not in use, and become unusable, interventions 
are undertaken only on critical points in the system, operation equipment becomes outdated and multiply 
depreciated,  high water quantities leak into the underground. 
Non-commercial components of water tariff reflect heterogeneous needs. The amount for construction financing 
should reflect the values of water infrastructure development in the areas of individual self-government units, 
or preferably in individual water supply or sanitation service areas, not including the value of funds invested 
by the state into development through water management or other sources of (co)financing. The planned 
amount to be invested in construction financing is determined independently by the representative body of a 
town/municipality. This specific parafiscal fee cannot fulfill the development needs due to:

spatial limitations, i.e. fee is collected only in areas of towns/municipalities which introduced it; there is 
an option to introduce it in the entire service area
social affordability of the fee amount (within water price); development needs of service areas in general 
significantly exceed the potentials of fund generation in the area, in terms of  amounts which are socially 
acceptable for most users 
complicated decision-making mechanism, e.g. in order to introduce this fee to the whole system, it must 
be approved by town/municipal authorities in all units within the service area
VAT is not paid on this fee (public contribution); municipal operators that redirect this fee to the local self-
government unit generally have problems in bridging the gap between investment value incl. VAT and the 
fact that VAT is not paid on a development fee 

Thus the municipal sector has to request state support, generally the funds intended for this purpose, i.e. water 
use fee and water protection fee. 
By novation of the Municipal Economy Act from June 2004, the term “amount for construction financing” 
is changed into “amount for construction maintenance and financing”, which legally enables financing of 
municipal infrastructure operation from budgets of local self-government units. 

Conclusion
Croatia is presently in the negotiation phase to become a full member of the European Union. The screening of 
the Croatian legislation’s harmonisation with the EU aquis in the field of water policy is completed. The deadline 
for the implementation of the EU Water Framework Directive and its daughter directives are determined, and 
the negotiation platform prepared. The Strategy of Water Management, which defines the general status of 
groundwater management in the Republic of Croatia, is pending adoption by the Croatian Parliament.
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Abstract    The biggest part of the territory of Bosnia and Herzegovina belongs to the Black sea basin (75.70%). 
The rest of the territory belongs to the  Adriatic Sea Basin. According  to  the  data   from  2005,  water supply in 
Bosnia and Herzegovina was provided in the ratio 58% from karstic-fissure aquifers, 31% from intergranular 
aquifers and 11% of surface waters. The most important aquifers in the northern Bosnia  are formed in sandy-
gravel deposits of large rivers deep about 50 m, and in the other parts Mesozoic  limestones are most important. 
Significant minimal discharge of karstic springs, and significant specific yield of wells in intergranular type of 
aquifer and good qualitative characteristics make groundwater the resource of essential importance. Water is 
mostly used for human consumption and industry and only a small quantity is used for agriculture, as hydro-
energetic potential, spas, etc. Intensive exploitation of groundwater leads to quantitative pressure. On the 
other hand many point and diffuse sources of pollution make a quality of groundwater worse during the time. 
The activities connected to ICPDR project and adoption of the Law on Water which is in accordance with EU 
WFD should contribute to preservation of needed qualitative and quantitative characteristics of groundwater. 
Sanitary protection of water catchment area, monitoring and adopted laws in the aim of reducing qualitative 
and quantitative pressure are very important steps to future rational using of groundwater. In that sense, 
institutional support in further researches in the area of groundwater is very important.
Keywords  Groundwater; status; aquifer; quantity; quality; pressure

INTROdUCTION
The territory of Bosnia and Herzegovina is located in the area between 42º26’ and 45º15’ northern geographical 
latitude and 15º45’ and 19º41’ eastern geographical longitude. In hydrographical sense, BiH watercourses 
belong to the basins of the Black Sea (the Danube river basin) and the Adriatic Sea. The part of the Danube 
river basin which is in BiH actually is the part of the river sub-basin of Sava river which is, as it was already 
mentioned, per catchment size the second, ane per mean flow the first direct tributary of the Danube river. 
It, per catchment size (38 719 km2), covers 75,7% of the total surface of BiH (51 129 km2) while the rest of  
24,3 % belongs to the Adriatic Sea basin (Figure 1). 

Figure 1: Main basin areas in the territory of BiH
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Figure 2: The basin of tributaries of the Sava river in the territory of  BIH with catchment size larger than 4000 km2

The rivers in the Sava basin with catchment size over 4000 km2 are: the Una, the Sana, the Vrbas, the Bosna, 
the Drina and direct basin of the Sava river (Figure 2). The largest part of Sava basin belongs to the Bosna river 
basin (27%), and the smallest to the Vrbas (16.50%) and the direct basin of the Sava river (14.20%), which 
can be seen in the Figure 3.

Figure 3: The representation of surfaces of basic basin areas in the Black sea basin areas in total territory of BiH

Groundwaters represent the resource of essential importance for whole territory of BiH. As it can be seen in 
the following text, they represent the basis of the system of water supply.
Until present, the hydro-geological delineations of the territory of Bosnia and Herzegovina are based on 
geological-tectonical composition of particular regions. Having in mind the complexity of hydro-geological 
relations in particular parts of the territory of BiH analogous to geo-tectonical zones we can separate four 
hydro-geological regions. These regions would be the following (from north towards south):
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North Bosnian hydro-geological region
Banja Luka-Kladanj-Višegrad hydro-geological region
Central Bosnian hydro-geological region
Region of Herzegovina and South-West Bosnia

The first region in geo-tectonical sense belongs to the Inner Dinarides, the second and the third to Middle 
Dinarides, and the fourth to the zone of the External Dinarides (Figure 4). Within them the most important 
accummulations of groundwater exist in the rocks of:

intergranular porosity,
karstic-fissure porosity.

Within the North Bosnian hydro-geological region the most important accummulations of groundwater are 
formed in the rocks of intergranular porosity, and in the other three in the rocks of karstic-fissure porosity. 
Therefore the water supply of municipalities and cities in the North of BiH is mainly based on vertically drilled 
wells within alluvial sandy-gravely sediment with different content of clay component. In other parts for water 
supply of municipalities and cities are mainly intaked karstic springs of significant minimal capacities, with 
small share of surface water abstractions for the needs of water supply (Banja Luka, Jajce, etc.).

WFd IMPLEMENTATION ACTIVITIES
Bosnia and Herzegovina is not member of EU, but it has an obligation as a candidate country for membership 
in EU conduct the first step in the implementation of Water Frame Directive ( in further tex WFD) and to join 
the part of river sub-basin of the Sava river, which is in the territory of BiH, into integral part of international 
river sub-basin of the Sava river, or the Danube RBD. For this goal and according to the requirements coming 
from the said EU legislation was made the report on conducted activities called «Danube River Basin District-
Part B-Report 2004 - BiH», to which this paper is based to great extent.

1.
2.
3.
4.

•
•

Figure 4: Basic hydro-geological areas in the territory of BiH
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Respecting the requirements of WFD, currently available data and expert judgements, was conducted the 
initial identification of characteristics of groundwater types with abundance higher than 100 l/s, and surface of 
water body larger than 100 km2.
These activities included, according to the Annex II, the identification of the position and boundaries of 
groundwater bodies and also the most important pressures to which the GWB’s are exposed, including the 
quantities of abstracted or artificially recharged waters, and general importance of the area from which the 
groundwaters are recharged.
Preliminary identification of groundwater bodies according to the requirements of WFD was conducted  
based on:

Geological boundaries of water bodies 
Hydrological (hydraulical) boundaries of water bodies 
Entering (in the case of water sinking) and exit points (springs) which control the recharging zone.

In the area of BiH are identified, in total, 22 large groundwater bodies with abundance over 100 l/s, and surface 
larger than 10 km2 as follows:

Eight groundwater bodies in the aquifer of intergranular porosity: Lijevče polje, Prijedorsko polje, Posavina 
I, Posavina II, Semberija, Krekanski bazen, Sprečko polje, Sarajevsko polje.
Fourteen groundwater bodies in the aquiifer of karstic-fissure porosity: Sjeverna Majevica, Devetak-
Romanija-Sjemeč, Jahorina-Ravna planina, Treskavica-Zelengora-Lelija-Maglić, Region Borogovo, 
Region Udrč, Manjača-Vlašić-Čemernica, Grmeč-Srnetica-Vitorog, Unac, Plješevica, Velika Kladuša-
Cazin, Vranica, Igman-Bjelašnica, Stupari.

Their spatial distribution is given in the Figure 5.

•
•
•
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Figure 5: Groundwater bodies identified in the territory of BIH in the international river sub-basin Sava, 
intergranular (green color) and karstic-fissure (blue color)

In continued implementation of the requirements of WFD in the territory of the Republic of Srpska, the 
Directorate for Water of RS in cooperation with the Republic Institute for Geological Research from Zvornik 
conducted the separation of GWB’s with capacity larger than 30 l/s. There was identified 88 GWB’s: 64 of 
karstic-fissure type, 15 of intergranular type and 9 of fissure type (Figure 6). The majority of karstic-fissure 
GWB’s represent basin areas of significant karstic springs with minimal capacity of mostly over 50 l/s, up to 
even 8 m3/s (Plivska vrela). The GWB’s of intergranular type are formed in downstream parts of larger surface 
flows with significant reserves of groundwater (Lijevče polje in the basin of the Vrbas, Prijedorsko polje in the 
basin of the Sana, Semberija and Posavina in direct basin of the Sava river, Sarajevsko and Sprečansko polje in 
the basin of the Bosna). Separated GWB’s in the rocks of fissure porosity are of small practical importance.
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Figure 6: Groundwater bodies in the territory of the Republika of Srpska and Vrbas basin in the territory of 
FBiH in the international river sub-basin Sava with capacity larger than 30 l/s

GENERAL STATUS OF THE GROUNdWATER  RESOURCE

Reserves of groundwater and abstraction of groundwater for the needs of water supply 
According to the available data consumption (with water losses in the system) for the needs of water supply 
of inhabitants in BIH (maximal consumption) was about 15,5 m3/s. The fact is that this quantity was provided 
in proportion 89% from groundwater sources (38% from intergranular aquifer and 51% from karstic-fissure 
aquifer), and the rest of only 11% from open watercourses, points to the conclusion that the pressure on GWB’s 
(excessive pumping) will increease (Figure 7). Momentarily in such situation are the aquifers of groundwater 
of Sarajevsko polje and Novoselije (water supply of Banja Luka) which, due to excessive pumping, recharge 
artficially from open watercourses. The reserves of the groundwater of karstic-fissure area are identified with 
different level of reliability for different basins in the territory of international river sub-basin Sava in the 
territory of BiH. This review is given in the Table 1 and Figure 8.

Figure 7: Relation of abstraction of groundwater from underground (intergranular and karstic-fissure) and 
surface sources
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The data on abstracted water should not be taken for granted. Namely, even in previous Law on Water, as well 
as in the new from 2006, which is harmonized with WFD, the companies that manage the water catchment 
area had the obligation to register daily abstracted quantities of water and deliver data to the Ministry in charge 
for water management. The volume of realized activities on this issue is very modest. Large number of water 
supply systems do not have installed device for automated measurement of abstracted water quantities, so it 
is clear why these data are not reliable. In the previous text was given the presentation of uses of groundwater 
for the needs of inhabitants. 
For irrigation needs within Lijevče polje in three irrigation systems the total installed capacity is 230 l/s. 
For industry there are no data within National Report. A large number of industrial plants after 1992 is not 
in function, one part does not have the continuity in the operations so that, so far, it is not possible to give 
the assessment of groundwater quantities used for these needs. Data on the consumption of inhabitants per 
municipalities and for irrigation needs are given in Tables 2,3,4,5,6,7.

Table 1  Reserves of karstic-fissure aquifer per basins of river sub-basin Sava
Basin Reserves (m3/s) Significant occurences with minimal capacity in m3/s
Drina 11.8 Žepa 1.7, Vrutok 1, Krupica 0.9, Bereg 0.6, Tišča 0.5
Bosna 10.9 Bosna 3,  Plava voda 1.6, Bioštica 0.8, Željeznica 0.65
Vrbas 17.8 Pliva 8, Suvbunar 1, Janj 0.7, Krupica 0.5, Kozica 0.43
Una 28.0 Unac 4, Klokot 3, Dabar 2.3, Krušnica 2.2, Ribnik 2.2
Total 68.5

Figure 8: Percentual share in the reserve of groundwater of karstic-fissure aquifer of particular basins in 
total reserves in the territory of BIH

The review of water consumption for water supply of inhabitants and irrigation needs

Table 2  Drina basin
Municipality Quantity (l/s) Aquifer Note

Vlasenica 25 KF Intake
Milići 22 KF Intake

Zvornik 112 KF + INT 2x2 wells, 2 Intakes
Bijeljina 420 INT 17 wells
Šekovići 15 KF Intake

Han Pijesak 15 KF Intake
Rogatica 20 KF Intake
Višegrad 20 KF Intake

Foča 60 KF Intake
Bratunac 60 KF Intake

Srebrenica 15 KF Intake
Rudo 10 KF Intake

Čajniče 10 KF Intake
Lopare 10 KF Intake
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Table 3  Vrbas basin
Municipality Quantity (l/s) Aquifer Note
Gornji Vakuf 48 KF Intake

Bugojno 75 KF Intake
Donji Vakuf 30 KF Intake

Šipovo 15 KF Intake
Jajce 5 KF Intake

Mrkonjić Grad 20 KF Intake
Kneževo 20 KF Intake

Kotor Varoš 10 KF Intake
Banja Luka Wells

Čelinac 10 KF Intake
Laktaši 82 INT Wells, old and new pumping site
Srbac 60 INT Wells

Table 4  Bosna basin
Municipality Quantity (l/s) Aquifer Note

Modriča 100 INT Wells
Doboj 100+40 INT Wells
Teslić 30 INT Wells

Trnovo 36 KP Intake
Istočno Sarajevo 125 KP Intake

Pale 24+45+32 KP Intake
Sokolac 65 KP Wells
Banovići 73 KP Intake

Breza 41 KP + INT Intake -90% + Wells -10%
Busovača 25 Surface water
Fojnica 19 KP Intake

Fojnica - Bakovići 11 KP Intake
Gračanica 36 KP + INT Wells 60% + Intake 40%
Hadžići 45 KP + INT Wells 23.15% + Intake 76.85%

Ilijaš 60 Surface water
Kakanj 37 INT + KP Wells 31.25% + Intake 6.25%
Kalesija 5 KP Intake
Kiseljak 34,88 INT + KP Wells 23% + Intake 77%
Kreševo 22 KP Intake
Lukavac 10 INT Wells 17% + Surface water
Maglaj 12 INT Wells -44.44% + Surface water

Novi Travnik 36 KP Intake -75.5% + Surface water
Odžak 8 INT Wells
Olovo 15 KP Intake

Sarajevo 2.700 INT+KP Wells 80.36%; Intake -7.69% + Surface water
Tešanj 80 INT Wells 86.4% + Surface water

Travnik 74 KP Intake
Nova Bila 17 INT Wells

Tuzla 736,75 INT + KP Wells 55% + Intake 45%
Usora 2 INT Wells
Vareš 39,83 KP Intake

Visoko 90 INT Wells
Vitez 50 INT + KP Wells 33% + Intake 67%

Zavidovići 130 KP Intake
Zenica 300 KP Intake 60% + Surface water
Žepče 2 KP Intake 12.5% + Surface water

Živince 74 INT + KP Wells 55% i KP 45%
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Table 5  Direct Sava basin
Municipality Quantity (l/s) Aquifer Note

Gradiška 140 INT Wells
Prnjavor 40 Surface water
Derventa 15+35 KP Intake

Brod 45+50 INT Wells
Šamac 43 INT Wells
Brčko 120 INT Wells
Orašje 18 INT Wells

Gradačac 64 Surface water
Srebrenik 33 INT  + KP Wells 10% + Intake 90%

Table 6  Una and Sana basin
Municipality Quantity (l/s) Aquifer Note

Petrovac 4 KP Intake
Ribnik 18 KP Intake
Prijedor 220+45 INT+KP Wells

Novi Grad 90 INT Wells 
Oštra Luka 5 INT Well with horizontal drain
Kostajnica 20 KP 6 Intakes

Kozarka Dubica 95 INT Wells 
Baosanska Krupa 95 INT + KP Wells 94% + Intake -6%

Bihać 350 KP Intake
Bosanski Petrovac 30 KP Intake

Cazin 127 INT + KP Wells 94.6% + Intake 5.4%
Drvar 39 KP Intake
Ključ 43 KP Intake

Sanski Most 80 INT + KP Intake 94.06% +  Wells 5.94% 
Velika Kladuša 90 KP Intake

Table 7  Irrigation systems
Name of irrigation system Irrigated surface (ha) Possible quantity of water abstraction (l/s)

Aleksandrovac 420 68
Nova Topola 1150 102
Topola I i II 430 60

KF - karstic-fissure aquifer
INT - intergranular aquifer

Relations between surface waters and aquifers
Spatious alluvial plains created upon deposition of materials in hypsometric lower parts of the terrain through 
the geological history, in the zones of the decrease of kinetic power of the flow, are significant collectors of 
groundwater in the territory of BIH. In its composition sandy-gravely sediments of different granulation are 
dominant, with smaller or larger share of clayey component, as well as clay lenses. For lythological members 
are characteristical both, vertical and side changes in the composition, and depending on the conditions of 
sedimentation . The most important aquifers of groundwater of Northern Bosnia are formed just in these 
sediments. Significant specific yield of wells, and significant power of self-purification of groundwater within 
these aquifers have the impact to the fact that they represent the basis of the system of water supply of this part 
of BiH. Where we particularly mean on the alluvial sediments of the Sava river, then Vrbas and Drina, but also 
the Bosna and Sana rivers. The aquifers are characterized with good hydraulical connection of groundwater 
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aquifers with the mentioned surface waters, where the correlative dependance of groundwater table with 
surface water level is almost linear. The Sava river has dominant impact to the groundwater regime in the parts 
of aquifer closer to it, while in the other parts the groundwater regime is mainly under dominant impacts of 
the major tributaries of the Sava. Due to that the powerful aquifer of Lijevče polje is under dominant impact 
of  the Vrbas river as its eastern border, and the aquifer of Semberija under dominant impact of the Drina river, 
also as the border on the east. On the possibilities of this aquifer the proof is the capacity of wells drilled for 
the needs of water supply of Bijeljina town, where the wells of Semberija alluvial aquifer for the lowering of 
the table for 2 m give more than 50 l/s. The thickness of sandy-gravely sediments is up to 50 m. Mutual impact 
of the wells in the distance of 100 m is almost irrelevant. Similar situation is within GWB’s Lijevče polje, and 
in other intergranular GWB’s in Northern Bosnia.
The aquifers are mainly with free level (table), and only during high waters the parts closer to the river Sava 
are under pressure.

Physical-Chemical characteristics of groundwater
Water of aquifers formed in the rocks of intergranular porosity. Hydro-chemical characteristics of groundwater 
formed in the rocks of intergranular porosity mainly satisfy the criteria prescribed by the Rulebook on hygienic 
corectness of drinking water. 
Water are dominantly of HCO3-Ca type, but from time to time with significant share of Na and Mg. In particular 
parts of Semberija and Lijevče polje they transfer into waters of chloridne and sulphate type. Mineralization is 
mainly in the range from 400-900 mg/l, and in parts of increased pollution even more than 1000 mg/l (in the 
area of Ostojićevo-Brodac within Semberija first aquifer and up to 1300 mg/l). Significant discharge of faecal 
waters diretcly into underground by numerous well sinks south from the mentioned line signifficantly disturbs 
the quality of groundwater. The value of pH is within limits 6.5-7.8, rarely up to 8.2. The hardness of water is 
slightly increased in the area of Semberija and it is up to 40 ºdH (by the classification of O.A. Alekin very hard 
water). The content of microcomponents is also related to mineralization and it is higher when it is increased. 
There are present Strontium, Barium, Iodine, Brome, Aluminium, Sillicium and Iron, but, as it was previously 
stated, within the limits prescribed by the Rulebook on hygienic correctness of drinking water.

Water of aquifers formed in the rocks of karstic-fissure porosity. Based on the hydro-chemical researches 
of waters of karstic-fissure aquifer so far, it can be stated that descending springs with large changes in 
abundance have the mineralization of 150-300 mg/l and these are mainly HCO3-Ca waters. The springs with 
mineralization of 300-700 mg/l are of HCO3 -SO4 - Ca Mg type, with, for low-mineralized waters, typical 
domination of Ca2+ ione in katione sense. Bacteriological analyses of samples conducted in dry period are 
mainly correct. Different from them, the bacteriological pollution is registered in waters of numerous springs 
during high waters (high discharge) when impacts from the surface are significant. The mentioned problem is 
manly solved by using chlorine, with satisfactory results (in the sense of number of bacteria after the treatment 
and concentration of residual chlorine). One of the important problems of karstic springs intaked for water 
supply of municipalities and cities is the occurance of turbidity in the period of heavy precipitation which in 
some municipalities is leading to significant reductions or completely stopped water supply with good quality 
water. To this problem so far was paid very little attention, so that water supply companies have been facing 
with this problem permanently for several decades.

Pressures to groundwater from point and diffuse source of pollution
Based on the data collected in the period by 2005, the good quality assessment of anthropological impacts to 
groundwater was not possible. The impact of water abstraction to the status of groundwater was assessed as 
irrelevant, since for the majority of identified groundwater bodies the capacity of groundwater abstraction was 
significantly smaller than total assessed abundance of the aquifer (except those mentioned in the text before). 
However, possible future impact of the abstraction of groundwater for some water bodies requires additional 
precise risk assessments. Regarding the assessment of the impact to chemical composition of water, the good 
quality risk assessment requires the establishment of monitoring network for regular monitoring of the quality 
of groundwater, so that the risk assessment can be based only on expert judgement («Danube river basin district 
–Part B-Report 2004 - BiH»). The most significant chemical impacts to groundwater were identified as:

use of natural and artificial fertilizers in agriculture,•
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discharge of wastewater from settlements and industry, as well as wastewater from farms through septic 
pits and well sinks,
wastewater into surface flows from which aquifers are recharging, 
forest exploitation, and
percolated waters from waste dumps (from settlements and industry) which do not meet not even the 
minimal sanitary conditions for waste deposition.

Significant point sources of pollution in international river sub-basin Sava in the territory of BIH can be 
seen in Figure 9. It is clearly visible that zones of highest pressures (concentration of point sources) occurs 
in or close to the cities, especially big cities: Sarajevo, Banja Luka, Tuzla, etc. Depending on the geological 
composition and hydro-geological relations, as well as on the specific features of polluters themselves (type, 
way of discharging, relation of surface water-groundwater, etc.) different impacts to the water in aquifer are 
formed. Above the, so far registered, point sources and their impact to surface waters, there are no significant 
analyses in the sense of impact of particular polluters to groundwater. The exception are water catchment 
area with produced Programs for sanitary protection where within each, logically, is considered the impact of 
particular registered polluters. The biggest danger for the quality characteristics of groundwater, based on the 
experiences so far, are listed in the previous text.
The use of protection means in agriculture result in the increased concentrations of certain components in 
groundwater (NO3, Cl, Ec, etc.). It can be seen in Figures 9 and 10, related to Semberija alluvial aquifer within 
which is conducted the intensive agricultural production. The concentrations of considered components of 
hydro-chemical composition, as well as electrical conductivity, in spring months are increased but not exceeding 
the prescribed criteria given in the Rulebook on hygienic correctness of drinking water. This example can be, 
to certain extent, analogously implemented to the other alluvial aquifers in the territory of BiH.

•

•
•
•

Figure 9: Values of electrical conductivity in groundwater in the first Semberija alluvial aquifer depending 
on the period of the year 

Figure 10: Content of NO3
- and Cl- in groundwater of first Semberija alluvial aquifer depending on the  

period of the year, visible peaks in spring months 
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Figure 11. Significant point sources of pollution in international river sub-basin Sava in the territory of BIH

Faecal waters which are directly, by numerous well sinks, discharged into aquifers represent the significant 
pressure, especially in the area of Semberija. The unsolved issue of watertight sewerage (currently in the 
phase of solving) makes significant pressure to the quality of groundwater. In particular parts, downstream in 
the direction of groundwater flow from the city of Bijeljina towards the Sava so-called the endemic nephritis 
is registered. Adequate works with a topic of connection to the groundwater quality were produced in the 
previous period, but there is no reliable conclusion on the importance of the quality of groundwater for this 
disease. It is the known fact that the increased content of nitrates (NO3

-) is recorded in aquifers bellow larger 
settlements, and that as a final product of oxydation of nitrogen compounds with permanent presence (Figure 
10) points to old pollution or to the permanent source of pollution. 
During modelling researches of this aquifer, within making of the Program of sanitary protection of the spring 
Grmić-Bijeljina, the problem of pollution by faecal water was considered as one of the most important (Figure 12).

Figure 12: Model of pollution transport from non-regulated septic pits near the spring „Grmić“- Bijeljina, 
first Semberija alluvial aquifer, t=360 days
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Wastewater from farms represents the problem which has been present for many years. In the 80’s of the last 
century, the significant problem in the quality of groundwater was the pig-farm near Nova Topola, close to 
Banja Luka, within inetrgranular groundwater body Lijevče polje. Bacteriological pollution was registered for 
longer period of time. 
The said farm now is not operational so it would be interesting to analyse the trend of groundwater quality. 
Slimilar situation is with the cow-farm close to the said location. The current capacity is 1500 heads of stock, 
and it was plenned the increase to 4.000. There are the problems with water quality because in both wells that 
supply water for the farm are registered polluitions.
The territory of BIH in its significant part represents the area where the forest resources are significantly (often 
excessively) exploited. In the zones of recharging of karstic springs this activity causes the increased errosion 
in the basin as unwanted phenomenon, and often it has a direct impact to turbidity of the spring which is causes 
the problem in water supply. These problems have to be legally solved by the Decisions on protection of the 
springs for water supply of municipalities and cities.

The level of protection
The groundwater protection in the territory of whole BIH in general is at very low level. Rare municipalities 
have adopted the Programs of sanitary protection of the water catchment area, or the Decisions, based on 
which the springs are protected by the law from negative quantity-quality impacts. However, it is a personal 
opinion of the authors of this paper that the implementation of program requirements is at the low level, and 
that in most cases the documents exist only as legally necessary paperwork. 
The zones of the sanitary protection of the water catchment area are treated through new Laws on Water, 
adopted at both levels FBIH and RS, and harmonized with WFD. The Bylaws of elementary importance for 
the problem of of the water catchment area protection are the Rulebooks on sanitary protection of springs of 
FBIH and RS which are different to some extent. They are mainly based on the groundwater flow velosity (7, 
90 and 180 days for the zone of direct, narrow and wider protection) with very small review of groundwater 
protection in karst (only one Article in the Rulebook) as a very sensitve problem. 
As the fact of essential importance for of the water catchment area protection in karstic areas is the low 
population density and the absence of industry is surface zones of recharging which to the great extent has 
the impact to good quality status and significantly facilitateing conditions for protection of groundwater.Just 
for illustration, in the Republic of Srpska the rulebook was adopted in 2003 (Official Gazette of RS 07/03), 
and so far only 9, out of the total of 61 municipalities respected this legal obligation, and there are two in the 
basin of the Drina river and seven in the basin of the Una river with the Sana river (Figure 13). So far the 
produced Programs of sanitary protection contain certain sanation measures, adequate prohibitions, as well 
as the proposal of the future quality and quantity monitoring of groundwaters. As the producers of the said 
Programs, we can say that the prescribed monitoring, so far, to the major part was not fulfilled by companies 
that manage the of the water catchment area. Monitoring contains the precise dynamics of quality analyses 
of groundwaters and registration of abstracted quantities, and with respecting of that would be possible to get 
the real picture on the impact of particular factors in the basin area, and due to that to bring the management 
decisions of a good quality.

Figure 13: Review of municipalities with and without adopted Programs of sanitary protection (left) and 
adopted Programs per basins (right) in the territory of RS

The thermal, mineral and thermomineral groundwater in the territory of Bosnia and Herzegovina
Besides drinking water, there are many important occurences of thermal, mineral and thermomineral water in 
the territory of Bosnia and Herzegovina. The basic aquifers of this occurences are connected with deeper, mostly 
Mezosoic layers and surface occurences are conected with the parts with important tectonic disintegration 
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of the rocks. Some occurences are: Ilidza, Gata-Bihac, Gracanica, Seher-Banja Luka, Ljesljani-Novi Grad, 
Teslic, Visegrad, Srebrenica Dvorovi-Bijeljina etc.There are significant differents in level of the researches of 
this type of groundwater.

Reflection to the Regional CARdS project «Pilot river basin plan for the Sava river - Croatia, Bosnia 
and Herzegovina, Serbia and Montenegro« 
Related to the activities of implementation of WFD in BIH, in October 2004 started the realization of EC 
Regional cards project »Pilot river basin plan for the Save river - Croatia, Bosna and Herzegovina and Serbia 
and Montenegro« with a purpose of approximation to the aims of WFD, or the characterization of Pilot basin, 
where in BiH as pilot basin was designated the Vrbas river basin. Within the said Project, the principle of 
defining of groundwater bodies was generally taken over from the document »Identification of Water Bodies« 
(CIS Guidance).
The given project, or its realization can be regarded as the first step out of the following steps with an aim to 
precisely define groundwater bodies, its importance for total development, the risk of achieveing of good status, 
as well as the other requirements of the WFD. For karstic zones the basic criterion for defining groundwater 
bodies is the reliable defining of hydro-geological functions and characteristics of the rock massif in the 
hinterland of stronger spring zones with even flow. The second criterion is the designation of hydro-gelogical 
boundary of the basin and its impact to the increase of the orographic surface of the basin, or to the expansion 
of the zone of impact to the level of pressures to springs which are under the impact of that zone.
There are used the all available data, and especially those on test on tracing of groundwater flows for 
identification of undergournd connections and hydro-geological map in the scale of 1:200,000. One of the 
important criteria is the defining of size (volume) and spatial coverage of groundwater body using in the first 
place the  observed data (hydrographs) of discharging in the spring zones.
The implementation of these criteria so far is only worked-out and provisionally implemented in defining 
of three water bodies: Grmeč-Lunjevača-Srnetica-Vitorog, Manjača-Čemernica-Vlašić and Vranica and one 
groundwater body of intergranular type - Lijevče polje (Figure 14). Initial characterization of karstic-fissure 
and intergranular groundwater bodies in the Vrbas river basin are given in the Tables 8 and 9.

Table 8  Initial characterization of karstic-fissure groundwater bodies in Vrbas river basin
1 2 3 4 5 6 7 8 9 10

Manjača-Čemernica-
Vlašić GGWB Vrbas/Bosna 1.741 K Yes WSPL, IND 1-2 No Good

1 2 3 4 5 6 7 8 9 10
Grmeč- Srnetica-

Klekovača- Lunjevča-
Vitorg

GGWB Vrbas/Una 3.335,8 K Yes WSPL, IND 1-2 No Good

1 2 3 4 5 6 7 8 9 10
Vranica GGWB Vrbas 134,3 K Yes VDS - No Good

Table 9  Initial characterization of intergranular groundwater body Lijevče polje in Vrbas river basin
1 2 3 4 5 6 7 8 9 10

Lijevče polje GGWB Vrbas/Sava 659 I Yes WSPL, AGR, IND, IR 5-15 No Good

The marks in the table from 1 to 10 mean:

1.   Name                  
2.   Groundwater Body/ GWB; Group of GWB’s/GGWB,  
3.   River basin,       
4.   Surface (km2),                
5.   Characterization of the aquifer:                
5a. I - intergranular,      
5b. K - karstic-fissure,                
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6.   Limited Yes/No,          
7.   Main use:     
7.a. WSPL - water supply,                           
7.b. AGR - agriculture,                   
7.c. IR - irrigation,
7.d. IND - industry,
7.e. SPA - balneology,
7.f.  TE - thermal energy,
7.g. O - other,
8.    Cover layer: thickness in m,
9.    Risk: Yes - at risk, No - not at risk,
10.  Current status: Good / Bad

Figure 14: Karstic-fissure (green color) and intergranular (blue color) growndwater bodies in Vrbas river basin
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Abstract    The Sava river alluvion was the only water-supplying resource in Belgrade for decades, until 
1986 (Figure 1). Since 1986, water-supplying resource has become the river Sava, from whose waterflow 
certain quantities of water are being tapped and treated. The water source consists of 100 wells with horizontal 
drains and certain number of vertical tubular wells. The basic water source problems are related to the yield 
decrease. The reasons are colmation of the river bed and well ageing. Recently, impact of ageing and colmation 
of well drains is becoming more and more dominant. The problem of safe city water supply is becoming 
evident, because all the installations are placed on one resource – the Sava River. The problem of the city-water 
source interaction is also evident. The city is making the “pressure” on the source, and the protection zones 
of the source disturb the city. The realization of very extensive study is in progress, which should point to the 
directions and ways to solve these problems. This work shortly presents the Belgrade groundwater source. 
Also, it shortly presents the installation ageing at the Belgrade water source, and directions for solving the 
problem.
Keywords  groundwater source, water source capacity, well water quality, well ageing

Figure 1: Part of the Belgrade water source, a view to the Sava Lake

BELGRAdE GROUNdWATER SOURCE TOdAY
Today, average about 4 m3/s of groundwater is being tapped from alluvial sediments of the Sava River. Up until 
now, 100 wells with horizontal drains have been constructed, which are placed in two well lines along the Sava 
bank (Figure 2). Three groups of tubular wells are constructed in the river coastal area, on the left and right  
bank [1]. Groundwater treatment capacities are around 7 m3/s and equally distributed on both Sava banks. 

Beside groundwater, water is also tapped from the Sava River for water supply and prepare for drinking at 
plants “Makiš 1” (of capacity 2 m3/s) and “Jezero” (of capacity 1 m3/s). Preparations for construction the plant 
“Makiš 2”, with planned capacity of 2 m3/s, are in progress.
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Figure 2: Belgrade groundwater source, average well flow, by sectors

Construction of wells with horizontal drains has begun since the beginning of the 1950’s, when the first well 
of the “Ranney” type were constructed. Enlarged water demand and spreading of the city distribution system 
caused the spreading of the source capacities. Today, Belgrade water source has precisely 100 wells with 
horizontal drains and some 50 vertical wells. Only 4 wells, located at the very upstream source sector, were 
constructed by the method “Preussag”, all others using the “Ranney” procedure.

The tapped groundwater is taken to the three water treatment facilities. Treatment technology encompasses 
aeration, sand filtration and disinfection. Plant capacities are far above the present exploitation quantities. 
Systematic quality monitoring of drinking water confirms its standard appropriate quality.

Hydrogeologic characteristics 
Belgrade source wells are situated in the alluvial plane of the Sava River, and from its sediments they exploit 
groundwater. These sediments, in geologic sense, belong to the Quaternary formations. In the floor of Quaternary 
sediment (below them) there are mostly sandy-marl clays and marls, of Pannonian and Pontian age.

The aquifer consists of gravels, sandy gravels, gravelly sand and that sporadically alternate towards the terrain 
surface. They have inter-granular porosity. Quaternary sediment thickness is up to 25 m. In some locations, 
floor is made of lime stones dating from lower-Cretaceous and Sarmat. In the area of Ostružnica village, 
alluvial aquifer lies over upper-Cretaceous (Ostružnički) flysch.

Sediments of the gravel-sandy series rarely break out on the terrain surface. They are mainly covered with 
clay, clayish, dusty and humus deposits, whose thickness range from 1 to 9 m, mostly between 3 and 5 m. They 
have poor permeability, but can not be considered as isolators. In zones with larger thickness, they provide 
good aquifer protection from pollution from the terrain surface, and also complicate groundwater infiltration 
into the underground.

Hydraulic conductivity values of the water-bearing layer mostly range from 10-3 to 10-5 m/s. Hydraulic 
conductivity value increases with depth, that is, the lowest sediments (sandy gravels and gravels) have the 
highest permeability.

From hydrogeologic aspect, by depth, generally two zones can be isolated (Figure 3):

Lower zone, characterized by the material of coarse-grained composition and favorable filtration 
characteristics, and
Upper zone, with formations of fine-grained composition, poorer filtration characteristics that can be 
considered semi-permeable media in relation to the lower zone.

•

•
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Figure 3: Belgrade water source: lithologic profile along the Sava river bank

In the sediments of lower, coarser porous zone, interbeds and lenses of clay, sandy clays and mud sporadically 
appear which makes this aquifer a complex one. 

In relation to the hydrogeologic terrain composition at the area of Belgrade waterworks source, it can be concluded 
that alluvial Sava river segments are characterized by the occurrence of sudden change of hydrogeologic 
characteristics in relatively small distances. This demands consideration of aquifer characteristics in regional 
(for individual sectors) level, and on the micro-location of every installation (for every well) (Figure 4).

Figure 4: Envelopes of grain-size composition curves in individual source sectors: curves relate to the soil 
samples from deeper sandy-gravel series where drains are placed

Water quality
The Sava River waters, after the river bed and bank filtration, make 85 to 90% of water that is tapped in 
the Belgrade waterworks wells. Monitoring of quality parameters is done by Republic Hydrometeorological 
Service of Serbia on hydraulic stations, placed along the river flow. Analysis encompasses total of 64 quality 
parameters, among which are heavy metals, organic micro-pollutants, mineral oil and total beta activity. The 
number of collected data vary in different groups of examined parameters. Most number of samples is analyzed 
for basic parameters. Smaller number is analyzed for volatile phenols and mineral oils, heavy hard metals and 
pesticides.

Besides, the river Sava water quality is monitored within the program of Health Protection Center –Belgrade, and 
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also in laboratories and the Health control department within the water treatment plant “Makiš”. Groundwater 
quality is monitored at the entrance into groundwater treatment plant and occasionally in some wells.

It was noted that the river Sava water quality improved since the beginning of the big crisis at the area of 
former Yugoslavia (since 1992). This can be explained in the first place with significantly smaller industrial 
production than in the previous period. For example, KMnO4 consumption was for the Sava water, before 
1992 mostly in range from 10 mg/l < KMnO4 < 20 mg/l (Dimkić et al., 1987). For the period after 1992, this 
consumption mainly decreased to 8 mg/l. Also, during 1980s, the river was polluted with mineral oils for longer 
periods and their concentration in the water was significant. It is important to say that in that period maximal 
allowed concentration for mineral oils was not exceeded for drinking water in accumulate well water.

The Sava river water quality preservation surely represents the activity that should be realized in all levels 
(local, state, interstate, European).

Groundwater usage (with treatment) in the Belgrade water-supplying system has certain advantage in relation 
to the river water usage. Namely, raw groundwater usage is more stabile, the concentration of certain harmful 
substances is decreased, which enables the usage of simple technology for groundwater treatment compared 
to the river water treatment.

Besides, water filtration on its way from river into well, changes the water properties in relation to the surface 
flow water properties. The direction of certain reaction depends on surface water characteristics and the state 
of water-bearing complex (general indicators: organic substance load, presence of inorganic components 
as consequence of mineralogical composition, media aerobic condition, and possible presence of different 
compounds due to anthropogenic influence). Generally, Belgrade source groundwater quality is characterized 
by increased total water hardness and moderate organic load, without dangerous and harmful substances and 
with increased presence of iron and manganese.

Positive groundwater quality transformations can be seen in processes of improving and stabilizing their 
quality in relation to the Sava river water quality, concerning temperature, organic substance content, presence 
of some heavy metals and so. Short occurrence of some substances in the Sava water flow do not have any 
influence on quality of groundwater tapped by the well system.

Surface water filtration through the porous media increase the total mineralization and water gains physical 
characteristics of groundwater. Certain deterioration occurs with higher content of iron manganese and 
ammonium. These occurrences are similar to the natural state of the environment and decreased oxygen content 
in underground. Very important positive effect of filtration can be seen in decrease of organic substance content 
in water (expressed through KMnO4 consumption) (Figure 5).

Figure 5: Illustration of purifying properties of porous media – correlation of KMnO4 consumption in the 
Sava river water and water from a well (raw water), average annual values
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Decrease of oxygen content in groundwater is mainly consequence of aquifer mineral composition (presence 
of minerals with two-valent iron). Oxygen content in aquifer is approximately 1.5 mg/l. The medium is often 
semi-aerobic, with local occurrence of anaerobicity and very rarely, aerobicity. The most often is the occurrence 
of semi-aerobic and facultative anaerobic bacteria, which can influence the transformation of Fe2+ into Fe3+ at 
the entrance of well drain and drain colmation.

Better and more stabile groundwater quality enables its cheaper and simpler treatment than surface water, so 
that the ozone and carbon treatments are not applied.

The effect of mitigating temperature fluctuations is very important (Figure 6). Groundwater, received from a well, 
have considerably stable and suitable temperature regime than surface one, and also higher mineralization.

Figure 6: Mean weekly temperatures in the Sava river and wells of the Belgrade waterworks (RB-2, RB-4, 
RB-21, RB-8, RB-2M, RB-18), starting from 19.10. 1981

WATER SOURCE CAPACITY dECREASE
Water source capacity decrease is entirely the consequence of the river water treatment facility construction 
during 1980’s, but also the accompanying phenomena, such as the aquiver recharge decrease from the Sava 
river and the well ageing process.

Figure 7: Basic indicators of construction and exploitation of groundwater source
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In the initial period of exploitation (1956-1965), well used static water reserves. Groundwater levels were high 
and piezometric level sufficient, so that hydraulic losses in drain and contact river-aquifer do not jeopardize 
well yield too much. This period is characterized by very high groundwater levels, but with the initial tendency 
to decrease.

In the second period of exploitation (1965-1986), river bed colmation and well ageing due to drain colmation 
caused a decrease of source yield. In this period, yield decrease of some wells and the source as a whole 
was compensated by construction of new well and physical and chemical drain regenerations. This period is 
characterized by very low groundwater levels at the water source.

The third period (1985-2005) is characterized with insignificant investment in source maintenance and 
development. This was the consequence of big crisis in Serbia during 1990’s and significant lack of capital 
assets. Wells were ageing and deteriorated, and the source yield declined as a whole. Groundwater levels 
returned (see the scheme, Figure 8).

Figure 8: Groundwater level in several time cuts (1964, 1976, 1986 and 1996) at the Belgrade water source 
– cross section of the river (Ada Ciganlija location)

Last couple of years, works on pressing new drains were initiated, although very modestly. Extensive 
investigations and studies are also in progress that should solve the problem of further development of Belgrade 
groundwater source.

WELL AGEING PROBLEM
The main reason for well yield decrease in the last 10 years was insufficient investment into the drain renewal 
and regeneration. But, there are many other factors for well drain ageing and colmation. Generally, they are: 
regional hydrodynamic conditions, aquifer grain-size composition, redox potential, oxygen content in water, 
iron content in water and sediment, biochemical activity, history and drain regeneration manner, well work 
conditions and regime, and others. It is very important to determine the relationship between these factors on 
the field in order to estimate and find the strategy, way and method of the future source development. Today, 
we measure and analyze a number of parameters related to the source capacity and capacity of individual 
wells. The most important are:

The entire source:
 - source capacity measuring and measuring of individual well capacity, groundwater level 
    monitoring in wells and piezometers,
 - regional encompassing of hydrogeologic, hydrodynamic, hydrochemical and biochemical conditions,
 - determining the hydrodynamic relationship between the river and aquifer,
 - determining the source capacity, according to the determined maintenance conditions.

Capacity and ageing of individual wells

The aim is to get as precise as possible parameters of well ageing, and the effects of measures for their 
maintenance.

•

•
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Considering the size (wells are places in line of 50 km along the river bank), it was necessary to zone the 
source. In the first step, zoning was performed on hydrogeological conditions and well capacities in individual 
sectors. In the second phase, these data were supplemented with data on hydrochemical and microbiological 
properties of well water.

The sector selection enabled the selection of representative wells, but their number was 15% from the 
total number. Specific detailed investigations were performed in these wells. Detailed well investigations 
encompassed the following works:

hydrogeologic investigative drillings with sediment analysis, and special stress on considering the present 
minerals that may consume the oxygen,
recording vertical and horizontal drain deviation, with video recording of drain condition,
repeated physical and chemical water analysis from wells and piezometers with “in situ” measurements,
flow measuring of individual drains and total well capacity,
analysis of the deposits taken from the well drains,
various well testings, 
monitoring the effects of new drain installment and drain regeneration.

Data synthesis on aquifer regime is performed by hydrodynamic modeling analysis and calculations. A 
commercial software package (based on final differences) was used to encompass the recharge conditions, and 
a specially developed software (based on final elements) was used for detailed investigations in well zones [7, 
11].

The last one supports three-dimensional flow which is important for condition modeling and the change of 
condition of well drains colmation during exploitation. The software was developed in cooperation with the 
Institute for Water Management “Jaroslav Černi” and Supercomputing department of the Serbian academy of 
science and art in the Faculty of Mechanical Engineering in Kragujevac [8].

The investigations are still in progress and will last two more years. Results gained so far show that the well 
yield increases with:

better conditions for aquifer recharge,
bigger grain size of the aquifer sediments,
higher redox potential,
keeping as much aerobic biochemical conditions in the aquifer as possible,
decreasing the iron content in groundwater,
accurate and timely well maintenance measures, and other.

As an illustration, we present some of the characteristic values for the group of wells on the Sava river left 
bank, between RB-48 and RB-30 (Figure 9). Also, there are monitoring results of a relatively poor well (RB-8) 
and a well with considerable yield and lasting (RB-4).

Figure 9 contains three diagrams with some of the parameters that can shown the mutual causative relationship 
with the well capacity:

hydraulic – well flow and well flow per active drain (A, Figure 9),
hydrogeological – characteristic grain size diameter in the medium (d10, B, Figure 9),
physical – raw water redox potential (water from the well), (B, Figure 9),
chemical – content of dissolved oxygen, two-valent and total iron (C, Figure 9).

It is possible to separate the group of wells with increased yield, with over 100 l/s (wells 21, 22 and 23). These 
wells have increased aquifer grain size, positive redox potential value of the well water, higher content of 
dissolved oxygen, with decreased contend of two-valent and total iron. This indicates towards the reasons for 
long-term yield preservation of individual wells (zones).

•

•
•
•
•
•
•

•
•
•
•
•
•

•
•
•
•
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Figure 9: Some of the parameters for well, tapped media and groundwater, that can indicate the mutual 
causative relationship with the well capacity (d10 – grain diameter that corresponds to the 10% from the  
grain-size composition curve)

The example of RB-8 well can be used to monitor the consequences of well ageing process and decrease of 
Belgrade water source yield. This well was constructed in 1962, with 10 horizontal drains (laterals), with 
average length of 50 m, placed in two levels. The initial yield was about 300 l/s. During the time, its yield 
rapidly decreased (Fig. 10). Several times, up until now, this well was regenerated but with less and less 
success (also, Fig. 10). Finally, in 1999, this well was disconnected from exploitation.
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Figure 10: History of well RB-8 yield and regeneration times, that is, installation of new drains

CASE STUdY OF RB-8 WELL
During 2006, the three new drains were installed using the “Preussag” method. Since then, this well is working 
with these three new drains, while the old ones are closed.

In the period after the installation of new drains, two pumping tests and one control measurement of the flow 
and groundwater level has been performed so far (Figure 11). The first pumping was performed immediately 
after the drain installment (June, 2006), the second one a month after the well was included into the regular 
exploitation (October, 2006) and the control measurement was performed 6 months after the initial well work 
(February, 2007). Fig. 11 shows registered levels in well and the nearest piezometer, and realized flows. Data 
analysis confirmed the well yield decrease, and the increase of local hydraulic losses in drains at the same 
time.

Tests show that the hydraulic loss at the relation piezometer-well drain, for the flow of 40 l/s, was approximately 
1 m, at the beginning of well work. Control measurement show that the piezometric difference between the 
well and piezometer, for the flow of 32 l/s, was more than 2 m after 5 months. Hydraulic losses in drain 
practically doubled its value.

Figure 11: Pumping test at the RB-8 well, after the new drain installation
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If the relative specific well flow is defined as well flow per meter of relative depression, where relative 
depression represents the difference of levels in well and the nearest piezometer, Fig. 12 evidently monitor the 
decrease of specific well flow of RB-8, from the initial 17 l/s/m’, to 9 l/s/m’, for only 6 months of work.

Figure 12: Change of specific well yield of RB-8 from the new drain installation

For the Belgrade groundwater source, in general, decrease of well yield of RB-8 is the consequence of simultaneous 
or successive influence of several dominant parameters, characteristic for the larger part of the source:

Hydrogeological conditions – relatively fine-grained medium, d10 ~ 0.2 mm, with small content of gravel 
fraction.
Exploitation conditions – too large (initial) well yield, with maximal groundwater level drawdown to the 
level of drain openings level.
Microbiological activity – intensification of microbial development and deposit formation of biological 
character, in the first place on the drain material and filter zone.

It is important to say that the conditions of fine-grain size distribution and low redox potential caused relatively 
quick process of well ageing.

Case study of RB-4 well
Well RB-4 is an example of “good” well with large and constant yield since the beginning of its work. This 
well was constructed and connected to the water-supplying system in 1958. During 50 years of exploitation, 
well yield was almost constantly very large (Figure 13). Two periods of intensive yield decrease are identified: 
during 1960’s and 1980’s of the last century, but without significant consequences. Drain regenerations were 
performed in 1988 and 2002.

•

•

•

Figure 13: History of RB-4 yield and regeneration times
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At the end of 2006, devices for continual monitoring of groundwater level were installed on the well and 
chosen piezometers. Monitoring results show that the loss, order of 10 m, appears somewhere between the 
river and piezometers, while local losses on drains (the level difference in piezometers in the zone of drains 
and well)  are about 2 m (Figure 14). Well yield was about 170 l/s, that is, per drain 20 l/s averagely.

Total hydrogeological, hydrochemical and biochemical condition, as well as the well construction, enabled its 
long life.

Figure 14: Measured levels in RB-8 well, accompanying piezometers and the Sava river during 2006

Basic characteristics of the location, size of gravel-sandy sediments where the well drains are places, water 
redox potential and registered presence of total and dissolved iron are presented in Table 1. At the same time 
there are data for RB-8 well.

Table 1  Parallel presentation of basic indicators for the two chosen wells
Well RB-4 RB-8

Characteristic grain diameters from the grain-size distribution curve
d10 (mm) 0.35 0.15
d50 (mm) 4.5 0.4

Redox Em mV 110 -66.7
Fe2+ mg/l 0.02 3.68

Fe, uk mg/l 0.11 5.74

Generally speaking, with the improvement of recharge conditions, higher redox potential and bigger grain-
size distribution, the well has more chances to have higher yield and long life.

dEVELOPMENT dIRECTIONS
Today, Belgrade waterworks is spreading toward connecting the unconnected consumers on its territory, 
connecting the surrounding municipalities, and at the same time adjusting itself to the ever growing industrial 
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needs. This will cause considerable enlargement of groundwater source capacities, bearing in mind capacities 
for surface water treatment, network loss decrease and certain decrease of specific consumption that would 
appear because of the future water price increase [5, 6].

The source would in future renovate by installation of new horizontal drains in well and their occasional 
regeneration. Drains should be installed and regenerated with adequate methods and suitable locations. Also, 
when choosing the location, beside natural terrain characteristics, needs of the city and of the source should 
be taken into consideration, to abate their collision [9]. Water source protection zones will be redefined in 
order to decrease the collision with the city, and at the same time to enable safe and applicable protection 
measures. When defining well regeneration and maintenance measures, ongoing study results will be taken 
into consideration.

It is necessary to construct two new infiltration sources: one on the Sava left bank and the other on the Danube 
left bank (Figure 15). All these works should serve to satisfy the needs of Belgrade and the surrounding towns 
for water, and to decrease safety and rationalization of water supply [3, 5].

Figure 15: Potential infiltration sources for Belgrade water supply: on the Sava left bank and on the Danube 
left bank

Besides, the wider task should always be in consideration: protection of the Sava and Danube rivers protection. 
This task is necessary because of the Belgrade water source and should be accomplished in accordance with 
the Water Framework Directive of the European Union.
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Abstract    Due to low groundwater recharge rates and intensive agricultural land use, elevated nitrate 
concentrations in groundwater are measured in Lower Franconia, Bavaria (Germany). Analysis of cultivation 
practice in this region showed that crops with high nitrogen-surplus were cultivated to a significant extent. By the 
example of a catchment area where drinking water is extracted, an approach for a change in agricultural land use 
was tested. Fields were classified according to soil quality and the type of sub-soil. Measures like conversion of 
arable land into grassland or changes in type of crop that is grown, were adjusted to the local (field) conditions. 
Thus nitrogen surplus could be reduced to half by the extensification of one third of the agricultural land. Due to 
the classification system, the measures are realised in the most cost-effective way as well.
Keywords  Agriculture, extensification, groundwater protection, nitrate, rehabilitation of groundwater quality

INTROdUCTION
The first EU - Water Framework Directive report 2004 (according to Water Framework Directive 2000/60/EC 
(WFD) under Article 5, Annex II and Annex III; first characterisation and analysis of river basin districts) 
identifies problems with the groundwater quality for about 20 % of the area of Bavaria (south eastern province 
of Germany). Groundwater quality is reduced due to an input of nitrates mainly from agricultural land use. 

In Bavaria, 92 % of the drinking water comes from groundwater. Thus good groundwater quality is vital.

The problem of increased nitrate concentrations in groundwater is especially notable in Lower Franconia in 
Northern Bavaria. Groundwater recharge is very low in this area and dilution of nitrate inputs is minimal. In 
recent years many efforts have been taken to improve the groundwater quality in this region. One emphasis 
has been placed on identification and realisation of useful changes in agricultural practice.

In order to guarantee the long-term water supply from regional sources in Lower Franconia, a program called 
“Aktion Grundwasserschutz” (Campaign for Groundwater Protection) was set up. The program consists of 
several parts: expert advice for water suppliers, development of public awareness to good water quality and 
the promotion of sustainable land use in the region.

GENERAL INFORMATION ON THE GROUNdWATER QUALITY ANd THE LANd USE IN 
LOWER FRANCONIA

Geographical information
Lower Franconia is situated between about 49°30’ and 50°30’ north and 9° and 10°30’ east. The main river in 
the region is the “Main”, a tributary to the Rhine river system. 
The climatic properties of Lower Franconia are characterised by a mixture of Atlantic and continental climate.  
Lower Franconia has three main geological units: Buntsandstein, Muschelkalk and Keuper (Table 1).
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Figure 1: Location of Lower Franconia in Bavaria (Germany) and the distribution of its characteristic 
landscapes 

The groundwater recharge rate in Lower Franconia is low. The yearly precipitation of 450 to 720 mm results 
in a groundwater recharge rate of 50 to 100 mm per year. Solid rocks with fissures and partly karstic hollow 
systems are covered with thin layers of soil which have only poor filtration properties. Consequently, bacteria 
and small particles as well as nitrate and pesticides from agricultural land use can even enter deeper groundwater 
layers.

Table 1  Geology and soils in Lower Franconia

Geological unit Maximum  
thickness Rock Type of aquifer Soils

Trias
 
 

Buntsandstein  
(~ sandstone) 500 – 600 m sandstone – mudstone fissures “Braunerde” 

(~ brown soil)

Muschelkalk  
(~ shell limestone) 200 – 250 m

limestone – mudstone  
(+ gypsum, anhydrite, saline 

lenses)
fissures, karst “Rendzina”

Keuper 400 – 500 m
sandstone – mudstone  

(+anhydrite, gypsum, carbonate / 
dolomite deposits)

fissures, karst “Braunerde”

Quaternary Flood plains < 100 m pore system alluvial soil

Groundwater use
87 millions cubic meters water per year are used as drinking water by 1.4 million inhabitants in Lower Franconia. 
Most (95 %) of this water amount is extracted from 746 wells and springs in the region, the remaining 5 % are 
piped from South Bavaria to Lower Franconia. 
For domestic use 122 litres per inhabitant and day are needed (at costs of about 1.6 € (average; maximum  
3.5 €) per m³).

Only 33 % of the extracted groundwater can be used as drinking water without pre-treatment. For 13 % of 
the extracted groundwater the concentration of nitrate exceeds its limit value (50 mg/l) and 50 % has to be 
disinfected. Pesticides are only of local relevance but a great amount of the water has to be filtered due to its 
turbidity.

Nitrate in the groundwater
The main entry paths of nitrate in the groundwater are:

Agricultural use on approx. 40 – 50 % of the surface
Deposition of NOx from the atmosphere on surfaces with vegetation with low nitrogen withdrawal rates: 
forest, hedges, wasteland, etc. on approx. 40% of the surface
Gardens and parks within settlements on approx. 3% of the surface

The waste water in the area is discharged into surface waters after treatment and normally does not enter 
groundwater (with the potential exception of local leakages in sewer systems).

•
•

•
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Agriculture in Lower Franconia
Estimates about the agricultural land use in the area result in (see Figure 2):

approx. 30 % crops with high N-surplus in the crop rotation (red and/or orange)
approx. 30 % spring / summer crops in the cultivation with few intertillage

•
•

Figure 2: Estimated crop rotation in the agricultural area of Lower Franconia

Sugar beets and corn are cultivated predominantly on good soils. Wheat is cultivated on better soils as well. 
The extensive and the other grain are cultivated on soil qualities rather below average. Fallows can be found on 
soils of low quality. The relation between soil quality and the type of crop with its corresponding fertilization 
needs has to be considered when nitrogen balances are calculated.

Livestock farming in Lower Franconia is negligible. For the year 2002 it was about 0.37 cattle units per 
hectare. This results in approximately 30 kg total nitrogen per hectare from manure. However, fertilization by 
manure is not evenly distributed, so that some fields may be over supplied with high quantities. In general, the 
influence of a high organic fertilization from livestock farming on the nitrate concentration in the groundwater 
is considerably smaller than in other regions of Bavaria. 

The agriculture according to the requirements of the free market corresponds to good technical practice, as it 
is prescribed in specialized laws. In order to further lower the nitrate discharge from the agricultural use in the 
region, the distribution of individual crops and the production techniques (cultivation of intermediate crops, 
tillage operation) must be changed. The largest effects due to changes in agricultural practice are expected in 
areas of arable land with poor soil quality and accordingly low yields.
Because the desired changes in cultivation are not consistent with the maximization of profit, additional 
expenditures and/or diminished revenues have to be compensated. 

derivation of parameters for the comparison of agricultural cultivation procedures with respect to the 
nitrate leaching into the groundwater
The effect of technical measures on the reduction of the nitrate leaching cannot be measured directly. Therefore 
parameters like the autumn Nmin content in the soil or the nitrogen balance (difference between N-input and 
N-export) are determined. The results help to compare individual crops and individual cultivation procedures 
concerning their effect on the minimisation of nitrogen surplus. 
Many soil examination results from drinking water protection areas in a neighbour region (with very similar 
soil, sub-soil and climatic conditions) allow an assessment of the nitrate leaching risk potential of individual 
crops (Figure 3). 

Figure 3: average Nmin (year 2000 to 2004) in drinking water protection areas in dependence of the precedent crop 
* winter wheat in Lower Franconia is mainly high quality wheat (for bread) with even higher Nmin
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The autumn Nmin contents are strongly affected by the time which passed between the cultivation and the 
sampling of the soil. Renouncement of autumn cultivation or the cultivation of intermediate crops can further 
minimise the nitrate content in the soil. 

THE PROJECT “WERNTAL” FOR THE REHABILITATION OF GROUNdWATER QUALITY
The Werntal is a small valley in Lower Franconia. Water extraction wells in this region delivered groundwater 
with nitrate concentrations near to or even above the limit value of 50 mg/l. Consequently, the nitrate input into the 
groundwater had and has to be reduced in this area. This has to be reached by groundwater-respecting land use.  
First experimental fields were set up in 2001. A specialist was employed to advise farmers about groundwater-
friendly agricultural practice. 
Marketing of the so produced groundwater-friendly agricultural products was and is another task of the 
project. The consumer can be sure to buy high-quality food and to protect his own ground = drinking water 
at the same time. A successful example for such a product is the “Aktion Grundwasserschutz” (Campaign for 
Groundwater Protection) beer.

The recharge area of the water extraction wells in the Werntal is about 86 km². More than 50 % of this area is 
in agricultural use.
It is well known that modern agriculture is not possible without additional nitrogen input. But when fertilisers 
are distributed at the wrong time or in inappropriate amounts, nutrients cannot be assimilated by plants in 
relevant doses. Surplus nitrogen can diffuse into the atmosphere (e.g. as climatic relevant gas N2O) or can 
infiltrate the groundwater in the form of nitrate. 
The aim of the project was and is to change agricultural practice in the Werntal.

The concept of rehabilitation
In a first step, the geological and pedological situation was studied in order to exactly identify the outline of 
the groundwater recharge area. For every field (land parcel) the soil quality (in form of “soil numbers”) and 
the type of the sub-soil were documented. 
(The “soil number” (“Bodenzahl”) is a measure for the determination of soil fertility in the context of the 
estimation of soil quality. It was created as comparison basis for the fiscal evaluation of all agriculture land 
in Germany. The attainable net production of a soil was set in relation to the most productive black earth soil 
in Germany (in the Magdeburger Börde), whose value was defined to be 100. Soil numbers range from 0 to 
100: sand 0 – 10; sandy loam 11 – 30; clayey loam 31 – 50; loam, partly covered with loess 51 – 70; loam, 
completely covered with loess 71 - 99; loess: 100).
Combining soil quality and sub-soil, a so-called “rehabilitation priority” can be delineated. The table 
of combinations and rehabilitation priority is given in Table 2. Fields / land parcels were classified into 4 
categories. Category I indicates: for this field changes in agricultural practice are necessary and most effective, 
whereas category IV denotes the other extreme (least need of action).

Table 2  Classification system for rehabilitation categories: I = very high, II = high, III = medium, IV = low

 
Quality of soil [soil number]

<35 35 - 60 >60

sub-soil

mm  
mittlere Muschelkalk I II III

mo 
oberer Muschelkalk II III IV

ku, mu 
unterer Keuper, unterer Muschelkalk IV IV IV

Geological and pedological data were incorporated in a geographic information system (GIS). Thus the 
rehabilitation priority for every field could be visualised. The GIS analysis of the data resulted in an exact 
outline for the program of measures. 
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Figure 4: Distribution of rehabilitation priority (percentage of surface area of land in agricultural use)

Measures and agreements in the Werntal project
The following strategies were realised:

setting-up of guidelines for groundwater-respective land use
advice for farmers by specialists in agricultural practice
financial compensation for farmers;  
the realisation of groundwater-friendly agricultural practice is financed by the water supplier (the farmers are 
compensated for additional work / less harvest – the water supplier has less investment for water treatment)
marketing of products which were produced by groundwater-friendly methods

Water suppliers and farmers sign “cooperation contracts”. 
The following measures are realised – partly depending on the nitrate leaching potential i.e. the category of 
classification.

measurement of soil nitrogen content in every field / every land parcel
conversion of fields into constant fallow (for very unfavourable fields – category I)
conversion from arable land into grassland (e.g. for category II) 
(grassland and pastures are the best protection against infiltration of pollutants into the groundwater; the 
conversion of arable land into grassland helps to minimise the nitrate problem and is one of the main 
tasks in the project)
implementation of extensive crop rotation 
- brewery wheat, spelt, winter barley for brewery, rye, summer barley, oat  
- sunflowers, colza (every 5th year), flax, hemp, millet 
(grain for brewery use, for example, has to be very sparsely fertilised in order to get a good quality of 
malt; thus the cultivation of these grain results in less nitrogen-surplus which can be transported into the 
groundwater)
intertillage 
(if the soil is covered in autumn and winter, less nitrate is leached)

First results of the Werntal project
Corresponding to the results of the classification of the catchment area into rehabilitation categories, four 
years after the beginning of the project about one third of the cultivated area was extensified (see figure 4 – 29 
% of arable land in rehabilitation categories I and II). 
The first cultivation period of the project was realised in 2002. The project started with 24 farmers participating 
in groundwater-friendly land use practice on 2.3 km² of farm land. In 2005 already 50 farmers participated on 
10 km². The project is going on and additional farmers and additional areas are integrated.

The results for 2005 were (Figure 5):
2.5 km² were converted to constant fallow
0.1 km² were converted from arable land into grassland
7 km² were cultivated due to regulations for extensive crop rotation
0.35 km² were under intertillage

•
•
•

•

•
•
•

•

•

•
•
•
•

Results of the GIS analysis showed that about one third of the cultivated fields in the catchment area have 
a very high or high rehabilitation priority (Figure 4), i.e. on these fields changes in the agricultural practice 
would be most effective. 
Consequently the realisation of measures was planned for these fields and compensation was offered for 
changes in cultivation on these land parcels.
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Figure 5: Extensification on 1,027 ha in the Werntal in the year 2005

Experiences from Werntal project show that nitrogen surplus can be reduced to half by extensification 
(promotion of intertillage, fallows, renouncement of bread wheat and restriction of winter colza). 
Due to the classification of fields, the measures are realised in the most effective way possible. Measures on 
fields with higher relevance (e.g. category I or II) are always financed prior to measures on fields with lower 
relevance. Since financial compensation for certain measures is only given for the most effective measure for 
the respective field, the project is very cost-effective. 

As groundwater recharge rates are low and flow times to the extraction wells are some years, a decrease in 
the nitrate concentration of the extracted groundwater is only beginning to show. But the measurements of 
soil nitrogen contents document the effect of the measures taken. Groundwater remediation measures always 
have to be planned on a long-time base, but with the approach taken, notable results can be expected within 
the next years. 

The results expected for the Werntal project are even better, but the realisation of single measures in order to 
improve the nitrogen input situation in areas similar to the Werntal - situated in Lower Franconia as well - have 
already shown notable results:

Conversion of fields with high nitrogen leachate potential to constant fallow in Greussenheim (Figure 6a)
Expert advice on fertilisation planning and implementation of intertillage in Oberwaldbehrungen (Figure 6b)
Combination of conversion of fields to constant fallow and extensification in Bastheim (Figure 6c)

•
•
•

Figure 6c: Example for reduction of nitrate concentrations in groundwater due to combination of conversion 
of fields to constant fallow and extensification

Figure 6a: Example for reduction of nitrate concentrations in groundwater due to conversion of fields with 
high nitrogen leachate potential to constant fallow

Figure 6b: Example for reduction of nitrate concentrations in groundwater due to expert advice on 
fertilisation planning and implementation of intertillage



157

In general, for the conditions described for Lower Franconia, a decline in nitrate concentrations in the 
groundwater due to changes in agricultural practice of at least 5 to 10 mg/l nitrate can be expected. 

OUTLOOK
In addition to a change in agricultural land use, the public awareness about the importance of groundwater 
protection shall be improved.
The acceptance of groundwater-friendly products by the consumer is of vital importance. As the demand on 
regional, sustainable agricultural products grows, the realisation of groundwater-friendly agricultural practice 
can be financed for an increasing percentage of agricultural land.

Currently one main focus of the “Aktion Grundwasserschutz”, where the “Werntal Projekt” is part of, is 
information management. This is mainly realised by educating children and young people, e.g. in the so-called 
“Water School”.

The “Aktion Grundwasserschutz” is one of the official German projects 2006 / 2007 of the German National 
Committee for the realisation of the United Nations Decade (2005- 2014) “Education for Sustainable 
Development”. 

Links
www.aktiongrundwasserschutz.de
www.regierung.unterfranken.bayern.de
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First Full Scale Advanced Oxidation Treatment Plant for Groundwater in 
Austria

M. Werderitsch*
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Abstract    Vienna Waterworks installed a new innovative treatment plant in Waterworks Moosbrunn to improve 
the safety and reliability of the water supply system in case of failure or necessary repairs on either of the two spring 
water supply mains or during times of increased drinking water demand. The abstracted raw water is groundwater, 
which is contaminated by chlorinated hydrocarbons, such as tetrachloroethene and trichloroethene. Different 
treatment possibilities were evaluated before the project started. One of the most suitable processes was the 
combined use of ozone and hydrogen peroxide (advanced oxidation process). This innovative process is installed 
for the first time on a full-scale basis and with a daily capacity of 64.000 m³/d it also is the biggest treatment plant 
in Austria. The treatment plant has been running to the complete satisfaction of Vienna Waterworks since start-up. 
Keywords  Advanced Oxidation, Groundwater, Hydrogen Peroxide, Ozone, Tetrachloroethene, Treatment

INTROdUCTION
Vienna Waterworks usually supplies its customers with the best spring water from the mountains. Some 
400,000 m³/d is required to supply the city of Vienna, met entirely from 32 springs abstracting to two big 
spring water supply mains, each of which takes half of the total amount of water put into supply. Other water 
sources are, however, needed in case of failure or necessary repairs on either of the two spring water supply 
mains or during times of increased water demand, such as hot, dry summer days. 

In the 1870´s the construction of the water supply system for Vienna was started. These two spring water 
supply mains are in operation since this time without any general rehabilitation. Therefore, Vienna Waterworks 
follow the all-over-strategy of the ability to substitute one of these two spring water mains with other water 
sources. One part of these alternative water sources is Waterworks Moosbrunn.

Methods
Two big horizontal wells abstract groundwater in this waterworks. The water contaminated by chlorinated 
hydrocarbons, such as tetrachloroethene and trichloroethene. The concentration level in each well is different. 
In horizontal well number 1 the concentration is in the range of 25 - 30 µg/l, in well number 2 the level is in 
the range of 7 – 10 µg/l. In both wells a rising trend has been observed since years (Figure 1). The Austrian 
drinking water regulation requires 10 µg/l for the sum of tetrachloroethene and trichloroethene.

Figure 1: Concentration of chlorinated hydrocarbons in horizontal well 1 (left side) and horizontal well 2 (right side) 
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Three treatment processes were evaluated; the adsorption on activated carbon grains, desorption in stripping 
columns and oxidation by an advanced oxidation process. The basic operation principle of the Waterworks 
Moosbrunn should be the use as a stand-by-treatment plant in case of failure or necessary repairs on either of 
the two spring water supply mains and in times of increased water demand. According to this operation mode 
the adsorption on activated carbon is not feasible out of the risk of microbiological growth on the surface of 
the activated carbon grains. Oxidation and desorption processes are chemical and physical processes, which 
can be started and stopped immediately without any risk of a microbiological growth within the system. The 
evaluation of the two preferred processes shows an advantage of the oxidation processes from the economical 
point of view. According to the cost estimation the investment and operation costs are less with the oxidation 
process. Different advanced oxidation processes are applicable. The combined use of ozone and hydrogen 
peroxide is the most advantageous process for this purpose (Figure 2).

The selected advanced oxidation process is not very common in Austria. For optimisation the Vienna 
Waterworks carried out for a half-year period a pilot test. The pilot plant has a throughput of about 10 l/s and 
the possible dosing rates of ozone (O3) were in the range of 1 - 5 mg/l. The tested ratios of hydrogen peroxide 
(H2O2) to ozone were between 0 – 2 g/g. 

Figure 2: Flow scheme of the treatment plant in Waterworks Moosbrunn

The measuring of the oxidants was carried out by the KJ-method, the DPD-method, the indigo – method and 
by measuring the UV-absorbance at 254 nm. The Institute of Environmental Medicine of the City of Vienna 
detected the content of chlorinated hydrocarbons. UV-absorbance at 254 nm and the DOC in the laboratory of 
the Vienna Waterworks measured the content of organic substances. 

Results of pilot tests
The pilot tests show tetrachloroethene and trichloroethene high degradation rates of 90 % and higher. One of 
the most important objects of these tests was the significant removal of tetrachloroethene beneath the legal 
limit of 10 µg/l, which was achieved by a degradation rate of 80% with a high safety. Treatment efficiency 
was determined as a function of ozone dosing rate, ozone concentration in gas solution, the contact time and 
the ratio of hydrogen peroxide (H2O2) to ozone (O3). The influence of the ozone-dosing rate is high. The 
optimal dosing rate of ozone is 2.5 mg/l. Minimizing the residual ozone concentration has also been taken into 
account, while finding the optimal treatment conditions for oxidation of the present chlorinated hydrocarbons. 
In the pilot test the optimal ratio between ozone and hydrogen peroxide was 0.7 g H2O2/g O3.

Bromide is also found in the Moosbrunn groundwater. Due to the bromide concentration of about 27 µg/l 
in this groundwater, the formation of bromate by oxidation is possible. Increasing the hydrogen peroxide 
dosing rate and restricting the contact time have restricted the bromate formation. Experiments showed that 
the transformation of already formed bromate into bromide by adding sodium thiosulfate was an additional 
possibility to reduce the bromate concentration beneath the guideline value of 10 µg/l. For the full-scale 
treatment plant the dosing of sodium thiosulfate was not planed, because optimal dosing of the oxidants would 
restrict bromate formation. Trihalomethane formation as a byproduct of the oxidation process has not been 
observed. 
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One relevant aspect of oxidation processes is the possible formation of metabolites from any contaminants. In 
the pilot tests no metabolite formation was observed. Additionally analysis with the Ames test, the Tradescantia 
/ micronucleus assay and the primary rat hepatocyte micronucleus assay were done. In these investigations no 
mutagenic or gentoxic variation of the water was observed by the oxidation process. 
Measurements for the disinfection effect showed a high inactivation efficiency of this process. A high 
inactivation rate was observed for the test organisms’ bakteriophages PHIX 174, MS2, PRD-1 and E.Coli. 
The combined use of ozone and hydrogen peroxide has almost no inactivation efficiency to Bacillus Subtilis 
spores, which are hygienic unobjectionable. Finally measurements of the regrowth potential of the water 
before and after the treatment showed no significant change. This result was very important, because in the 
concept for the full-scale plant a post treatment for degradation of biodegradable organic substances like a 
biological activated carbon filter was not necessary.

Measurements of the extinction showed the possibility of a reliable process control option for the efficiency 
of the advanced oxidation process. The extinction at the wavelength of 254 nm seems to be optimal, because 
ozone has an absorption maximum at this wavelength and hydrogen peroxide not. The developed process 
control allows a permanent observation of the correct dosing rates of both oxidants. Slight variation causes 
immediately an alarm. 

Realisation of the Project
With the successful pilot tests, Vienna Waterworks obtained the key operational conditions needed to optimise 
the treatment works. Planning of the treatment plant itself began after authorities granted permission of the work. 
Construction took from December 2002 to December 2004, with testing from March to September 2005. The 
throughput of the plant is 64,000 m³/d, and it has two lines to ensure a considerable degree of redundancy. The 
hydraulic retention time in the ozone – hydrogen peroxide reactors is a minimum of 10 minutes. One relevant 
aspect when constructing the reactors was the potential corrosiveness of ozone. To protect the reinforcement 
the surfaces of the reactors were faced with textile-covered plates to achieve a plane and smooth surface with 
no bubbles. 

The treatment plant is fully automatic, which means a redundant control system is required for oxidant 
dosing. In addition, as a result of the pilot test a permanent process control system was installed based on the 
monitoring UV – absorbance at the wavelength of 254 nm. Since start-up, the treatment plant has been running 
to the complete satisfaction of Vienna Waterworks.
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Application of Horizontal Collector Well Technology for Riverbank 
Filtration
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Abstract    Horizontal Collector Wells can be used in riverbank filtration systems to lower the water table and 
induce surface water to infiltrate into adjacent alluvial deposits and replace the water pumped from the wells. 
These systems are most effective where alluvial aquifer deposits (aquifers) adjacent to a river or stream are 
hydraulically connected with the surface water source. Phased, multi-tasked investigations can be structured to 
collect pertinent data to evaluate yield, quality, and ultimately the design of riverbank filtration (RBF) systems. 
Horizontal Collector Wells can be used in riverbank filtration systems where project objectives require visual 
appeal, security, and flood protection efficacy that are not readily met by vertical well systems.
Keywords  Horizontal Collector Wells; Riverbank Filtration

INTROdUCTION
The process of riverbank/riverbed filtration (RBF) has been in use since the 1870’s in Europe to pre-filter raw 
water supplies for use as drinking water and for other purposes. Riverbank filtration can be used effectively 
where alluvial aquifer deposits (aquifers) adjacent to a river or stream are hydraulically connected with the 
surface water source. RBF occurs when a well or gallery is pumped, lowering the water table and the hydraulic 
gradients are reversed so that surface water is induced to infiltrate into the alluvial deposits to replace the 
water pumped from the well. This process is effective at removing turbidity (suspended particulates) and 
microorganisms from the surface water as it infiltrates into the aquifer and migrates toward the well screens, 
as illustrated in Figure 1.

Figure 1: Well systems develop capacity through induced infiltration (Ray, 2002)
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This paper provides an overview of procedures for siting and designing RBF systems, emphasizing the 
construction and operation of horizontal collector wells (HCW).

HISTORY
HCWs have been used successfully since about 1940 in the USA to take advantage of RBF to develop large 
industrial and potable water supplies. They have also been used extensively in Europe, including along with 
Danube River at a number of locations in Austria and for the City of Belgrade. Leo Ranney developed the 
original concept in the 1920’s for the recovery of shallow oil.  In the 1930’s, he adapted the process for water 
and installed the first horizontal collector well in London, England in 1933.
Horizontal collector wells consist of a vertical reinforced concrete caisson that acts as the wet well pumping 
station that is sunk into the aquifer deposits. Well screens are then hydraulically projected out into the aquifer 
(ground water) or into alluvial deposits adjacent to and underneath a river or stream (riverbank filtration). 
Within the last 15 years, interest in HCWs has increased in the USA, as the advantages of RBF have become 
better understood. 

INVESTIGATIVE  APPROACH 
Phased, multi-tasked investigations can be structured to collect pertinent data to evaluate yield and quality, 
and ultimately to design the riverbank filtration (RBF) systems. A riverbank filtration system is designed to 
infiltrate water from the adjacent surface water source, using the natural streambed and riverbank deposits 
to naturally filter out suspended materials from the source water. The first, obvious, requirement is that the 
facilities be placed in close proximity to a source of recharge, such as a river. During the feasibility and siting 
stages of a project, a number of criteria must be considered, including:

availability of water from a surface water source that can recharge the aquifer
an efficient hydraulic interconnection between the river and the aquifer
suitable aquifer, capable of developing and conveying infiltrated water to the well
suitable water quality in the aquifer and source surface water
sustainable flow in the river for the anticipated withdrawal rates

In general studies can be comprised of four (4) phases, which include:
Phase1 – Site Reconnaissance/Existing Data
Phase 2 – Test drilling
Phase 3 – Aquifer Testing 
Phase 4 – Design/Reporting

The initial phase should define project objectives (yield, quality, water use), identify project concerns (treatment 
and regulatory issues) and collect available data for preliminary hydrogeological screening/feasibility. If 
the initial phase indicates a reasonable probability that potential favorable conditions exist given project 
objectives, then subsequent phases can be designed to collect site-specific data for comprehensive analysis. 
Subsequent phases should include test drilling, hydraulic interval testing, water quality screening, streambed 
characterization, water level monitoring and detailed aquifer and water quality testing. The key parameters to 
any riverbank filtration evaluation are aquifer transmissivity and streambed permeability. A good understanding 
of these parameters along with the hydrogeological setting will result in the proper evaluation of expected yield 
and quality of a RBF system and allow thorough evaluation of potential means of development. Understanding 
the ability of the aquifer to provide sufficient riverbank filtration to recharge water pumped from a RBF system 
is key to ensure that long-term capacities can be sustained, and that target water quality can be maintained 
through a balance of infiltrated surface water and groundwater.

Phase 1 Investigations
Once the project objectives have been adequately defined, existing data that pertain to the hydrogeology and 
hydrology of the region of interest should be collected, assimilated and assessed. This research should focus 
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on the feasibility of developing the required capacity from unconsolidated deposits. Information collected 
for evaluation would include well logs, bridge boring logs, steam flow, gradients and quality data, records 
of production wells for other water utilities in the region, reports on file with national, regional, or local 
agencies, and other information that pertains to the hydrogeological setting of the area. Additionally, sites that 
are identified as potentially favorable should be visited and inspected. Phase 1 findings should include the 
following:

Listings of the available data reviewed and other resources used;
Discussions of the data and the results of any preliminary analyses that were possible with the confidence 
level of data obtained;
Identification of areas that appear to have favorable potential for testing;
Preliminary rankings of prospective sites, with a discussion of relative advantages and disadvantages for 
siting;
Evaluations regarding the water quality that may be expected from a RBF system located in this area, 
considering depth, proximity to the river, other regional water quality problems experienced and local 
features that may impact quality, etc.
Assessment of permits that may be required for installation and withdrawal using a RBF system; 
Descriptions and budgets for the work procedures recommended to be completed in subsequent phases.

Phase 2 Investigations
Phase 2 tasks would include drilling, sampling and testing exploratory borings/observation wells at sites 
identified in Phase 1. Given logistics and site layouts, surface geophysical surveys (seismic, electrical resistivity, 
electromagnetic) could precede actual drilling. Geophysical surveys can be helpful in preliminary screening 
activities. These sites would be selected based upon access (land ownership, permission, etc.) and the potential 
for favorable saturated aquifer thicknesses near the river. The primary objective of this Phase is to locate the 
most favorable site(s) for detailed aquifer testing (Phase 3) and the collection of data for hydraulic and quality 
evaluations for site ranking.
Selection of appropriate drilling and sampling methods are imperative during this phase. Drilling methods 
should consider:

Representative soil samples
Expected drilling conditions (materials, depths)
Rate of advancement (timely drilling)
Cost-effectiveness
Potential for hydraulic testing and water quality sampling
Site access conditions
Monitoring well installation

Potential drilling/sampling methods include:
Hollow stem auger with split spoon sampling
Cable tool with bailed samples
Direct rotary with wash and split spoon sampling
Rotosonic with dual-tube continuous sampling
Reverse rotary with wash samples 

 
Sieve analyses should be performed on selected lithologic samples collected from the test borings to evaluate 
grain size distribution and hydraulic conductivity and to determine optimum well screen design (natural or 
gravel packed). Hydraulic interval testing can also conducted on the test borings to determine the hydraulic 
conductivity of the selected intervals and evaluate groundwater quality.
Following the collection of all field data, the data are compiled and analyzed to determine the most favorable 
locations for detailed aquifer testing (Phase 3). This determination is based upon saturated thicknesses, 
hydraulic conductivities and logistics.  From Phase 2 results, it can be determined with a reasonable degree of 
certainty that one or more of the sites tested is capable of yielding the desired quantity of water.

•
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Phase 3 Investigations
At the completion of Phase 2, if results are favorable, a site (or sites) for detailed aquifer testing is selected. Phase 
3 studies generally include the installation of additional observation wells for sampling subsurface materials, 
monitoring water levels and conducting a detailed aquifer test along with a test pumping well. Additionally, 
evaluation of streambed conditions (width, depth, permeability) is generally conducted during this phase.
The observation wells are positioned in a pattern around the test pumping well at appropriate locations and 
distances selected to facilitate data analysis with emphasis on RBF.  Following installation of the observation 
wells, a temporary test pumping well is installed.  It is important that the test pumping well be constructed to 
produce enough water to adequately stress the aquifer.  Well points can be installed in the river (conditions 
permitting) to further evaluate streambed permeability.
Monitoring of water levels in the wells and river should be conducted prior to any pumping to evaluate 
antecedent trends and correlation of stream level and groundwater levels, with levels converted to elevation 
datum for analysis.  Following collection of background water levels, a long-term (2 to 10 days) constant rate 
test is conducted.  A general guideline is to run the test 24 hours after steady state conditions are reached.  At 
the conclusion of the test, the pumping is discontinued and the recovery of water levels monitored until at 
least 90% recovery is obtained in the observation wells.  During the test, samples of the water pumped (and 
river) can be obtained for laboratory analyses.  Additionally, the pump discharge should be monitored every 
6 to 12 hours and river quality every 24 hours for field screening of temperature, pH, iron, hardness, turbidity 
and specific conductance.

Phase 4 design/Reporting
All data from Phase 3 are analyzed to determine aquifer properties, streambed permeability, aquifer character, 
yield, anticipated quality and conceptual RBF system design. Yield estimates should consider the impacts of 
river stage/flow and water temperature variations. Based upon the results, the preferred location of a RBF 
system can be recommended based upon an evaluation of benefits and drawbacks, including refinements in 
design of lateral depth, orientation, and length. Phase 3 testing may also identify additional testing which may 
be necessary to finalize design.
Because the well screens are installed horizontally, they can be placed toward the base of the aquifer and 
beneath the riverbed. This allows more of the available drawdown to be used, resulting in high well capacities, 
which typically means that fewer wells are needed to meet project yields. These wells can be completed above 
grade to avoid flood elevations, completed at grade for simplicity, or even completed below grade to minimize 
visual impacts. Collector wells have been installed to produce yields ranging from 70 US gallons per minute 
(380,000 liters per day) to over 55 million US gallons per day (208 million liters per day) from a single unit 
at sites across the USA. Where the geology is favorable, collector wells can be an effective alternative for 
developing water supplies for municipal and industrial uses.

HORIZONTAL COLLECTOR WELL CONSTRUCTION 
A horizontal collector, also referred to as a radial collector well, differs from a vertical well in that the well 
screen is installed horizontally into the aquifer formation from a central reinforced concrete caisson that serves 
as the wet well pumping station. These wells are constructed by sinking sections of reinforced concrete (called 
lifts) into the aquifer adjacent to the river until the lower portion of the caisson reaches the design elevation 
for installing the well screen. Individual lengths of well screens are then projected out into the aquifer in a 
variety of patterns near the base of the alluvial aquifer or at another pre-selected horizon within the aquifer.  
Where riverbank filtration is desired, the pattern of lateral well screens is predominantly beneath the river.   
This allows the “pumping center” for the collector well to be shifted closer to the river, usually in an attempt 
to increase the percentage of river water that is infiltrated into the aquifer. This design capability usually 
permits the highest percentage of river water to be achieved in a riverbank setting. The ability to install the 
well screens horizontally in the aquifer permits longer lengths of well screen to be installed at each individual 
pumping location and maximizing the yield possible from each well site. It is common for a collector well to 
produce a yield equivalent to multiple vertical wells (4 to 10) from the same well site. A general schematic of 
a typical collector well is shown in Figure 2. 
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Figure 2: Typical components of a radial collector well. (Ray, et al. 2002)

In general the reinforced concrete caisson (10 to 20 feet (3 to 6 m) inside diameter) using standard open-end 
caisson sinking techniques, where the sections (lifts) of the caisson are formed and poured at or near grade, 
the concrete forms are removed, and the caisson structure is then sunk by excavating soil and aquifer materials 
from within the caisson. As the top of each lift is sunk to near grade elevation, successive sections of the 
caisson are formed and poured after the reinforcing steel is tied into the previous section. With this method, 
the caisson can be installed without any dewatering.
The holes in the caisson wall where the port assemblies will be installed are cast into the first or second section 
(lift) of the caisson to be poured. The sinking process is continued until the porthole elevations have reached 
their design elevation for projection of the laterals.
Once the caisson is sunk to its intended depth, a bottom sealing plug is poured in the base of the concrete 
(caisson) shaft to seal off the inflow of water into the caisson, and permit the caisson to be dewatered so that 
the lateral screens can be projected. The number, individual length, size, material and pattern of lateral screens 
are determined based upon yield, quality and hydrogeological considerations. There are a number of options 
for lateral installation and construction. These include: 

Solid pipe projection/pull back method
Designs with an artificial gravel-pack filter around the well screens if formation deposits are excessively fine;
Older method of screen projection, which involved projecting perforated pipe screen sections;
Drilled-in methods of screen installation to accommodate boulder-dominant aquifer formations;

Laterals ranging in diameter from 4 to 16 inches (100 to 400 mm) and individual lengths exceeding 330 
feet (100 m) have been installed using the above methods. The solid pipe projection/pull back method was 
developed in Europe and has been utilized for the vast majority of HCWs installed in the USA over the last 
15 years. In this method of installation, a solid projection pipe is hydraulically jacked into the aquifer and 
formation samples are collected and analyzed for grain-size distribution. This data is used to size the slot 
openings for the well screen so that the screens can be custom-matched to expected formation materials. 
This method also allows for installation of laterals of various designs and materials, including stainless steel, 
fiberglass, and plastic.
Once the lateral screens are in place, the well screens and surrounding formation are fully developed to 
optimize the well efficiency by removing fine sand and silt particles from the formation materials. Methods 
for development isolate selected section of each lateral and include high pressure jetting and surging methods. 
After the well screens are installed and are developed, detailed performance pumping tests are conducted to 
evaluate yield, quality and conformance to specifications.

•
•
•
•
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HCWs can be completed (pump house, pumping equipment, controls, electrical) to easily meet the objectives 
of the site/facility.  This final completion considers:

Visual & Aesthetics
Maintenance/Operation/Security
Pumping Flexibility and Backup pumps/generators 
Flood Protection

OPERATION ANd MAINTENANCE
It is normal for well screens to become plugged with chemical (mineral) precipitates and biological growths 
(e.g. iron bacteria) over time in alluvial aquifers. The rate of plugging can be exacerbated if the screen design 
creates excessive entrance velocities through the slot openings in the well screens, so it is important that proper 
screen design considers the water quality and the hydraulic characteristics of the aquifer to maintain entrance 
and approach velocities within acceptable ranges. Doing so minimizes the rate of plugging and extends the 
intervals between well cleanings. Since the lineal footage of well screen in collector wells is longer than for 
a vertical well, entrance velocities are minimized so that the intervals between required maintenance can be 
extended. This typically results in lower operating and maintenance (O&M) costs over the life of the collector 
well.
The use of an ongoing monitoring and record-keeping program and underwater inspections allows the tracking 
of well performance, identifies operating trends and predicts optimal times for performing maintenance. The 
well monitoring and record keeping program provides data with which to evaluate well performance and to 
determine maintenance requirements so that the water supply system can be operated at peak efficiency. The 
monitoring data are utilized to assist in normal operations such as determination of optimum pumping rates 
and pumping levels.  

Specific Capacity
Specific capacity is the ratio of pumping rate of a well to observed drawdown in the well and is expressed 
as the rate of pumping divided by the amount of drawdown in the well created by that pumping (in the US, 
it is typically expressed as gallons per minute per foot of drawdown (gpm/ft)). Specific capacity is used as a 
measure of well efficiency. The higher the specific capacity is, the more efficient the well.
Specific capacity will fluctuate depending upon seasonal conditions such as groundwater temperature and river 
level and will also fluctuate depending upon pumping rate and pumping level in the well. Specific capacity 
typically declines with time as the well screen becomes plugged.

Differential
Water level differential is the difference between the water level in a HCW and the water level in the aquifer 
as measured in a nearby observation well. It is expressed as feet of drawdown per unit rate of water pumped, 
e.g., feet/1,000 gpm for the collector wells. The lower the differential value, the more efficient the well is.  
When a properly developed well is new, the differential will be at a minimum value. Over time, as the screen 
and aquifer materials become plugged, causing a decrease in well efficiency, greater head will be required to 
produce a given quantity of water, which causes an increase in differential.
Well maintenance can be accomplished using a variety of methods including mechanical, chemical, or a 
combination of methods. The most effective method to restore well screen openings and well efficiency will 
vary from well to well, and is selected based upon details of the well construction (e.g. screen design), ground 
water quality, past results, the nature of the plugging (mineralogical versus biological), and other factors. With 
time, it may become more cost effective to replace old laterals with new. This can be easily completed by 
coring new ports in the caisson and installing new laterals at an opportune time.

CONCLUSIONS
When looking to develop large RBF water systems, Horizontal Collector Wells have a number of advantages 
over other systems, among which are:

Small foot print and fewer installations required;
High yield per site (efficient, flexible utilization of aquifer);

•
•
•
•

•
•
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Ease of operation and maintenance;
Cost-effective pumping scenarios;
Large effective screen area, low design velocities equate to high efficiency, low maintenance;
Flood protection, secure completion;  
Permanence of investment.
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Abstract    Recent maintenance of a horizontal collector well in Independence, Missouri, USA incorporated 
the combined use of a rotating high-pressure water jet and a pressure pulse redevelopment tool for the first 
time in the USA. Traditional cleaning methods using just the high-pressure water jet were believed to be less 
effective on the well because of the presence of gravel packed lateral well screens constructed using bridge 
slotted screen. Testing that followed the maintenance indicated the specific capacity of the well increased by 
approximately 72% as a result of the rehabilitation effort. 
Keywords  Horizontal Collector Well, Lateral, Maintenance, Rehabilitation

INTROdUCTION
The City of Independence, Missouri, USA obtains its water supply from a series of vertical wells and a horizontal 
collector well (HCW) installed in the floodplain of the Missouri River. The HCW was constructed in 1993, 
and maintenance was performed on the well in January 2006. Maintenance work included the mechanical 
cleaning and redevelopment of collector laterals and performance testing, and was completed by March 2006. 
The maintenance included use of a rotating high-pressure water jet and a flushing sandline, followed by the 
use of the patented BoreBlast II® method within the laterals to further remove the sand, scale buildup and 
encrustation. This was the first time that these two technologies were used together to rehabilitate a HCW in 
the USA. This paper provides an overview of the maintenance procedures, and a discussion regarding their 
effectiveness.

INITIAL CONSTRUCTION
Constructed in 1993, the Independence HCW consists of a 13 foot (4 meters) inside diameter by 17 foot (5.2 
meters) outside diameter steel reinforced concrete caisson, 125 feet (38 meters) in total depth, equipped with 
eight gravel packed laterals ranging in length from 89 (27 meters) to 215 feet (66 meters) (see Figure 1). The 
laterals are 12 inches (300 mm) in diameter and are constructed of bridged slotted stainless steel with a uniform 
slot size of 0.100 inches ( 2.5 mm) (see Figure 2) with artificial gravel pack. The laterals were projected in two 
tiers at elevation 611.0 feet above mean sea level (AMSL) (Tier A) and 614.35 feet AMSL (Tier B). Design 
capacity of the collector is approximately 10 million gallons per day (37.85 million liters per day).
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Figure 1: Plan and Cross Section of Independence, Missouri USA Horizontal Collector Well

Figure 2: Photo of Bridge Slotted Stainless Lateral Well Screen
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MAINTENANCE PROCEdURES
Typical collector well maintenance in the United States consists of the mechanical redevelopment of the 
HCW laterals. That redevelopment is completed using a high-pressure water jet to direct energy towards 
small sections of the screen while the lateral is flushed to remove loosened material. Because of the screen 
construction and the gravel packing, it was felt that much of the redevelopment energy created by the traditional 
methods would be dissipated by the well screen and gravel pack and would not reach the aquifer material. As 
a result, a two-step rehabilitation methodology was developed that relied upon the traditional maintenance 
methodology to clean the well screen interior and slots, with the gravel pack and nearby aquifer redeveloped 
using a pressure pulse technology.

The two-step maintenance methodology was implemented at the City of Independence HCW using the 
following sequence of maintenance procedures:

A pre-maintenance pumping test of the collector was conducted, which included an underwater inspection 
of the laterals and an analysis of lateral flow distribution. Information from this test was used as a baseline 
against which improvements from the maintenance efforts were compared.
Lateral valves were closed and the collector caisson dewatered using temporary pumping equipment.
Laterals were individually flushed to remove any loose material lying on the interior of the screens.
A high pressure rotating water jet attached to an open end sandline equipped with a flushing wye was 
projected into each lateral in order to loosen and remove sand, scale, and encrustation from the lateral 
interior and to develop the artificial gravel pack around the well screen.  
A pressure-pulse redevelopment tool (Layne Christensen Company’s BoreBlast II® System) was inserted 
the full length of each lateral in order to provide an additional high energy cleaning and redevelopment of 
the lateral screens, gravel pack, and adjacent formation.
Laterals were individually opened and flushed until clear, with any sand and lateral deposits removed from 
the caisson.
Following completion of lateral redevelopment, a second performance test and inspection was conducted 
at the collector well to determine the post-maintenance condition of the laterals, effectiveness of the 
maintenance work, and collector yield.

MAINTENANCE SYSTEM INFORMATION
The first component of the maintenance effort was accomplished utilizing a high pressure rotating water jet 
and 4-inch diameter flushing sandline. This method has proven very effective at removing sand, scale, and 
encrustation from inside the lateral well screens. The jet was extended the full accessible length of each of the 
laterals and the material loosened was transported into the caisson through the sand line. The water jet was 
operated at 2500 to 3000 pounds per square inch (psi) during the rehabilitation effort.

The BoreBlast II® system uses pressure-pulse technology, delivered by a gaseous nitrogen driven Air Impulse 
Generator (AIG), to agitate and scour away mineral and biological deposits that build up around well screens 
over time (Figure 3). The system is piston-actuated and discharges automatically at four-second intervals, 
delivering pressure pulses of up to 3500 psi. Case studies have shown the BoreBlast II® system provides an 
extensive, high-energy redevelopment of not only the well screens but also the adjacent aquifer formation. 

As one of the first known applications in a collector well in the USA, the project team was confronted with 
the challenge of modifying the pressure-pulse redevelopment tool so that it could be used in a horizontal 
lateral screen. After considerable thought and discussion, the decision was made to use an AIG with angled 
ports attached to a “centralizing” sled fabricated specifically for the project. The ports on the AIG, angled at 
40º, would provide pulses that would effectively scour and flush the inside of each lateral while still allowing 
for surging out though the screen with minimal disturbance to the relatively thin layer of surrounding gravel 
pack.

•

•
•
•

•

•

•
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Figure 3: BoreBlast II® Air Impulse Generator Schematic

REHABILITATION RESULTS
Prior to maintenance, lateral screens were moderately encrusted with approximately ½ to 1 inch of soft orange-
brown deposits. The appearance of these deposits was consistent with those of iron and manganese oxides 
formed both by natural oxidation processes and by bacterial deposition. A thin layer of hard black scale 
appeared to be forming underneath the softer accumulations in the majority of laterals. Screen slot openings 
in each lateral appeared completely covered.

Post-maintenance inspection of the well indicated that the cleaning and redevelopment methods utilized were 
highly effective in removing fine sand, bacterial, and mineral deposits from the laterals. Screen slot openings 
were visible, with no indications of joint separation or metal deterioration. Moreover, no coarse sand or fine 
gravel was brought into the caisson during redevelopment, indicating the laterals continue to be in good 
structural condition.

Performance testing of the collector conducted before and after maintenance substantiates what the crew 
observed in the field. Drawdown in the collector caisson was reduced by half at the design pumping rate (see 
Figure 4), and specific capacity of the well was increased by approximately 72% when pumping at 10 million 
gallons per day. Rehabilitation of the laterals also resulted in a more even distribution of flow among the eight 
laterals, with post-maintenance flow distribution comparable to that observed when the well was new.

Figure 4: Pre- and Post-Maintenance Drawdown at 10 million gallons per day of pumping
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CONCLUSIONS
As shown by the post-maintenance performance testing, the two-step maintenance methodology was 
determined to be highly successful in restoring the pumping capacity of the HCW in Independence, Missouri.  
As a result, the technology is now being considered for use in other HCW that have not responded favorably 
to more traditional rehabilitation efforts.
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Abstract    The Water Framework Directive (WFD) definition of a Groundwater Body permits a large palette 
of approaches for the groundwater body’s delineation process. This fact leaded to many GWB types and, as a 
consequence, to many misfits between the transboundary GWB’s delineated on each side of the borders. Therefore, 
the WFD implementation implies also a harmonization process between the Member States for the transboundary 
groundwater body’s delineation and characterization. An example of such a process is that one carried out in the 
framework of the Project: “Transboundary River basin Management of the Körös/Crişuri River, a Tisza/Tisa 
sub-Basin”. The paper presents both countries approaches and the GWB’s delineations that resulted from those 
approaches. It is presented also the agreement reached in the frame of the project. Common criteria for GWB’s 
delineation where adopted and a harmonized GWB delineation in the Körös/Crişuri basin was performed. 
Keywords  Water Framework Directive; transboundary; groundwater; harmonization; Hungary; Romania

INTROdUCTION
The Water Framework Directive 2000/60/EC of the European Parliament and the Council aims to establish 
a framework for the protection of waters within the EU. The WFD operates with specific terms, one of them 
being groundwater body which is: “a distinct volume of groundwater within an aquifer or aquifers”. This 
definition that makes the groundwater body a managing unit gives a great freedom to the Member States 
in the process of groundwater bodies’ delineation which was made according to each country managerial 
and/or hydrogeological concepts. This freedom leads to a large palette of approaches and as a consequence, 
to many misfits between the transboundary GWB’s delineated on each side of the borders. Therefore, the 
WFD implementation implies also a harmonization process between the Member States for the transboundary 
groundwater body’s delineation and characterization. An example of such a process is that one carried out in 
the framework of the Project: “Transboundary River basin Management of the Körös/Crişuri River, a Tisza/
Tisa sub-Basin”.

The project aim is to enable the Romanian and Hungarian authorities to implement a sustainable development 
policy in the Körös/Crisuri transboundary river basin, using balanced management of water resources, meeting 
the users’ needs and preserving ecosystems and aquatic environments. The project includes the application of 
the European Water Framework Directive. For this purpose, a good coordination is necessary to harmonize the 
activities on the whole catchment area. Thus, one component of the project is the Work Package C2: “Support 
for the current implementation of the WFD” 
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Figure 1: Project area

Körös/Crişuri is one of the main sub-basins of the Tisza/Tisa River (fig 1). Its spring is located in the North-
West region of Romania; it crosses Hungary where it is called Körös and flows out into the Tisza/Tisa next to 
Csongrad. Its catchment area covers about 30,000 km2, about 15,000 of which are in Romania. The length of the 
river basin is more than 6,000 km. The Körös/Crişuri joins the Tisza/Tisa at about 150 km from its confluence 
with Danube. The yearly volume of the water resources is estimated at 3437 million m3 for the whole basin. 
Körös-Crisuri area is located in the deepest part of the closest basin of Europe, in the Carpathian basin. The 
large rivers have transported a huge amount of sediment during the Pliocene and Pleistocene Ages, forming a 
thick alluvial deposit. Except fissured rocks, groundwater is available throughout the country in considerable 
quantity, which is the main source of drinking water. 
Körös-Crisuri river basin  is a second deepest Quaternary depression in the Great Hungarian Plain. The 
Paleozoic and the Mesozoic bottom lies here at the depth of 3000-4000 m, and it raise to the surface in the 
Romanian part of the basin. It is overlain by Pannonian limnic and Quaternary alluvial deposits. The thickness 
of Quaternary sequence is up to 500 m and mostly consist of silts and clays with intercalated few and thin sand 
beds. It is relatively poor in drinking water reserves, and because of the low orographic position, there are 
many wells with artesian condition.
In the northern part of the basin is a large aeolian sand island, which emerges to a height of 60-70 m from 
the flat plain around. Under the sand hills there is a 100-300 m thick fluvial multilayered aquifer system. The 
deeper situated Quaternary layers are storing the majority of the drinking water reserves of the area.
Due to the orography, there are no overflowing wells here. Below the Quaternary there are limnic Pannonian 
aquifer, system, approx. 500 meters thick. The shallow part of the system is vulnerable, because of the sand 
covering layers.

GOUNdWATER BOdIES dELINEATION 
The first meeting of the groundwater experts involved in the project highlighted great differences between the 
approaches for the groundwater bodies’ delineation in the two countries. 

Groundwater bodies delineation in Hungary
Groundwater bodies in Hungary have been designated according to a hierarchical approach, in harmony with 
the horizontal guidance on water bodies (HMoEW, 2005). Criteria for the delineation: 

type of the geological features (karstic aquifers, porous aquifers in the basins and mixed mountainous •



179

aquifers), 
subsurface catchments (in porous aquifers), hydrogeological units (in karstic aquifers) and water 
management units (in mountainous region),
aquifers containing water above 30 oC further separated (vertical in the case of porous aquifers, horizontal 
in the karstic aquifers),
in the plain regions water bodies with characteristic large scale upward flow system are further separated, 
in order to make distinction in chemistry and in the sensitivity of groundwater dependent ecosystems.

The Hungarian groundwater bodies in the investigated area: 
HU-p.2.6.1. Porous groundwater body on down-flow alluvial basin area (Nyírség, southern part, Hajdúság 
area)
HU-p.2.6.2. Porous groundwater body on up-flow alluvial basin area (Hortobágy, Nagykunság, Bihar-
North area) and 
HU-p.12.2. Porous groundwater body on up-flow alluvial basin area (Berettyó, Körösök-valley, Nagykunság 
area).

Groundwater bodies delineation in Romania
In Romania the delineation of groundwater bodies was performed Groundwater taking into account Art.7 of  
WFD provision:
“Member States shall identify, within each river basin district:

all bodies of water used for human consumption providing more than 10 m3 a day as an average or serving 
more than 50 persons, and
Those bodies of water intended for such future use”.

Groundwater bodies’ delineation in Romania was preformed according to the fallowing criteria (Rotaru, 2003, 
Bretotean & others, 2005): 

Geologic age of the water bearing formation;
Groundwater hydrodynamic;

The first criteria implies not only the age of the water bearing formations but also the petrography, structural 
and hydraulic (i.e. porosity and hydraulic conductivity) properties of the formation. In this respect, there 
where delineated porous, fissure and karstic groundwater bodies.  
The groundwater dynamic take action especially on the groundwater bodies extent. Therefore the phreatic 
groundwater bodies extend only in the limits of the rivers basins. Meanwhile it is possible for the deep 
groundwater bodies to be extended beyond the river basin limits.  In this case the body was assigned to the 
river basin district (Water Directorate) that have the most important area of the body and/or that uses the most 
important part of the water abstraction from that groundwater body.

Following the criteria mentioned above, three types (levels) of groundwater bodies have been identified in the 
Romanian part of the Koros/Crisuri river basin that is:

Holocene porous-permeable (shallow) phreatic groundwater body (ROCR01 – Oradea GWB). The water 
body lies within the  porous-permeable deposits of the marches, low terraces and alluvial fans of the plain 
area and it is unconfined;
Pleistocene porous-permeable groundwater bodies (ROCR06 – Valea lui Mihai GWB and ROCR07 – 
Crişuri GWB). The water bodies lies within the porous-permeable deposits of alluvial-fluviatile origin 
(ROCR06) or in the joint alluvial fans of the three Crişuri Rivers and Barcău River. It is a mean deep 
confined groundwater body with water bearing strata between 30 and 120 m;
Pannonian porous-permeable groundwater body (ROCR08 – Arad-Oradea-Satu Mare GWB). The water 
body lies within the deep porous-permeable alluvial-lacustrine deposits. It is a deep confined water body 
with water bearing strata from 150 m up to 400 m.

•

•

•

•

•

•

•

•

•
•

•

•

•
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dIFFERENCES ANd AGREEMENT ON A COMMON APPROACH 
The two approaches reveal great differences according to the used criteria. Thus, Hungary takes the recharge 
into account to delineate the GWB and also the 30oC isotherm to delineate the groundwater bodies and 
therefore the deep thermal groundwater bodies where identified On the vertical there where delineated three 
levels of groundwater bodies, first one with drinking water and the fallowing two where thermal. Meanwhile 
Romania delineated also three levels of groundwater bodies but these levels but all of them bearing fresh 
water. The three levels of groundwater bodies in the Romanian approach lies within the first level of the 
Hungarian one. This difference is illustrated by the conceptual cross-section in Figure 2. 

Figure 2: Conceptual transboundary cross-section in the Körös/Crişuri River Basin

Following to the several meetings between the groundwater experts within the project framework was reached 
an agreement for a common approach for harmonization of groundwater bodies’ delineation. According to this 
agreement illustrated at conceptual level in Figure 2:

the 30°C criteria used in Hungary for groundwater bodies delineation is not relevant for harmonisation and 
won’t be used;
as thermal waters are not covered by the WFD, the thermal water bodies will be not subject for the 
harmonization process;
The relevant unit to work with is the aquifer and not only the groundwater body.

This approach leads to the following relationships between the Hungarian and Romanian groundwater bodies/
aquifers (figure 3):

ROCR01 (Holocene) = upper aquifer of HUp2.6.2 + HUp2.6.1 + HUp2.12.2 
ROCR07 (Pleistocene) = medium aquifer of HUp2.12.2 
ROCR06 (Pleistocene) = medium aquifer of HUp2.6.2 + HUp2.6.1 
ROCR08 (Pannonian) = lower aquifer of HUp2.6.2 + HUp2.6.1 + HUp2.12.2 (+ HUp2.3.1 + HUp2.3.2 + 
HUp2.1.2 + HUp2.13.2 + HUp2.13.1)

In the same time, for a harmonized groundwater bodies characterisation common cross-sections (Figure 4) 
and piezometric maps (Figure 5) where drawn. Also, have been adopted common guidelines for groundwater 
monitoring. These guidelines refers to the parameters to be observed (quantitative and qualitative), the 
frequencies of monitoring and quality assurance and control.

•

•

•

•
•
•
•
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Figure 3: Delineation of Hungarian-Romanian transboundary aquifers/GWB’s in the Körös/Crişuri River 
Basin

Figure 4: Transboundary cross-section in the Körös/Crişuri River Basin
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Figure 5: Groundwater table map for Holocene groundwater body/aquifer in Körös/Crişuri basin

CONCLUSIONS
The WFD implementation represents a new, complex and integrated approach to the water resources protection 
and management all over the Europe. The process is complicated and laborious, one of its targets according to 
the Art. 13 being to solve the trans-boundary problems of the water protection and management between the 
Member States that share water bodies. To touch this target great efforts and good cooperation are necessary 
to carry out the harmonization process.
An example of such a process is that developed in the frame of the “Transboundary River basin Management 
of the Körös/Crişuri River, a Tisza/Tisa sub-Basin” Project. 
The analysis carried out in the frame of the project on the both countries approaches showed  great differences 
between them. But a closer and more ̋ hydrogeological˝ view performed by the groundwater experts of the two 
countries lead to an agreement. So, the porous aquifers at the border of the two countries are interconnected, 
the corresponding water bodies in both countries being part of a large groundwater flow system. Although 
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the Romanian and Hungarian approaches for delineation of groundwater bodies are apparently different, 
the harmonization could be solved without changing the principles of the two approaches, since Hungary 
has detailed information on the Holocene, Pleistocene and Upper-Pannonian geological formations and the 
Romanian sub-division according to catchment areas is comparable with the Hungarian sub-catchment areas.
Any way, the WFD water resources management process it is a cyclic one, and water bodies delineation 
review it is possible every management cycle. So, the ground water bodies delineation review on the both 
countries should take into account the results of the project.
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Abstract    Past utilization of groundwater resources in Vojvodina (the Serbian part of the Pannonian Basin) has 
resulted in a number of water supply problems, particularly insufficient water quantities and the deterioration 
of water quality. Increasing pressure on groundwater resources has resulted in over-abstraction (aquifer 
“mining”), with current abstraction rates exceeding sustainable yield. Water supply in Vojvodina is generally 
based on a groundwater aquifer (generally referred to as “the main” aquifer) which is shared with Hungary, 
Romania and Croatia. In order to achieve a better balance in groundwater utilization between the environment 
and water users (i.e. to establish a sound basis for sustainable utilization, management and protection of the 
transboundary aquifer), the development of new, renewable groundwater sources in the Danube and Sava 
alluvions has been proposed. 
Keywords  groundwater quality, over-abstraction, regional source, Vojvodina

INTROdUCTION
Vojvodina is the northern part of the Republic of Serbia, comprised of three geographical units: Bačka, Banat 
and Srem, which are intersected by frontiers between Serbia and Croatia, Hungary, Romania, and Bosnia and 
Herzegovina. Over two million inhabitants and various industries use groundwater for water supply from 
aquifers formed at different depths, from 20 m to more than 200 m. Over-abstraction of groundwater and the 
fact that groundwater recharge is slow, have resulted in aquifer depletion and a decline in groundwater levels. It 
seems likely that this trend will continue.  Under such conditions, groundwater abstraction causes considerable 
drawdowns in the zones of water sources and there is a general lowering of the piezometric head, especially 
in the regions of northern Bačka and northern Banat (between 10 and 20 meters). Furthermore, groundwater 
quality does not meet stipulated criteria for drinking water and water treatment is, therefore, needed.  The 
Water Management Master Plan of the Republic of Serbia (WMMP) identifies various concepts aimed at 
resolving the water supply problem in this province, such as the development of regional water supply systems 
based on groundwater sources in the Danube and Sava alluvions and/or the use of existing local groundwater 
sources. For water supply in Banat and Bačka, two zones have been identified as being suitable locations for 
sources of considerable capacity:  an area along the upstream course of the Danube (Apatin-Bezdan) and an 
area along the downstream course of the Danube (Kovin-Dubovac) [1].

OVERVIEW OF GEOLOGICAL ANd HYdROGEOLOGICAL CONdITIONS IN VOJVOdINA
Geologically, Vojvodina is the southeastern part of the Neogene Pannonian Basin (Bačka and Banat) and the 
eastern part of the Sava Rift Valley (Srem). Upper portions of the terrain consist of Quaternary formations, in 
some parts more than 230 m deep, distributed over the entire territory of Vojvodina, except in some parts of Mt. 
Fruška Gora, the Vršac Mountains and the most southeastern portion of Banat. The lowest Quaternary formations 
are comprised of polycyclic fluvial (fluvial-lacustrine) Eopleistocene and Lower Pleistocene sediments. They are 
represented by sandy gravels, gravelly sands, and sands of various grain sizes, with interbeds and lenses of aleuritic 
sands, aleurites, aleuritic clays, and clays.  In terms of lithological characteristics and distribution, polycyclic 
fluvial (fluvial-lacustrine) sediments represent the basic water-bearing complex (BWC) in Vojvodina [2]. 
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Hydrogeological characteristics of the said rock formations in Vojvodina are different in various chrono-
stratigraphic units.  In older chrono-stratigraphic units, highly permeable rock formations (water-bearing 
media) are represented by Mesozoic limestones and dolomitic limestones – mostly Triassic and Miocene 
limestones.  These water-bearing media contain reservoirs of generally thermal and thermo-mineral groundwater. 
Groundwater from these water-bearing media is adequate for drinking only at a limited number of locations.  
In the area of certain horst anticlinal structures, mostly in Banat, permeable pre-Neogene and Neogene rock 
formations include oil and gas reservoirs.  There are a large number of aquifers in the water-bearing media of 
the upper chrono-stratigraphic units (Quaternary and Pliocene), the most important being:

“first” aquifers (first from the ground surface) in alluvial plains (floodplains and the youngest river  
terraces) and upper terraces,
“basic” aquifers formed within  the basic water-bearing complex, and
aquifers in Pliocene water-bearing media.

The “first” aquifers are formed in Upper Pleistocene and Holocene gravelly-sandy formations.  In the Danube 
and Sava alluvions, where all Pleistocene formations have eroded, the „first“ aquifers occur in Holocene 
gravelly-sandy deposits. The strata overlying the „first“ aquifers are comprised of semi-permeable aleuritic 
sands, aleurites and aleuritic clays.  Piezometric levels of these aquifers are sub-artesian and are under the 
influence of the drainage systems of the Danube, Sava, Tisza, and Timis rivers, as well as groundwater 
abstraction for public water supply. The “first” aquifers are mainly recharged by the Danube and Sava rivers, 
as well from  indirect infiltration of precipitation into the water-bearing media through overlying semi-pervious 
strata, under favorable and protracted hydrodynamic conditions. Discharge of the water-bearing media, besides 
the riparian land protection system and irrigation/drainage systems, is attributable to groundwater abstraction 
for public and private water supply. 

The basic aquifer in Vojvodina is part of a hydraulically singular groundwater reservoir - aquifer in the 
Neogene Pannonian Basin and the Sava Rift Valley.  It is formed in the water-bearing media of the basic 
water-bearing complex, sandy-gravelly formations with Corbicula fluminalis and Holocene sandy and sandy-
gravelly deposits. The boundaries of the basic aquifer in Vojvodina are geological (boundaries of the basic 
water-bearing complex lensing out at the fringes of the Vršac Mountains and the  most southeastern portion of 
Banat), and hydrological (the Danube in Bačka and Banat, and the Sava in Srem). Northern and northeastern 
boundaries of the basic aquifer lie within the territories of Hungary and Romania. The Timis and Tisza rivers 
represent the internal boundaries (i.e. gravitational bases) with an indirect hydraulic contact of groundwater 
and river water. The spatial position of the basic water-bearing complex and hydrodynamic characteristics 
are different in various parts of Vojvodina. The depth of the basic water-bearing complex in Bačka and Banat 
ranges from approximately 10 m to 110 m, and its total thickness is from 12 m to over 140 m.   In Srem, the 
depth of the basic water-bearing complex is approximately 20 m to 50 m. The basic aquifer has a sub-artesian 
piezometric level, while before intensive groundwater abstraction for water-supply began, piezometric levels 
in considerable portions of Bačka, Banat and Srem were artesian. The piezometric surface is inclined toward 
the rivers. The basic aquifer in Vojvodina is recharged by groundwater flow from Hungary and Romania; 
river water infiltration, mostly from the Danube and Sava; direct infiltration of precipitation at the fringes 
of the Vršac Mountains; and indirect infiltration of precipitation through overlying semi-permeable strata. 
Water-bearing media discharge into surface water, primarily into the Danube and Sava rivers and irrigation/
drainage canals.  A considerable portion of the discharge from the basic water-bearing complex is attributable 
to groundwater abstraction for public and private water supply.

•

•
•
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Figure 1: Areal extent of the first aquifer and the main aquifer in Vojvodina [2]

Pliocene water-bearing media are found within the entire territory of Vojvodina and beyond (in Hungary 
and Romania). Pliocene water-bearing media in Bačka and Banat are represented by layers of fine-grain and 
medium-grain sand, occasionally gravelly sand and sands with gravel interbeds and lenses. They are exposed 
on the northern slopes of Mt. Fruška Gora, the slopes of  the Vršac Mountains, and in the most southeastern 
portion of Banat. There are numerous sub-artesian and artesian aquifers in these water-bearing media, as 
well as a considerable number of aquifers in the Pliocene water-bearing media of Srem. The southern and 
northern boundaries of these aquifers are determined by the extent of the water-bearing media toward the 
slopes Mt. Fruška Gora and Mt. Cer, while the eastern and western boundaries are open toward Banat and 
the Croatian part of Srem, respectively. Aquifers are recharged by direct infiltration of precipitation into the 
water-bearing media, in the part of the terrain where the media are exposed (the northern and southern fringes 
of Mt. Fruška Gora, the fringes of the Vršac Mountains and the southeastern portion of Banat). Aquifers are 
discharged by groundwater flow into the Danube and Sava rivers, and by infiltration into Lower Quaternary 
water-bearing media. Considerable aquifer discharge is attributable to uncontrolled discharge via “artesian 
wells” and groundwater abstraction for water supply. 

GROUNdWATER USE IN VOJVOdINA: HISTORY, EFFECTS, STATUS
The beginnings of public drinking-water supply in Vojvodina can be traced back to the year 1850, when an 
“artesian well” was drilled in Banatski Karlovac. By the end of the  19    

th  century, all major towns in Bačka, 
Banat and Srem had artesian wells. Construction of public flowing wells for organized water supply continued 
into the  20    

th  century, until the beginning of construction of public water supply systems. In the early 1960’s, 
projects were initiated for water source development and construction of municipal and industrial water supply 
systems. Water abstraction facilities at municipal and industrial sources of water supply are, for the most 
part, vertical tube wells. Today, water supply is provided by 339 water utilities in Vojvodina. Approximately 
91% of the population has access to public water supply while 9% uses private wells [2] [3]. Depending on 
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the availability of specific water-bearing media in various areas, the abstractability of groundwater, and the 
quality of abstracted water, developed groundwater sources tap different aquifers. For example, in Bačka 
and northern Banat, groundwater is abstracted almost exclusively from the BWC (at depths ranging from 
60 m to 220 m). Most water sources in Vojvodina (over 56%) tap groundwater from the BWC, followed by 
Pliocene water-bearing media (26%). Groundwater from other media is abstracted at the remaining 56 sources 
(18%). Proportions of tapped groundwater quantities are somewhat different, both on average for the whole of 
Vojvodina and for the individual regions. Table 1 shows average daily rates of groundwater abstraction from 
urban and rural water-supply sources.

Table 1  Average groundwater abstraction from different aquifers in Vojvodina (in lps) [2] 

Region BWC (lps) Pliocene 
(lps)

First aquifer
(lps)

BWC +
Pliocene

BWC +  
First aquifer

Older  
formations

Total 
(lps)

Bačka 1372 39% 438 12% 1613 46% - - 104 3% - - 3527
Banat 2099 93% 94 4% 0.5 0% 59 3% - - - - 2252
Srem 249 29% 386 45% 6.5 1% 34.5 4% 150 17% 21 4% 847
Total 3720 56% 918 14% 1620 24% 93 1.5% 254 4% 21 0.5% 6626

In view of the fact that the sources have been developed within settlements or in their immediate vicinity, 
groundwater is abstracted in a relatively small area. This has resulted in a permanent drawdown, both locally 
and within the wider area. Permanent drawdown is considerable in the continental parts of Vojvodina, away 
from major watercourses. Today, the greatest drawdowns in Banat can be found in Kikinda (~22 m) and Novi 
Kneževac (~12 m), while in Bačka, the greatest decline in piezometric levels is found in Vrbas (~26 m) and Kula 
(~20 m). It is important to note that most of Vojvodina bases its water-supply strategy entirely on groundwater 
abstraction from slowly-renewable aquifers (the whole of Banat and a large portion of Bačka). Quantities of 
groundwater tapped from slowly-renewable aquifers (basic and deep aquifers) are considerably larger (4600 
l/s) than those tapped from relatively rapidly-renewable aquifers (the “first” aquifers, approximately 1900 l/s). 
It is also important to note that water supply in some regions relies entirely on groundwater abstraction from 
slowly-renewable aquifers, or “mining” of groundwater which is up to 30,000 years old.

The quality of groundwater in Bačka, Banat and Srem is not uniform and ranges from acceptable to that which 
requires high levels of treatment. Groundwater chemistry in central Bačka is characterized by an elevated 
content of organic substances, arsenic, iron and manganese, while in the Tisza Valley and West Bačka (Odžaci), 
KMnO4 consumption, by the organic substances, is greater than 20 mg/l, and reaches values as high as  
100 mg/l (the permissible level is 8 mg/l). Another characteristic of these groundwaters is a generally 
increased iron content, which can be as high as 3 mg/l, and a virtual absence of manganese, nitrite and nitrate. 
Groundwater chemistry in central and northern Banat indicates that there are two characteristic hydrochemical 
zones [4]:

A zone encompassing Banat, north from the Begej River and the Navigable Begej, with a total mineralization 
in the order of 500-700 mg/l, an iron content of 0.2 to 1 mg/l (generally 0.3 mg/l), the presence of arsenic, 
an ammonium-ion content of 0.2 to 1 mg/l, and the presence of organic substances (KMnO4 consumption 
varies over a wide range, from 10 to 40 mg/l); and
A relatively narrow zone along the Zrenjanin-Žitište line, with high mineralization (over 1,200 mg/l, a 
high iron content (generally 0.4, but also levels over 2 mg/l), the presence of arsenic, a high ammonium-
ion content (generally over 2 mg/l, but also levels over 10 mg/l), and a presence of high concentrations of 
organic substances in groundwater (KMnO4 consumption greater than 200 mg/l). The occurrence of gases 
in groundwater (mainly methane) was recorded at several locations.

•

•
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Figure 2: Required treatment of drinking water in Vojvodina [2]

During the past decade, the problem of elevated arsenic content in groundwater became an issue, especially 
in central Banat and western and northern Bačka where the presence of arsenic is a consequence of the 
geochemical characteristics of porous media sediments. According to the Regulation on Drinking Water 
Standards, the permissible level is 0.01 mg/l. However, 10 to 50 times higher concentrations have been 
recorded in some parts of Vojvodina. Regardless of the naturally poor groundwater quality from the drinking 
water perspective, water is treated to drinking standards only in 17 towns in Vojvodina; this treatment accounts 
for approximately 40% of the total water quantity, with most of the water being treated in Novi Sad [3]. There 
is no water treatment in other towns and villages and the water, following disinfection, is delivered directly 
into the network, regardless of inadequate water quality. 

SOLVING THE PROBLEM OF PUBLIC WATER SUPPLY ANd SUSTAINABLE GROUNdWATER 
MANAGEMENT 
Water supply issues in various parts of Vojvodina have led to the establishment of several criteria for the 
evaluation of potential solutions to water supply (water source) problems. The first criterion is the availability of 
adequate quantities of groundwater to meet current and future drinking-water demand, or to meet such demand 
with no adverse impacts (drastic drawdown, deterioration of water quality due to contamination from the ground 
surface, and/or intrusion of highly-mineralized water from a deeper aquifer, etc.). The second criterion is the 
natural quality of the groundwater, or the levels of typical groundwater quality parameters in terms of relatively 
simple (and economically-viable) water treatment processes to raise the water quality to drinking standards. 
The third criterion is related to the feasibility of establishing sanitary protection zones around existing and 
future water sources of water supply, while at the same time not significantly encroaching on other nearby 
facilities/activities. Based on these criteria, two general water-supply concepts have been proposed:

Development of regional water sources in alluvial deposits of the Danube and Sava rivers, and
Development or expansion of local water sources.

According to the WMMP, future water supply in this area will be based on both local sources (including 
additional treatment) and newly-developed regional water sources. Regional water sources will be developed 
in alluvial aquifers of the Sava and the Danube. In this respect, the WMMP identifies the zones of potential 

•
•
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regional water sources for water supply (Figure 3). In 2003, the Ministry of Science and Environmental 
Protection of the Republic of Serbia launched its National Water Program (NWP); one of the 16 projects 
contained in this Program is titled “Alternative Solutions for Water Supply in Vojvodina”, which is strongly 
supported by the Government of Vojvodina. In Vojvodina, three areas can be identified where drinking 
water quality is deemed to be threatened: western Bačka, northern Banat, and central Banat. Based on the 
strategy outlined in the WMMP and the NWP, which seeks to solve current water supply problems, feasibility 
studies relating to the construction of regional water-supply systems in these highly-threatened areas were 
prepared from 2004 to 2006. The studies included extensive hydrogeological investigations aimed at assessing 
groundwater resources at the proposed regional water-source locations, the environmental impact of future 
abstraction, and the potential impact of the immediate environment on the water sources.

Figure 3: Locations of potential regional groundwater sources and municipalities serviced by future regional 
water supply systems in Vojvodina

Favorable locations for the development of the Western Bačka Regional Water Source were identified along 
the Danube river in two zones, upstream and downstream from Apatin. Water-bearing media here are ~45-55 
m thick, consist mostly of medium-grain and fine-grain sands with clay and silt interbeds, including occasional 
gravel or peat, less than 1 m thick (kmax=8,2x10-4 m/s; kmin=2,0x10-4 m/s).  These interbeds are not continuous 
and, as such, cannot influence the hydrodynamic conditions within the entire water-bearing complex.  The 
strata overlying the water-bearing complex consist of semi-permeable Holocene sediments whose average 
thickness is 3-6 m (kmax=5x10-5 m/s, kmin= 1x10-8 m/s) [6].

The basic chemical characteristic of the groundwater at the examined sectors is medium mineralization, with 
dominant Ca and Mg cations and hydrocarbonate anions.  Critical parameters regarding water quality include 
elevated concentrations of iron and manganese, followed by the increased concentrations of ammonium ion in 
virtually every sample. An increased KMnO4 consumption, by the organic substances, was observed exceeding 
the maximum allowable concentration.  

In the groundwater abstraction feasibility assessment, water abstraction facilities for a water source of the 
riverside type are envisaged as a series of wells in the flood protection area, immediately behind levees. This 
type of water source has been selected as a trade-off between several conflicting requirements:
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The water source capacity must satisfy the demand of its service area;
The groundwater flow must generally remain confined;
The travel time of a water particle from the river to the well must be at least 30 days; and
The operation of the water source must not significantly impact the groundwater regime in the area, so as 
not to interfere with other water uses (agriculture, forestry, etc.).

The total capacity of a water source will primarily depend on the space available for the source. Assuming 
that the entire riverside zone, from Apatin to Monoštorski Dunavac, will be used for the development of 
water sources, the source capacity is predicted to be as high as 1.3 m3/s, and in the downstream sector about  
0.62 m3/s.  Based on hydrodynamic analyses, for a general drawdown of 5 m for the series of wells, source 
capacity was estimated at some 240 l/s per kilometer in the Apatin-Budžak sector and 155 l/s per kilometer for 
the Mesarske Livade-Apatin sector [6]. 

•
•
•
•

Figure 4: Predicted drawdown and recharge from the direction of the Danube and the hinterland (in l/s):  
Locations upstream and downstream from Apatin.

The Regional Water Source for Central and Northern Banat (an area hosting a population of about 600,000) 
would be developed in the Danube’s alluvial plain, in the Kovin - Dubovac area. Its geological structure is, for 
the most part, made up of Pleistocene and Holocene gravels and sands. Sediment thicknesses are not uniform: 
7 to 20 m in the riverside area, approximately 2 m in the northwestern portion of the alluvion, and about 35 
m in the Žarkovac area. Hydraulic conductivities of the water-bearing medium range from 1x10-4 to 1.2x10-3 
m/s. The strata underlying the sandy-gravelly deposits consist of aleurites and sands (fine-grain and medium-
grain), with Pontian coal and clay deposits. The strata overlying the water-bearing sequence are comprised 
of semi-permeable aleurites, aleuritic sands and bog clays. The thickness of these deposits is 2-24 m, and the 
average hydraulic conductivity is 2.5x10-7 m/s [6]. This area is under the influence of backwater caused by 
the Iron Gate HPP dam and is actively protected by a system of drainage canals and pumping stations which 
control groundwater levels. The development of this groundwater source will have a positive impact in that it 
will reduce the burden on the drainage system which protects riparian lands. Predictions of the impact of future 
abstraction is this area suggest that 2400 l/s of water can be tapped from the riverside zone, at a distance of 100 
m from existing levees, at a well drawdown of about 6 m. The water quantity is adequate to fully satisfy public 
water demand in 13 municipalities of central and northern Banat through the year 2030 [5]. 

This water is of the calcium-carbonate type, moderately hard, with minor pH fluctuations in the neutral reaction 
range. Low values of sodium and potassium cations and chloride anions have been registered. Increased 
organic substances (KMnO4 consumption) were detected at only two piezometers. The iron and manganese 
content is generally elevated, and a somewhat high arsenic content (0.18 μAs/l on average) has been detected 
at only three locations. The ammonium ion content in 70% of the samples is above MPC for drinking water.

CONCLUSIONS
Conducted investigations and hydrodynamic analyses suggest that sufficient quantities of groundwater can be 
provided from the Danube alluvion (the Apatin-Bezdan and Kovin-Dubovac areas), and that the water quality 
is such that application of basic treatment methods (aeration, retention, filtration and disinfection) will produce 
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high-quality drinking water. Addressing current water supply issues in Vojvodina through construction of 
regional water supply systems which rely on riverside water sources would have multiple positive effects. 
In addition to providing sufficient quantities of good-quality drinking water, these systems would allow 
for efficient utilization of groundwater resources from slowly-renewable aquifers. The unsustainability of 
constructing costly treatment plants and increasing groundwater abstraction at most of the existing water 
sources has necessitated the search for new water sources in Vojvodina. The advantages of a centralized 
regional source are that sanitary protection zones would be identified and protection measures implemented 
much more readily, thus reducing the risk of contamination. Sanitary protection zones have not been established 
for most of the current local water sources, often because they are located within settlements, where effective 
measures cannot adequately be applied. Such an approach to the threatened quantitative groundwater status 
is in accordance with the principles promoted by the WFD, especially with regard to transboundary water 
resources.

References
Water Management Master Plan, Jaroslav Černi Institute for the Development of Water Resources, 
Belgrade, 2001
Water Supply Concept for Vojvodina, Phases I and II, Jaroslav Černi Institute for the Development of 
Water Resources, Belgrade, 1996-1999 
Guidelines for the Preparation of the Water Quality Improvement Program for the Autonomous Province 
of Vojvodina, Danube-Kris-Moris-Tisza Development Agency, Szeged, 2006 
Preliminary Feasibility Study for the Dubovac-Zrenjanin-Kikinda Regional Water Supply System, Jaroslav 
Černi Institute for the Development of Water Resources, Belgrade, 2006
Soro, A., Đurić, D., Radić, N., Milenković, N., Milovanović, M.: Potential Water Supply Concepts for the 
Banat Region and the Proposed Kovin-Dubovac Water Source, Conference: “Waterworks and Sewerage 
‘06”, Palić, 2006
Project NPW46B: Alternative Solutions for Water Supply in Vojvodina, Jaroslav Černi Institute for the 
Development of Water Resources; University of Belgrade, Faculty of Mining and Geology, 2003-2006

1.

2.

3.

4.

5.

6.



193

Chemistry and Treatment of Groundwater in the Vojvodina

S. Stauder*

* Technologiezentrum Wasser, Karlsruher Str. 84, D-76139 Karlsruhe 
 (E-Mail: stauder@tzw.de, http://www.tzw.de)

Abstract    Due to the geological and hydrochemical characteristics, the majority of the ground waters in the 
Vojvodina possess an unusual chemism. Mainly this concerns their high alkalinity, low hardness and high 
contents in natural organic matter. Moreover the concentrations of arsenic, boron, ammonia and methane are 
elevated in many waters. Arsenic is present in the inorganic species arsenate(III) and arsenate(V), which are 
toxic to humans. Complex and expensive technology is required for these types of waters to produce drinking 
water for the public supply. Amongst others, the treatment process would have to include flocculation with 
high dosages of chemicals and for some waters also reverse osmosis, resulting in waste water amounts of up to 
30%. The latter is critical since the exploited aquifer recharges very slowly. The Tisza River is an alternative 
resource, especially in the case that bank filtrate extraction could be implemented. 
Keywords  ground water; arsenic; alkalinity; natural organic matter; flocculation

INTROdUCTION
The tap water of several municipalities in the north-western Banat contains increased amounts of arsenic (up to 
0.22 mg/L). Long-term consumption of such waters can cause severe skin diseases, different types of cancer, 
peripheral vascular disease, hypertension, diabetes and other negative impacts on humans. The toxicology of 
arsenic is still not completely understood, but it is clear that a number of factors like genetic susceptibility 
and lifestyle factors (e. g. smoking, diet) influence the toxic effects of arsenic (Hopenhayn, 2006; WHO, 
2001). Regarding these facts, the WHO as well as the EU have set a threshold value of 0.01 mg/L for arsenic 
in drinking water. The problem of increased arsenic content in the tap water affects up to 200 000 inhabitants 
in the north-western Banat and probably many more in the surrounding regions. Despite intensive efforts of 
several companies (in the last years, e. g. nine pilot plants operated in Zrenjanin), no suitable technologies for 
the treatment of the ground water have been established so far.
In a project financed by the German Ministry for Education and Research and the Serbian Ministry of Economy, 
aimed at improving the drinking water supply in the Vojvodina, comprehensive analyses of the water chemistry 
as well as treatment testing were performed in 2005/06. 

METHODS
Field investigations, on site jar testing and samplings of the groundwater were carried out in the north-western 
Banat in September 2005 and for a second time in March 2006. Each investigation program covered water 
samples from 16 wells used for the drinking water supply of the towns Becej, Novi Becej, Kikinda and 
Zrenjanin. The samples were stored at 4 °C and analyzed in the TZW laboratory. In addition to these laboratory 
measurements, parameters like pH and redox potential were determined on site using a flow measuring 
method.
Analysis of the groundwater samples covered the parameters of the European drinking water Directive 98/83/
EC including a long list of almost 90 pesticides. For the assessment of the overall water quality, all important 
physical-chemical parameters like alkalinity and saturation index, trace elements (e. g. uranium, arsenic, boron) 
and parameters of special relevance like sulfide or methane were determined. Additionally, the samples were 
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analysed for the cumulative parameters adsorbable organic halogens and sulfur compounds (AOX, AOS) and 
a multitude of emerging contaminants like pharmaceuticals, methyl-tertiary-butyl ether (MTBE, fuel additive) 
and complexing agents. Analysis of these compounds was done by HPLC-MS-MS and GC/MS, respectively. 
Gross alpha and gross beta particles were also measured in three samples. For the speciation of arsenic ion-
chromatographic separation (Dionex-AS16 column, elution with a NaOH gradient) and ICP-MS detection 
was done as described in (Stauder et al, 2005). The natural organic matter (NOM) solved in the ground waters 
was measured with the cumulative parameter TOC (total organic carbon) and characterized by LC-OCD and 
LC-UVD (Liquid Chromatography – Organic Carbon/UV254- Detection (Huber et al, 1992).
In the jar tests, the respective amounts of the flocculants iron-III-chloride, aluminium sulfate and polyaluminium 
chloride and other chemicals were added to 0.7 L of raw water. Then the samples were stirred for one minute 
(150 rpm) to achieve mixing and destabilization of the flocculant. This was followed by slow stirring for 10 
minutes to achieve flocculation (15 rpm) and 20 minutes of sedimentation. Clear water samples were then 
analyzed for UV-absorbance at 254 and 360 nm (SAC254 and SAC360) to measure the elimination of humic 
substances and partly for additional parameters as e.g. arsenic and boron. Additional laboratory experiments 
were conducted to measure the demand of ozone, chlorine and chlorine dioxide of the water as well as the 
formation of disinfection by-products.

RESULTS ANd dISCUSSION

Groundwater Analyses

Physical-chemical properties. Table 1 shows selected physical and chemical analysis results of the series 
of measurements conducted in September 2005. Additional measurements in March 2006 provided similar 
results. It can be seen that the waters from Kikinda, Zrenjanin and Novi Becej have a similar chemism. The 
ground water from Becej shows significantly different properties.

Table 1  Selected physical and chemical data of the well waters (Sept. 2005)
El. Cond. 

25°C 
SAC 

436nm TOC pH HCO3
- Ca2+ Na+ Astot Btot NH4

+ CH4

mS/m m-1 mg/L - mmol/L mg/L mg/L mg/L mg/L mg/L mg/L
Kikinda

well 1 107 2,2 6.2 8.0 12.0 7.1 252 0.014 1.1 3.0 <0.1
hand pump 64 1.6 4.1 8.0 7.2 9.3 140 0.012 0.4 1.5 -

well Banatsko 76 2.1 6.1 7.9 8.5 15.1 163 0.007 0.7 1.5 <0.1
well Mokrin 55 0.6 2.6 7.9 6.1 16.1 107 0.036 0.2 1.8 <0.1

well Idos 60 0.8 3.5 8.0 6.7 11.4 124 0.052 0.4 1.4 <0.1
Zrenjanin

well 22 104 1.8 7.6 8.1 11.9 7.4 247 0.217 1.1 0.7 0.2
well 37 - - - - - 9.5 245 0.171 1.1 - -
well 15 150 1.6 12 7.5 16.1 60.4 273 0.012 1.0 2.5 2.2

well 7-11 129 2.3 11 7.7 14.7 23.9 277 0.092 1.1 1.6 21
Becej

well B0/1 80 0.1 1.9 7.6 9.1 36.7 96 0.032 0.1 2.4 1.4
Well III/6 79 <0.1 1.9 7.5 9.0 47.4 68 0.006 0.1 2.4 1.6

Novi Becej
well 1-6 - - 7.4 - - 13.5 227 0.210 0.9 - 1.8
well 8 101 1.6 7.1 7.9 11.2 13.1 215 0.197 0.8 0.5 1.4

well 2, Kumane 102 2.5 7.8 8.0 11.6 8.9 233 0.180 1.3 0.5 3.8
well N. Milosevo 80 - 5.5 - 8.9 7.7 180 0.061 0.9 - <0.1

well 2, Bocar 120 1.9 5.6 8.1 13.5 5.1 307 0.067 2.1 0.5 0.7
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The ground waters from the regions Kikinda, Novi Becej and Zrenjanin are free of oxygen and characterized 
by high concentrations of natural organic matter (TOC) and of sodium hydrogen carbonate. Therefore 
they show a yellow color (SAC436 > 0.5 m-1), high pH values of 7.5-8.1 and a high electric conductivity 
of up to 150 mS/m. Moreover, comparatively high water temperatures of 15-23 °C and a low hardness  
(Ca2+ + Mg2+ = 0.25-0.75 mmol/L) have to be mentioned. The arsenic concentrations of 0.07-0.22 mg/L are 
very high in the case of the ground waters from Novi Becej and Zrenjanin. In comparison, the ground waters 
from the Kikinda region have lower arsenic concentrations of 0.01-0.05 mg/L. Boron and ammonia are present 
in elevated amounts and in Zrenjanin and Novi Becej in addition, the concentration of methane is increased. 
The reduced character of the ground waters is indicated, among other factors, by the fact that virtually no 
nitrate and sulfate is present. With the exception of the well 15 in Zrenjanin, the concentrations of dissolved 
iron and manganese are low (in the range of 0.3 mg Fe/L and 0.02 mg Mn/L). Organoleptic tests displayed 
a strong gas emission (presumably nitrogen) and a slight smell of hydrogen sulfide. Analytically the sulfide 
content was determined to be below 0.1 mg/L.
The ground water from Becej is also free of oxygen and contains increased amounts of the reduced compounds 
ammonia and methane as well as comparatively high concentrations of sodium hydrogen carbonate. However, 
the concentration of dissolved organic substances is relatively low and thus the water has no yellow color. 
Moreover, the concentrations of arsenic (0.002-0.032 mg/L) as well as those of boron are low. Iron and 
manganese are slightly increased (approx. 0.5 mg Fe/L and 0.05 mg Mn/L.
Anthropogenic substances and heavy metals. In order to determine a possible anthropogenic pollution, the 
ground waters from the four investigation areas were analyzed for numerous persistent organic micro pollutants 
and trace elements.  With the exception of traces of the fuel additive MTBE in the samples well 1-6 and well 2, 
Novo Milosevo from the Novi Becej region all ground waters were free from anthropogenic micro pollutants. 
The low concentrations of trihalogenmethanes measured in some of the well waters can be explained by the fact 
that these waters are disinfected at the wellhead using sodium hypochlorite; trihalogenmethanes form as a by-
product of chlorination. The AOS values of most ground waters are slightly increased. In the present case, the 
sulfur-containing compounds are presumably not of anthropogenic origin, but products of the biodegradation 
processes in the subsoil. 
Heavy metals were present only in negligible concentrations if at all. Measurements of radioactivity showed 
inconspicuous values of < 0.03 Bq/L for the gross alpha activity and < 0.3 Bq/L for the gross beta activity in the 
three analyzed ground waters Kikinda (well Mokrin), Zrenjanin (well 22) and Becej (well B0/1). 
Speciation of arsenic. As mentioned above, many well waters contain high amounts of arsenic. In order to 
investigate suitable measures for the arsenic removal and to assess its toxicity it is essential to know the bond 
form of arsenic. Therefore, speciation of arsenic in the ground water samples was performed using IC-ICP/MS. 
Figure 1 shows the resulting chromatograms of the arsenic speciation in three ground water samples from Novi 
Becej, Zrenjanin and Kikinda. It can be seen that all three samples contained arsenate(III) and arsenate(V) 
beside traces of monothioarsenate. Note that the vertical scale of the trees chromatograms were normalized to 
make the largest peak of each sample appears similar in size.

Figure 1: Results from the arsenic speciation by IC-ICP/MS of three ground water samples 
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A quantification of the arsenic species in all samples which were measured with IC-ICP/MS shows a good 
agreement with the independently measured total arsenic content in acidified samples (see Table 2). This 
proves that no other arsenic species except arsenate(III), arsenate(V) and monothioarsenate are solved in the 
ground water.

Table 2  Results from arsenic speciation and total arsenic of selected well waters 
As(OH)3  
mgAs/L

AsO(OH)3 
mgAs/L

AsS(OH)3 
mgAs/L

Total Arsenic 
mgAs/L

O2 free samples, IC-ICP/MS Acid. samples, 
ICP-MS

Becej, raw water WTP 16.03.06 0.008 0.013 < 0.002 0.017
Becej, tap water 16.03.06 < 0.002 0.005 < 0.002 0.008
Kikinda, Mokrin 22.09.05 0.023 0.016 < 0.002 0.036
Kikinda, well 17 15.03.06 0.003 0.027 < 0.002 0.023

N. Becej, Kumane 27.09.05 0.053 0.141 0.015 0.180
N. Becej, Kumane 15.03.06 0.03 0.182 < 0.002 0.168
N. Becej, well 8 27.09.05 0.058 0.149 0.017 0.197

Zrenjanin, well 22 23.09.05 0.020 0.182 0.012 0.217
Zrenjanin, well 22 17.03.06 0.003 0.229 < 0.002 0.211

Zrenjanin, tap water 17.03.06 0.022 0.070 < 0.002 0.092

Special measures were taken during sampling and transportation of the IC-ICP/MS-samples to maintain oxygen-
free conditions. The oxygen content after the 4-12 days of transportation and storage between sampling and 
analysis in the TZW laboratory was determined to be < 0.3 mg/L. Despite the reduced water chemism, some 
observations indicate that an oxidation of arsenate(III) to arsenate(V) has happened. Therefore presumably 
arsenic is solved in the ground water solely as arsenate(III). To clarify this assumption, further measurements 
with on-site speciation using anionic resins are planned for the near future. 

Characterization of natural organic matter. For a characterization of the high amounts of natural organic 
matter contained in the waters from the Kikinda, Novi Becej and Zrenjanin regions, LC-OCD and LC-UVD 
(Liquid Chromatography – Organic Carbon/UV254- Detection) was used.
According to the results, all waters with elevated TOC values (6-12 mg/L) show a similar chemism as far 
as the composition of the natural organic matter is concerned. A comparatively high proportion of the TOC 
(approx. 10-25%) is particular or has hydrophobic properties. The remaining hydrophilic fraction (measurable 
by LC-OCD and LC-UVD) contains virtually no biodegradable compounds as e. g. polysaccharides or low-
molecular acids. This indicates an old age of the ground water, allowing for an extensive biological degradation. 
Remarkable is a rather low molecularity (550-700 g/mol) of the humic fraction (approx. 50% of the TOC) and 
their high aromaticity (SAC/DOC = 4-6 L/(mg*m)).

Treatment Testing 

General remarks. The results of the water analyses show that increased concentrations of the following water 
components have to be taken into account for the design of treatment plants: 

Arsenous acid (toxic)
Natural organic matter = NOM (e.g. color, chlorine consumption)
Ammonia (chlorine consumption, formation of nitrite)
Methane (bacterial growth, slime)
Boric acid (threshold value for boron)
Sodium/conductivity (threshold values)
Iron(II) and manganese(II) (turbidity, taste)
Hydrogen carbonate (high and difficult to lower pH)

•
•
•
•
•
•
•
•



197

In order to remove arsenic as well as NOM, flocculation and sedimentation or direct filtration including the 
addition of iron salts or aluminium salts are suitable in principle. Since the negatively charged arsenate(V) 
anions adsorb better onto the flocs than does the neutral arsenate(III), preliminary oxidation is required. 
However, it has to be taken into consideration that the sorption of arsenate(V)-ions is subject to the competition 
of OH- ions. High pH values as in the ground waters of the Vojvodina are thus detrimental to this form of 
arsenic elimination (for the same reason rather high costs can be expected for sorption techniques which use 
e. g. granulated iron hydroxides). The high concentrations of humic substances are another problematic factor 
since these substances have a negative effect on the flocculation process due to the formation of colloidal 
precipitation products. Ammonia can be oxidized to nitrate via a biological process in sand filters after having 
solved oxygen in the water. However, an oxygen demand of up to 10 mg/L due to the high ammonium content 
in some waters has to be taken into consideration. Methane can be removed by aeration rather easy. 
Membrane desalination technologies such as reverse osmosis are generally suited for a removal of arsenic, 
humic substances, ammonia and sodium. However, they require high investment and operating costs and 
produce a high waste water amount. A preliminary treatment for the elimination of humic substances would 
probably be required in order to prevent a membrane blockage due to “fouling”. It has also to be noted that 
boric acid and arsenate(III) might not be removed sufficiently using reverse osmosis. 

Flocculation and sedimentation. For an assessment of the efficiency of this technology, jar tests were conducted 
in the TZW laboratory and on site. In these tests the effects of type and quantity of flocculant, preliminary 
oxidation (O3, KMnO4, H2O2), the addition of polyelectrolyte, acid and calcium ions were tested. 
Figure 2 exemplifies the results of on site flocculation tests with ground water from Kikinda. It can be seen that 
polyaluminium chloride (PACl) and iron(III) salt have a similar efficiency with respect to SAC elimination 
(SAC is an easy to measure parameter to assess the NOM-removal and therefore the flocculation efficiency). 
The hydrolysis reaction of the added flocculant lowers the pH value in both cases, the reduction being, however, 
significantly higher with iron(III) chloride than with polyaluminium chloride. This can explain the slightly 
better elimination of SAC in the case of iron(III) chloride with dosages > 1mmol/L.

Figure 2: NOM elimination by flocculation 
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When dosing 5 mmol/L hydrochloric acid in addition to 0.9 mmol Fe/L (= 50 mg/L), the pH value is lowered 
from 7.1 to 6.0 and the elimination of SAC improves significantly from approx. 50% to 80%. 
The flocculant demand for an elimination of humic substances as well as the required dosage of acid for a 
significant reduction of the pH value is comparatively high. In the case of acid assisted flocculation using 
iron(III) chloride, the chloride concentrations in the water would be increased by 8 mmol/L, i. e. by 280 mg/L!  
Therefore e. g. an elevated electric conductivity and corrosion problems can be expected. Tests with ground 
waters from Zrenjanin produced similar results. Additional series of measurements in the TZW laboratory with 
preliminary ozonation of the ground water (ozone dosage 5 mg/L) did not show a significant improvement of 
the flocculation efficiency by oxidative treatment. 
Additional results of the on site flocculation tests, e. g. removal of boron and arsenic as well as the residual 
concentrations of flocculant, can be seen in Table 3. The removal of the arsenic specie present in the ground 
waters from the Vojvodina is achieved better with iron(III) salt than with aluminium salts. This is evidence 
that arsenic is solved as arsenate(III). Prior jar tests in the TZW laboratory with model solutions demonstrated 
that iron salts and aluminium salts achieve the same arsenate(V) removal. In contrast, arsenate(III) removal is 
much better with iron salts than with aluminium salts. The results in Table 3 demonstrate that oxidation using 
potassium permanganate or Fe(II) salt and hydrogen peroxide (Fenton’s reagent) can improve the elimination 
of arsenic by flocculation/sedimentation significantly (due to the oxidation from arsenate(III) to arsenate(V)). 
As expected, boron cannot be removed by this technique even with high dosages of iron or aluminium salt.

Table 3  Removal of selected water components by treatment with flocculation and sedimentation (jar tests, 
all samples 0.45 μm filtered)

SAC254 
m-1

Arsenic 
mg/L

Boron  
mg/L

Iron  
mg/L

Aluminium 
mg/L

Zrenjanin, well 7-11 44 0.100 1.1 0.43 < 0.02
after flocculation/sedimentation
+ 60 mg Fe(III)/L 22 0.014 1.1 0.30 -
+ 60 mg Fe(III)/L + 100 mg KMnO4/L - 0.002 1.1 0.21 -
+ 40 mg Fe(II)/L + 40 mg H2O2/L - 0.003 1.1 1.11 -
+ 20 mg Al/L (Al-SO4) 23 0.085 1.1 - 0.54
+ 20 mg Al/L (Al-SO4) + 3 mmol/L HCl 18 0.074 1.1 - 0.21
+ 40 mg Al/L (Al-SO4) 18 0.072 1.1 - 0.07

Novi Becej, well Kumane 41 0.178 1.3 0.16 < 0.02
after flocculation/sedimentation
+ 50 mg Fe(III)/L 15 0.017 1.3 0.31 -

Further results of the series of measurements include:
The dosage of calcium ions improves the efficiency of flocculation only slightly.
If polyelectrolyte are added (0.1-0.5 mg/L Praestol 2540), sedimentation of the flocs is improved. This 
does not, however, lead to a reduction of the amount of flocculant needed. 
Polyaluminium chloride as a flocculant produces the same elimination of SAC as aluminium sulfate (in 
the 0.45 µm filtered samples). Sedimentation with polyaluminium chloride was, however, much better 
compared to aluminium sulfate.

Ozone demand. Tests on the ozone demand with the ground waters from Zrenjanin (wells 7-11) and Novi 
Becej (well 2, Kumane) showed that very high dosages of more than 8 mg ozone/L are required to maintain 
significant ozone concentrations of 0.1-0.2 mg/L after a reaction time of 2-3 minutes. 

Disinfection and disinfection by-products. Based on the hydrogeological and hydrochemical circumstances 
it can be assumed that the extracted raw water is faultless from a hygienic and bacteriological point of view. 
Considering the state of the distribution networks, a reliable disinfection of the drinking water is nevertheless 
required. Minimum residual concentrations of the disinfectant have to be maintained in the entire distribution 
network. Because of the high concentrations of humic substances, a high chlorine demand can be expected. 

•
•

•
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This assumption was verified by measurements in which different amounts of chlorine were added to ground 
water samples. 
It was found that approx. 8-10 mg/L of chlorine would have to be added to the untreated ground water to 
achieve a minimum chlorine concentration of 0.1 mg/L after a reaction time of 24 hours. The formation of 
trihalogenmethanes with this chlorine dosage was determined to be to 0.18 mg/L which means that the EU 
threshold for trihalogenmethanes (0.10 mg/L, effective from 25.12.2008) would be exceeded. The alternative 
disinfectant chlorine dioxide was also found to be subject to a fast consumption and cannot be employed 
successfully since its by-product chlorite would exceed the threshold of 0.2 mg/L. 

SUMMARY
The chemical characteristics of 16 deep well waters used for the drinking water supply in the regions of Becej, 
Novi Becej, Kikinda and Zrenjanin are presented and assessed. As a result of the measurements, an unusual 
chemism of most ground waters in the Vojvodina has to be stressed. They are high in alkalinity and natural 
organic matter (NOM) and low in hardness. Moreover, increased concentrations of arsenic, ammonia, methane, 
boron, sodium and partly also iron(II) and manganese(II) can be important for the design of treatment plants. 
These substances are dissolved in the water for geogenic reasons. Anthropogenic micropollutants, heavy metals 
and radioactive substances are not present in relevant concentrations. There are significant regional differences 
in the ground water chemistry. In the Becej and Kikinda regions e. g. only relatively low concentrations of 
arsenic are present (but partly exceed the threshold value of 0.01 mg/L). In Becej also the content in boron and 
NOM are low. Therefore, the existing process technology (aeration, sand filtration, chlorination) is suitable for 
the treatment of the ground water of the Becej well field. 
In addition to the water analyses, jar tests were performed with different ground waters regarding the treatment 
processes flocculation/sedimentation, ozonation and chlorination. The essential result is a very high demand 
of flocculant (e. g. 60-80 mg Fe/L) for a removal of arsenic and NOM. This is due to interferences by the NOM 
with the flocculation process. The measured ozone consumption confirms the assumed high ozone demand of 
the ground water (> 8 mg O3/L). Another important result is the fact that a removal of NOM is essential for a 
safe disinfection of the ground waters.
For a treatment of these groundwaters in order to produce drinking water for the public supply, a complex 
technology is required. In principle this process could comprise the stages aeration, flocculation/sedimentation, 
ozonation, multilayer filtration and disinfection. In some cases as e. g. in Zrenjanin, the water would also have 
to be desalinated (e. g. by means of reverse osmosis). This could lead to a waste water amount of 20-30% of 
the raw water. Among other factors, this is problematic regarding the slow recharge of the exploited aquifer. 
Even with this treatment process, the clear water might exceed the boron threshold value of Serbia. 
Instead of several small and medium-size treatment plants with a complex and expensive technology, network 
solutions using alternative resources deserve a closer examination, e. g. bank filtrate extraction at the Tisza 
River. This technology uses natural purification, sorptive and dilution processes in the subsoil as an efficient 
and inexpensive preliminary treatment for the drinking water production. 
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Abstract    Aquifer formed in alluvial sediments of the Great Morava River, spreading across over 1000 km2, 
represents one of the most important resources for supplying settlements with drinking water. In this area, 
numerous settlements were built and the agricultural production is present. The first aquifer was formed in 
gravel-sandy sediments, 20 m thick, of large permeability and it is naturally protected with clay-dusty roof, 
with thickness of about 5 m. The biggest problem is registered presence of nitrates in groundwater, above the 
valid MPL values for drinking water that is 50 mgNO3/l. Monitoring the state and problems of separate water 
sources, formed in this area, showed the considerable larger influence of settlements without sewage systems 
than existing agricultural production. Analysis showed that nitrates input by groundwater into the Danube 
River and the Black Sea is negligible. Considering the anthropogenic impacts in the wider surrounding of 
the water source, we came to conclusions that can be used for further planning the use of this and similar 
groundwater resources.
Keywords  alluvial water; agriculture; nitrates; sewage systems 

INTROdUCTION
As very significant groundwater resource, the Great Morava (GM) alluvion was subjected to special 
investigations for the purpose of considering the state, registering the common problems and confirmation of 
potential water-supply source and further development of the water source [8]. 

Water quality from alluvial sources in the GM Valley showed quality discrepancy according to the two basic 
groups of water quality parameters. According to them all water sources are grouped in the following two 
categories:

sources that show exclusively increased nitrate content, as indicator of anthropogenic impact.  They show 
high oxygen concentration and unconfined regime – water source type WS1 and
sources that show increased content of iron, manganese, ion ammoniac and some other compounds, which 
represent the consequence of existing hydrogeological characteristics – water source type WS2.

That was the reason to consider the state of surface and ground water in detail, regarding nitrate compounds. 
As basic sources of nitrate, potential nitrate intakes from agriculture were considered (artificial fertilizers 
and cattle breeding) and settlements. Air deposits were not considered in details. Available data from other 
investigations [4] showed the mean perennial deposition of nitrate compounds from the air up to 10 kg/ha 
annually.

THE GREAT MORAVA RIVER CHARACTERISTICS
The river Morava catchment area is situated in the central part of the Balkan Peninsula and encompasses 
almost whole southern and central part of the Republic of Serbia. Total surface of the Morava catchment 
area is 37.966 km2, from which the West Morava catchment area has the surface of 15.750 km2, the South 
Morava catchment area 15.446 km2 and the GM catchment area 6.770 km2 (without Jezava and Godomina of  

•

•
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6.014 km2). The largest tributaries of the Morava are the Ibar River with catchment area of 7.985 km2 and 
Nišava with 3.890 km2. The Great Morava River is formed by merging the rivers West and South Morava near 
the town of Stalać. From this point to the confluence into the Danube, the GM flows through the vast Morava 
Valley that is narrowed in the Bagrdanski Gorge by mountain masses (Figure 3). Mean altitude of the GM 
catchment area is 270 m a.s.l., of the South Morava 670 m a.s.l. and of the West Morava 710 m a.s.l.

Hydrological characteristics and potential impacts
Hydrological regime and water quality of the GM is monitored on several hydrological stations. The most 
important are Varvarin (immediately after the Great Morava formation), Brzan (after passing through 
Paraćinska-Jagodinska Valley) and Ljubičevo Bridge (on the 22nd km of the water flow) for which the 
basic hydrologic water flow characteristics are given. The total length of the Great Morava stream today is  
181,382 km.

Table 1  Basic hydrological indicators of the Great Morava water flow

No. Station name Chainage 
(km)

Catchment surface 
area (km2) Qavrg (m

3/s) Qmin
95% (m3/s) Qmin.av..month

95% 
(m3/s) Qmax

1% (m3/s)

1 2 3 4 5 6 7 8
1 Varvarin 177.214 31.548 208,2 25,39 30,36 2747,2
3 Bagrdan 118.570 33.446 217,7 28,47 32,98 2860,3
6 Ljubičevo Bridge 21.822 37.320 226,2  34,74  

Hydrological data show that the relations of characteristic waters in this water flow can be expressed through 
the following relations: Qmin

95%: Qavr: Qmax
1% = 1:10:100.

The GM is known as the “turbid river”, because it carries considerable amounts of deposits in suspension, 
what are rated from 2 to 4 million tons a year. Bed load in the GM has large water management significance 
and represents the basic factor of morphological processes in the water flow. Average value of annual bed load 
carrying in the mid-flow of the GM is approximately 420.000 tons annually. 

Numerous hydrotechnical works in this water flow, cutting the bends, dredging on the Great Morava and the 
rivers that form it, anti-erosion works and so on, cause the existing trend of deepening of river bed. Deepening 
of the river bed influences the aquifer water level decrease. The change of groundwater regime in the coastal 
area can have multiple negative consequences on existing and planned water tapping from alluvial sources [5] 
and can cause deterioration of agricultural production because of the soil humidity decrease. Negative trend 
of deepening the river bed and dropping the water flow level is especially expressed in the most downstream 
sector (some 30 km from the confluence), where the mean annual water flow levels decreased for over 4 m in 
the last 30 years. Surface water level lowering causes the increase influence of the hinterland at the existing 
groundwater sources.

Water quality of the Great Morava River
Water quality is regularly monitored by the Republic Hydrometeorological Service of Serbia, according to the 
research program for surface water, twelve times a year (once a month, in some points once in fifteen days). 
Presented data were collected in last twenty-year period. 

Water quality in the GM changes every season, so pH was recorded in total range of 6.0 to 9.2, and in 
average 7.8. Electrical-conductivity also has seasonal dynamics, and was recorded in the range from 210 to  
730 µS/cm, or 420 µS/cm on average. The content of suspended substances was also recorded in wide range 
of 1 to 482 mg/l, but is around 27 mg/l.
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Figure 1: Water quality parameters at different surface water monitoring stations

Figure 2: Concentration of nitrates in surface water and registered river flow during sampling  

It should be mentioned that pesticide content was regularly within the determined range, and the content of 
polycyclic aromatic hydrocarbons. 

When we consider connection between nitrate concentration and surface water flow, no clear function can be 
found. This is shown on Figure 2 for monitoring station Ljubicevo Bridge, for past seven year period.
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Figure 3: Hydrogeological map and main groundwater sources 

HYdROGEOLOGICAL CHARACTERISTICS OF THE GREAT MORAVA ALLUVION
Alluvial aquifer was formed in sandy-gravel sediments of large permeability (filtration coefficient order of 
10-3 m/s). Total thickness of quaternary sediments is mostly 15 to 25 m. The exception is the Šalinac water 
source, formed on the left river bank, a few kilometers upstream from the confluent of the GM into the 
Danube. In this area, older gravel quaternary sediments deposited in one narrow zone (the old Morava bed 
phase) are thick over 50 m. Dusty-clay roof layers are continually deposited over water-bearing horizons with 
changeable thickness, mostly of 5 m. These sediments represent the partial source protection from negative 
impact of the terrain surface.

On the wider GM Valley area, three types of water-bearing complex are identified, that are used with different 
intensity of water supply: karst sources (springs), sandy sediments from a Neogene and alluvial complex 
consisting of sands and gravel from the Quaternary period. In the area of Paraćinsko-Jagodinska valley, alluvial 
and Neogene water-bearing complexes are related in the considerable part of the area. 

The main groundwater sources are located in alluvial sediments of the GM. In considerably less extent, sources 
in water-bearing horizons of Neogene are formed (Jagodinsko-Paraćinska valley and local sources of the 
Danube area near Smederevo), and karst sources on the western slopes of Kučaj (Paraćin and Ćuprija).

Monitoring
Schematized hydrogeological map with locations of the most significant sources is presented in the Figure 1. 
Water quality and regime of the alluvial aquifer are observed through the systematic monitoring conducted 
by the Hydrometeorological Service of Serbia. National network for monitoring the water regime was formed 
only within the first aquifer. Monitoring of this aquifer date from the mid-70s, but numerous structures had to 
be replaced and removed because of the destroying.
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Present monitoring network mostly represents piesometers constructed during 2002. With the analyzed area, 
at the monitoring profiles on the left and right river banks, 83 piesometers were placed into 10 profiles [9].  
12 observation wells monitor the first aquifer water quality, mostly once a year.

Information on groundwater regime in zones of existing alluvial sources is added to the existing network 
of monitoring structures. In last several years, improvement of water monitoring is observed by the water 
consumers.

Groundwater generally follows the inclined floor of alluvial deposits with very significant groundwater flow 
parallel to the GM water flow. Lateral influences are mostly small except in zones of larger tributaries and 
formation flood fan. In the source zones, general directions of groundwater flow are changed due to the 
concentrated water extraction for water supply.

The use of water from Great Morava alluvion for water supply
As a part of natural water resources, the GM river alluvion is especially significant of the life of men in our 
surrounding, considering that the water-supply of the towns in the valley of this water flow is done with water 
from its water-bearing layer. This resource today, and according to the plans for water use, represents the 
corner stone for water supply. Tapped water quantities for water supply of inhabitants through constructed and 
arranged sources are approximately 1200 l/s, and it is estimated that by the individual water-supplying system 
(individual wells) are at least 300 l/s used. The alluvion water usage for agriculture is predominantly related 
to the individual consumers and can hardly be estimated.

All municipal centers are supplied with water from the source. Most settlements of the lower Morava area 
outside the municipal centers rely on individual water-supply [2]. Most part of these places has a problem 
with higher nitrate concentrations (sometimes even nitrite) [7]. Very large activities are being performed 
today in designing and connecting villages to the systems of public water supply (design of general and 
realization of main designs for water-supply of one or more municipalities). The tendency is to form larger 
organized sources that could be adequately protected from potential negative impacts. Places in the upper 
Morava area, especially in the Paraćin municipality are mainly connected to the town water-supplying system. 
Also, somewhat better situation is registered in the Jagodina municipality.

The analysis of source state that use alluvial aquifer showed very good correlation between water quality 
state in them, recharge conditions and performed groundwater flow regime. Considering the good filtration 
characteristics of water-bearing complex and smaller presence of finer sandy-dusty fractions, unconfined flow 
is usually related to the high oxygen content and redox values in the aquifer. Table 2 presents the overview of 
the most important information for alluvial sources formed in the GM Valley.

Table 2  Basic characteristics of alluvial sources

No. Location Source
No of 

wells at 
source

Depth D1** and 
D2** (m) Q (l/s) Source recharge

Existing 
treat-

ment***
Source 
class

Q indiv. 
(l/s)

1 Smederevo Šalinac 7 50-60m gwl 4-5m 280 Both sides Yes WS2 30-60 l/s

2 Požarevac Meminac 11 12-14m gwl 6m 0-30 From hinterland Yes/
no**** WS1 15-20 l/s

3 Požarevac Ključ I 14 14-16m gwl 7-8m 250 Both sides No WS1 30 l/s

3 Smederevska 
Palanka Trnovče 9 15-17m gwl 5m 80 From the river Yes WS2 6-10 l/s

4 Velika Plana Livade 14 10-11m gwl 6,5m 100 From hinterland No WS1 10-15 l/s
5 Žabari Žabari 1 16m 30 From hinterland No WS1 30 l/s

6 Lapovo Garevina 7 12-14m gwl 7m 60 From hinterland No WS1 10-15 l/s

7
Kragujevac

Brzan 14 8-14m 220 From the river Yes WS2, 
only Mn

20-50 l/s
Batočina 30-80 l/s

8 Ćićevac Moravište 3 12-14m 30 Both sides No WS1 12-15 l/s
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Legend: *D1 – depth to the alluvion floor
  **D2 – depth to the groundwater level (gwl)
  ***treatment – except disinfection which is present everywhere
  ****yes/no – there is an device for reverse osmosis that is not functioning

There is a regularity that the water sources formed in the coastal area usually loaded with Fe, Mn and NH4 
and groundwater treatment (aeration and filtration) is applied, while the water sources far away from the river, 
formed normally to the natural groundwater flow, unsatisfactory quality concerning the nitrate content. Large 
number of wells of these sources is abandoned, and sometimes whole sources are planned to be shut down.

POTENTIAL IMPACTS
The level of social and economic development of the Morava region paces this area into one of the most 
developed in the Republic. The biggest towns are Požarevac, Velika Plana, Jagodina, Svilajnac, Ćuprija and 
Paraćin. They are the most important industrial and municipal centers. Smaller municipal centers are Žabare, 
Batočina, Varvarin and Ćićevac.

Settlements-inhabitants
The Great Morava catchment area partially or completely encompasses the area of 22 municipalities and 
spreads over the area of 6 counties. The total number of inhabitants on the catchment area is around 900.000, 
and more than half of them are situated in urban areas. The area has the surface of 1200m2 and encompasses 
alluvial plain and fluvial-lacustrine terraces. Around 300.000 live on the analyzed area of the Great Morava. 
The structure of settlements in the Great Morava catchment area and analyzed area is given in the Table 3.

Table 3  Structure of inhabitants in the Great Morava catchment area and the river valley area
Structure of inhabitants Structure of places acc. to the no. of inhabitants

No. of inhabitants Urban Rural >5000 From 1000 
to 5000

From 500 to 
1000 <500

Catchment area 467.535 413.204 17 146 138 152
Alluvion 176.210 115.443 11 49 18 0

Only municipal centers regulated the waste water channeling. Water treatment is performed only in some of 
them (Table 4).

Table 4  Inhabitants connected to the sewer system in settlements of the Great Morava Valley

Name of town Network length 
(km)

Connectivity 
estimation (%)

Amount of 
water at outflow 

(l/s)

Name of 
influent

Type of treatment  
(if any)

Installation 
capacity

Požarevac 89 60 76 V. Morava Not working 4300 m3/day, 
20000 ESx2

Velika Plana 60 80 30 V. Morava Aerobic lagoons 25000 ES; 
170 m3/h

Žabari - 30 - - None -
Lapovo 7.0 16 6.Feb V. Morava None -
Batočina 6.Feb 30 12 Lepenica None -

Svilajnac 90 95 28 Resava and  
V. Morava

Two bioaeration 
lagoons 350 m3/h

Jagodina 39 90 100 Belica Biological-
extended aeration 720 m3/h

Ćuprija 40 83 40 V. Morava - -

Paraćin 50 60 70 V. Morava Mechanical 250 m3/h, 35000 
ES

Ćićevac 2,5 0.5 10 - - -
Varvarin - 55 - V. Morava - -
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Agriculture
The Great Morava Valley represents very attractive area for agricultural production. Beside classic farming 
plants, wheat and corn, industrial plants are introduced into production.

In cooperation with agricultural institutions, data were collected and processed on average quantities and types 
of fertilizers used [3]. These data showed that moderate usage of fertilizers is present today. According to the 
data on agricultural plants grown and average fertilizer applications, average nitrate load was calculated and 
presented as annual kgN/ha. These values are in range from 80 to 120 kgN/ha annually. On several plots with 
vegetable plants, there is a significantly bigger load, but it can be stated that this state is only locally present. In 
order to optimize the yield (presently realized yield are mostly 30-40% smaller), it can be expected to increase 
the application of agro-technical measures and fertilizers. According to the field expert experience, production 
increase would demand the amount increase of applied fertilizers order of 130-170 kgN/ha annually.

Calculations of compost potential, defined on the base of the data on agricultural funds at the area, show the 
average values of 15 to 30 kgN/ha annually. Compost management is not on satisfactory level.

It must be stated that the low application of fertilizers is mostly the consequence of poor economic power of 
the agricultural inhabitants.

CONCLUSIONS
The Great Morava water regime and quality protection is of significant importance for the existing and planned 
groundwater sources in alluvion. The Great Morava water sustainability means the South and West Morava 
protection and water quality protection of their biggest tributaries.

Because of the negative impact of the hinterland, in the first place settlements without sewage systems, more 
and more water sources are rely on the river water (sources are develop near the stream  using bank -filtration 
and some infiltration systems are introduced [6]).

Noted regularities between groundwater quality and configuration of the water source [1] should help to form 
future water sources of significant exploitation capacities. It is essential to find optimal distance from the river 
when forming source configuration that would diminish possible pollution strike from the GM River, and 
on the other side limit the impact of hinterland to the acceptable level. It is also very important to consider 
future groundwater flow regime that would be established in the source surrounding. Possible changing the 
groundwater regime from confined to unconfined should be considered.  

Some parts of the alluvion, where groundwater exploitation and works on the river decreased groundwater 
level, represent sensitive zones concerning nitrate. Application of measures for settlements channeling and 
waste water treatment, and introduction of good agricultural practice must be performed in these areas first.
Load of the Iron Gate reservoir with nitrates, due to ground water recharge, is negligible. 
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Abstract    The study area is located in the south part of the Transylvania Depression (center of Romania) and 
comprises the Badenian, Sarmatian, Pannonian and Quaternary deposits that develop at south of the Mures 
river, until the Olt river basin.The Badenian deposits have a small development in the south part of the study 
area and are constituted of marls, clays, sands, tufits intercalations and salt deposits. Hydrogeological point of 
view, this aquifer have a locally importance, because, generally, the water is salted. The Sarmatian deposits 
consist of an alternance of marls, clays, sands, sometimes sands with gravels and tufits intercalations. The 
upper levels contain drinking water, but in the depth, the water is salted. The Pannonian aquifer is the most 
important deep aquifer in the region, but there are dinking and salted water areas. The shallow aquifers located 
in the alluvial, deluvial and coluvial Quaternary deposits are characterized by different hydrogeological and 
hydrochemical parameters. The knowledge of these aquifers is important for a better management of the 
groundwater resources, in a region, generally, poor from this point of view.  
Keywords  deep aquifer; drinking and salted water; hydrogeological and hydrochemical parameters; shallow 
aquifer.

INTROdUCTION
The Transylvania Depression is situated in the center of the country, being surrounded by the three branches of 
the Carpathians: Eastern, Southern and Western. From the geomorphological point of view, the Transylvania 
Depression looks like a plateau, with an average altitude of 450-600 m. The hydrographic network is 
represented, in the Northern and Central part of the study area, by the Mureş River and its main tributaries, 
Târnava Mare River and Târnava Mică River, and in the southern part, by the Olt River and its right side 
tributary, the Hârtibaciu stream (Ghinea, 2002).
The study area is located in the south part of the Transylvania Depression and comprises the Badenian, Sarmatian, 
Pannonian and Quaternary deposits that develop at south of the Mureş river, until the Olt river basin.

GENERAL GEOLOGICAL CONSIdERATIONS
In the ensemble structure of the Transylvania Depression we can notice the crystalline basement, with the 
Pre-Neozoic sedimentary coat and the Neogene and Quaternary filling deposits. The Transylvania Depression 
started to evolve as an inter-mountain accumulation basin at the end of the Cretaceous, after the laramic 
tectogenetic stage. The Paleogene transgression didn’t involve the whole region, a part of it evolving as 
immerse area until the Middle Miocene, reason for which the Paleogene deposits are more developed in the 
northwestern part of the depression (Mutihac, 1990). 
The Badenian was the beginning of a new sedimentation cycle, disposing transgresively over older deposits or 
over the crystalline basement. During the Badenian, it also started the subsequent magmatic activity within the 
Oriental Carpathians and the Southern Apuseni Mountains. This activity determined the accumulation, at certain 
stratigraphic levels, of the pyroclastic material. A characteristic of the Badenian deposits is given by the presence 
of the salt formations, which is under the form of a megabreccia with salt and gypsum (Ciupagea et al., 1970).
The Sarmatian deposits are disposed in a continuity of sedimentation over the Badenian and are composed of 
an alternance between clays, marls, sands, sometimes with intercalations of dolomite limestones and tuffs.
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The Pannonian has an extensive development in the central and southern part of the Transylvania Depression. 
Generally, in the succession of the Pannonian deposits, two lithological complexes are recognized, a basal one 
made of marls and clays and another upper, made of sandstones and sands, with gravels. In the eastern part of 
the Transylvania Depression volcanic-sedimentary deposits from the Neogene are developed. The Quaternary is 
represented by alluvial, deluvial and coluvial deposits from the feet of the Făgăraş Mountains and by flood plains 
and terrace alluvial deposits of the main rivers in the region. The filling deposits are generally characterized 
by anticlinal and synclinal foldings which are very wide and are affected, as the effect of rising or lowering 
movements, by a network of quasi-vertical fractures. The Badenian – Pannonian deposits from the center of 
the Transylvania Depression are affected by diapire folds and domes. These structures were determined by the 
way in which salt reacted. As an effect of litostatic pressure, salt migrated from the center to the marginal areas, 
where it perforates diapirically the upper formations, generating the diapire folds (Ciupagea et al., 1970).

LITHOLOGICAL, HYdROGEOLOGICAL ANd HYdROCHEMICAL CONSIdERATIONS
CONCERNING THE BAdENIAN dEPOSITS
The Badenian deposits, which mark an important transgression in the Transylvania Depression, outcrop on 
relatively small areas in marginal areas of the depression, and at the same time they go very deep , under newer 
formations, in its central areas. From the lithological point of view, the Badenian is predominantly made of 
marls and clays with intercalations of sands, more seldom gravel, and tuff levels. Close to the mountain frame, 
the Badenian deposits can develop in a coarse detritus facies, represented by conglomerates with sandstones, 
but with reduced development. Characteristic for the lithologic succession of the Badenian deposits is the salt 
formation, which registers big thickness towards the center of the depression.
The Badenian deposits outcrop, in the south part of the study area, south from the Olt River, either under 
the form of a strip, close to the contact area between the depression and the northern slope of the Făgăraş 
Mountains, or under the form of isles, from under the Quaternary deposits. In the southeastern part, the 
Badenian also outcrops north from the Olt River, being then covered by Sarmatian deposits.
The Badenian deposits are known through several research hydrogeological wells, up to 250 m in depth 
(Figure 1). They have traversed an alternance of marls and clays, with intercalations of sands, generally fine, 
more rarely medium, locally with clay. In one well (F Porumbacu) there have been encountered thin sandstone 
intercalations, as well as levels of tuffs and volcanic conglomerates. The piezometric level is generally artesian 
(+12.5 m in F Porumbacu) or strongly ascensional (0.5 m F Cârţa), and the yields obtained vary between 
0.021 and 3.3 l/sec, for drawdowns of 12 - 46.45 m. The specific yield has very low values, between 0.0004  
(F Sinca) and 0.12 l/sec/m (F Porumbacu) which characterizes an aquifer with very low potential.
From the qualitative point of view, water is drinkable only in F Porumbacu, in rest being undrinking (exceeding 
of MAC – maximum admitted concentration according to Law no. 458/2002 concerning the quality of drinking 
water), for NH4 or NO3 at F Ticuş and F Sinca or salty (F Cârţa). The presence of NH4 in groundwater can 
be geogenous. The values of the quantitative parameters, but especially the qualitative ones, of the aquifer 
retained in the Badenian deposits from the study area, make that this aquifer to have a local importance 
(Porumbacu area) from the point of view of water supply.

LITHOLOGICAL, HYdROGEOLOGICAL ANd HYdROCHEMICAL CONSIdERATIONS 
CONCERNING THE SARMATIAN dEPOSITS
South from the Mureş River, the Sarmatian deposits outcrop on an extensive area in the southeastern part 
of the study area, where they are disposed over the Badenian deposits. The Sarmatian also outcrops, on 
small areas, in the southwestern part, where it also is disposed over the Badenian, and in the central part, on 
the axis of certain wide anticlinal folds. Generally, the Sarmatian deposits are predominantly pelitical, with 
intercalations of sands, argillaceus sands, sometimes dolomitic limestones and tuffs. They are rich in fossils, 
being paleontologically argued the presence of the Buglovian, the Volhinian and the Lower Basarabian.
In the southeastern part of the study area, the Sarmatian deposits are known through wells until the depth of 
400 m and are made up, from the lithological point of view, from an alternance of marls, clays and sandy clays, 
with intercalations of sands and clay sands (Figure 2). The proportion of sandy horizons drops from southwest 
to northeast (from Nocrich towards Buneşti), in the same direction also increasing the depth where they are 
found. These aspects make that the aquifer framed in the Sarmatian deposits to be multilayered.
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Figure 1: Badenian – geological map and lithological and hydrogeological characteristics of some wells

Figure 2: Sarmatian – geological map and lithological and hydrogeological characteristics of some  wells
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The piezometric level is mostly artesian, situating between  +2.5 m in F Nocrich and +12 m in F Buneşti. The 
yields obtained generally have lower values of 1 l/sec, and more rarely, higher values (2 l/sec – F Nocrich and 
6 l/sec – F Buneşti). The specific yield have values between 0.01 and 0.04 l/sec/m, the hydraulic conductivity 
(K) has values of 0.5 – 0.7 m/day, and the transmissivity (T), of 30 – 35 m2/day. These values indicate that the 
Sarmatian aquifer is, generally, an aquifer with weak potential. 
From the qualitative point of view, the water is generally drinkable, with local exceedings of MAC at NH4, its 
origin being probably geogenous. The values of the quantitative and qualitative parameters of the Sarmatian 
aquifer make it to be considered as source of water supply, without being able to supply though important 
exploitation yields, only on a local scale (Nocrich, Buneşti).
It must be mentioned that in the central area of the Transylvania Depression, the geophysical diagraphs of 
the exploitation wells for natural gas showed that the porous-permeable horizons from the inferior part of the 
Sarmatian, as well as the ones in the Badenian deposits contain salted water (Ciupagea et.al., 1970). This can 
be deposit water, associated to natural gas deposits.

LITHOLOGICAL, HYdROGEOLOGICAL ANd HYdROCHEMICAL CONSIdERATIONS 
CONCERNING THE PANNONIAN dEPOSITS
It must be said that, in this paper, Pannonian is considered in sensu largo, representing, in the Pannonian Basin, 
the equivalent of the Upper Basarabian - Pontian interval, from the Dacian Basin.
Generally, the study area, in the succession of the Pannonian deposits, two lithological complexes are 
recognized, a basal one made of marls and clays and another upper, made of sandstones and sands, with 
gravels(Codarcea and Stancu,1968). The basal complex is made of marls, rusty sandy marls, and sometimes 
grezous intercalations.
The upper complex, developed in sedimentation continuity over the lower one, locally surpasses it, covering 
the terms of the Upper Miocene. Locally, in the southern part of the study area, the upper complex is made 
of polygene gravels, with rounded elements of quartzite, crystalline   schists, sometimes consolidated by a 
grezous calcareous cement, alternating with coarse sands, grey-white or yellowish, with oxidized areas and 
frequently grezous concretions (Răileanu, Marinescu and Popescu, 1968). 
In the study area several observation and/or exploitation hydrogeological wells were drilled, which had as 
objective the Pannonian deposits (Figure 3). From the lithological point of view, these deposits are made of 
an alternance of marls and clays, sometimes sandy, with sands, predominantly fine, sometimes argillaceous, 
and subordinated, with sandstones. It is frequently observed a lateral variation of facies, in the direction of 
the variation of the porous-permeable horizons thickness, coarse till their efilation, either the change in their 
granulometry, through the passing from medium gross sands, to fine sands, most of the time argillaceous. 

Figure 3: Lithological and hydrogeological characteristics of some wells executed for Pannonian deposits
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Figure 4: The geological map of the south part of Transylvania Depression with location of some 
hydrogeological wells and areas with fresh and salted water from the Pannonian aquifer

The facies variation is manifested on the vertical, which leads in some areas, the porous-permeable horizons to 
be separated by impermeable intercalations with relatively small thickness, and in other areas, the impermeable 
intercalations have relatively large thickness. In the Pannonian deposits from the studied area, there were 
intercepted aquifer horizons, between 25 m and 300 m in depth, their distribution being different from one area 
to another, just because of the above mentioned lithofacial variations. Thus, in the south and center of the area 
two aquifer complexes can be separated: an upper one developed between 25 and 40 m and until 100 - 120 m, 
and an inferior one, developed between 130 and 300 m.
Generally, the piezometric level of the aquifer found in the Pannonian deposits is ascenssional and is situated 
at depths of 1.9m – 29.5 m, but in the Târnava Mare and Visa valley, this has an artesian manifestation  
(Np =+ 5.85 – + 26.6 m), with yields between 0.2 and 4.5 l/sec. The yields obtained at pumping tests have 
values between 0.12 and 10 l/sec, but frequently they are between 0.5 and 3 - 4 l/sec; these values are obtained 
for relatively large drawdowns, which make that the specific yield being between 0.014 and 0.342 l/sec/m.
The other hydrogeological parameters also have low values. Hydraulic conductivity (K) varies between 
0.022 and 1.62 m/day, with values predominantly subunitary. Rarely larger values were determined for this 
hydrogeological parameter, of 2.219 m at Moşna and 2.72 m/day at Dumbrăveni. The determined values for 
transmissivity (T) are generally between 1.122 and 43.163 m2/day, but 108 m2/day in the Dumbrăveni.
Chemical analyses on water samples taken from hydrogeological wells emphasized the presence of salted water 
in some areas from the development area of the aquifer from the Pannonian deposits. The catched porous-
permeable intervals are at variable depths, between 24 and 243 m. From lithological point of view, these are 
mainly represented by fine sands, rarely medium, mostly argillaceus, and subordinated, sandy marls.
Chemical analyses on water samples taken from hydrogeological wells emphasized the presence of salted water 
in some areas from the development area of the aquifer from the Pannonian deposits. The catched porous-
permeable intervals are at variable depths, between 24 and 243 m . From lithological point of view, these are 
mainly represented by fine sands, rarely medium, mostly argillaceus, and subordinated, sandy marls. Chloride 
concentrations vary between 962.71 and 5762.1 mg/l and the sodium ones between 873.46 and 3750 mg/l.
Thus an area is contoured located especially between the Mureş river and the Târnava Mică river, and 
subordinately, to the east, on the upper courses of the two Târnava rivers, in which Pannonian formations 
keep salted water (Figure 4). Salted water can come from two sources: salt accumulations and/or deposit 
water associated to the natural gas structures (Radu and Radu, 2006). In drinking water zone there are locally 
exceeding the MCA to NH4, this probably being of geogen nature.
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LITHOLOGICAL, HYdROGEOLOGICAL ANd HYdROCHEMICAL CONSIdERATIONS 
CONCERNING THE QUATERNARY dEPOSITS
The Quaternary deposits, occupy larger surfaces in the southern part of the study area, in the Făgăraş Depression 
(drained by the Olt River) and in the Sibiu Depression (drained by the Cibin river) subunits of the Transylvania 
Depression.
In the rest of the area, the Quaternary deposits are represented by alluvial deposits of flood plains and terraces, 
generally narrow, which develop on one part and another of important rivers from the region: Mureş, Târnava 
Mare, Târnava Mică and Hârtibaciu.  

Figure 5: Quaternary deposits – development areas  and cross sections

The alluvial deposits from flood plains and terraces retain the shallow aquifer and are made of sands, from fine 
to coarse, gravel and large gravel, with levels of clay and sandy clays with lenticular development (Figure5). 
Locally, the alluvial deposits can be patched with fine material, clay, brought and deposited during floods  
(Mureş, Târnava Mare). The roof of the aquifer horizon is made mostly either from vegetal soil and more 
rarely from levels of clays, sandy or silty clays, which makes that the shallow aquifer to be highly vulnerable 
to pollution. The height of the deposits vary between 2 and 10 m in flood plain and inferior terrace, but can 
reach 40 m in the middle terrace or even 85 m in the upper terrace (the Olt river in the Făgăraş Depression).
The hydrostatic level is found at depths of 0.5 – 5 m in flood plain and 10 – 15 m in terraces. The hydrostatic 
level can be sometimes slightly ascensional, when in the roof  silty clay deposits are developed (Târnava 
Mare, Târnava Mică). The specific yield varies from under 1 l/sec/m until 5 - 6 l/sec/m, but can reach  
13 l/sec/m in the Făgăraş Depression. The hydraulic conductivity (K) has generally values of 40 – 50 m/day 
(Târnava Mică, Târnava Mare, Mureş), but can be in the Făgăraş Depression at 100 – 200 m/day. In the same 
area there were recorded high values for transmissivity (T), of  800 m2/day.
The aquifer from the alluvial and coluvial deposits of the basement of Făgăraş Mountain northern side, is 
being exploited in drinkable and industrial purpose, until 50 m depth, through several catchments.
From the chemical point of view, the shallow aquifer cantonates bicarbonato – sulfato – calcico – magneziene 
waters, but which, locally, can be sodo-calcic or even cloro-sodic (Mureş). Even if, due to the high degree of 
vulnerability to pollution, the shallow aquifer localized in the flood plains and terraces of rivers in the study 
area often exceeds the MAC to NO3, NO2 and NH4, it is used in potable purposes in the localities from the area 
(domestic fountains).

CONCLUSIONS
The Transylvania Depression is generally known as a defficient region from the drinking groundwater point 
of view. This fact is due to, on one hand, the predominance, within the lithologic composition of the filling 
deposits of the Transylvania Depression, the pelitic deposits, in the detriment of the porous-permeable ones, 
and on the other hand, the presence in the depth of the salt deposits and natural gas. This last aspect determines 
the presence of salted water at different stratigraphical layers (Badenian, Sarmatian, Pannonian).
In the study area, from the hydrogeological point of view, the most important aquifer is the one retained in 
the Pannonian deposits, excepting the area situated immediately to the south of the Mureş river, where these 
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deposits can retain salted water.
The Sarmatian aquifer is only locally important, only in the southeastern part of the Transylvania Depression, 
and only in the upper part of the lithological succession, while in the central part, these deposits can retain 
salted water. The values of the quantitative parameters, but especially the qualitative ones, of the aquifer 
retained in the Badenian deposits from the study area, make that this aquifer to have a local importance 
(Porumbacu area) from the point of view of water supply.
The reduced development of the terrace and flood plain alluvial Quaternary deposits of the booth sides of 
the main rivers from the north and central part of the study area, make that the shallow aquifer has a local 
importance. This aquifer is locally exploited through domestic fountains. The aquifer from the alluvial 
and coluvial Quaternary deposits from Făgăraş Depression is exploited, until 50 m depth, through several 
catchments.
From qualitative point of view, the Badenian aquifer has principally salted water, and, exceptionally, drinking 
water. In the areas where the water is not salted, the Sarmatian deposits contain, generally, drinking water, 
locally exceeding the MAC to NH4, this probably being of geogen nature. 
NH4 was locally encountered, probably having the same origin, within the Pannonian aquifer, in rest, the water 
is drinkable. The shallow aquifer, characterized by a high degree of vulnerability to pollution, often exceeds 
the MAC at NO3, NO2 and NH4. It is exploited, on a local scale through domestic wells, and in the Făgăraş 
Depression, where is the most developed, through several catchments (drinkable and industrial water).
In the future it is necessary to increase the degree of knowledge, both quantitative, especially qualitative, 
of the aquifers in the south of the Transylvania Depression, in view of a good management of groundwater 
resources, in a area generally defficient from drinking groundwater point of view.

References
Ciupagea D., Paucă M., Ichim Tr.(1970) – Geologia Depresiunii Transilvaniei. Ed.Acad., Bucureşti,  
p.49-100.
Codarcea M. D., Stancu J. (1968) – Harta geologică a României, sc:1:200.000, foaia Sibiu. Com.St.Geol., 
Inst.Geol.,Bucureşti.
Ghinea D. (2002) – Enciclopedia geografică a României. Ed. Enciclopedică, Bucureşti, p.1313 – 1314.
Radu E., Radu C. (2006) – Freshwater and salted water in the Pannonian deposits from the south part of 
Transilvania Depression (Romania). Conference on Water Observation and Information System for Decision 
Support – BALWOIS 2006, 23-26 may 2006, Ohrid, Republic of Macedonia. Abstracts pag.183.
Răileanu Gr., Marinescu Fl., Popescu A. (1968) - Harta geologică a României sc:1:200.000, foaia Târgu 
Mureş. Com.St.Geol., Inst.Geol., Bucureşti.
Mutihac V. (1990) – Structura geologică a teritoriului României. Ed.Teh., Bucureşti, p.369-386.

1.

2.

3.
4.

5.

6.



216

www.jcerni.org/activities/conferences/iwa2007/home.html



217

State-of-the-art of theVić Bare Source for Obrenovac Water Supply 

B. Hajdin*, P. Dokmanović*, Z. Stevanović*, K. Hajdin**

* Department of Hydrogeology, Faculty of Mining and Geology, University of Belgrade,  
 Djusina 7, Belgrade, Serbia 
 (E-mail: hajdiboj@eunet.yu; dokmani@eunet.yu; zstev@eunet.yu)
** JKP “Vodovod i kanalizacija”, Cara Lazara 3/1, Obrenovac, Serbia 
 (E-mail: hajdiboj@eunet.yu)

Abstract    Obrenovac is a suburban municipality under Belgrade administration located 35 km from Belgrade. 
For half a century now it has been supplied with water from Vić Bare source in the Sava River alluvium. The 
drinking water demand, increasing with the growth of the town, was so far met by new wells in the same source 
area. Present extraction of about 370 l/s by the existing system of wells is approaching the withdrawal limit. A long-
term plan of water supply implies concrete engineering concepts including consideration of the artificial recharge, 
and also the need to estimate the groundwater reserves in the area as well as to apply EU WFD targets.
Keywords  artificial recharge, water supply.

The source of the municipal water supply to Obrenovac town and suburbs is a sand and gravel aquifer of the 
Sava alluvium. The source was developed in 1963 north of the town on the Sava right bank, 37 km upstream 
of its confluence with the Danube (Figure 1).

Figure 1: Sketch map and position of the Vic Bare source for Obrenovac water supply. (Google Earth)

The source area is about 6 km2, in a meander formed by the lateral stream erosion. The southern part of the 
area is a meander-scar terrace about 78 m high above sea level (Zabrežje village), sloping northward to the 
Sava to 73 m (source area).
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HYdROGEOLOGY OF THE SOURCE AREA
Local geology and hydrogeology have been well studied through several detailed geological investigations 
and exploratory drillings. The area is built up of Quaternary alluvial deposits in a thickness between 13 m and 
21 m over Tertiary clay and clay-marl sediments that are provisionally classified “waterless” in the terms of 
hydrogeology (Figure 2).

Figure 2: Sketch hydrogeological map of Vic Bare source

Quaternary deposits, downward from the ground surface, consist of the overlying clays and water-bearing 
varigrained sands and gravels (Figure 3). Lower parts of sand and gravel are non-homogeneous, the grain size 
increasing with the depth to almost 8 cm large cobbles at the contact with the underlying Tertiary sediments.

The thickness of the aquifer in the source area varies from 5 m to 15 m, the smallest being in the south, to 10-12 m 
in central, and even in excess of 15 m in places in the north near the Sava where most of wells are located.

As to the permeability of the aquifer, test pumping gave hydraulic conductivities (Kf) within the range from 
2.0 to 3.5 x 10-4 m/s. Hydraulic conductivity values, based on the grain-size analysis, for the upper part of the 
aquifer (medium and fine sands) between 6 m and 10 m thick, vary within the range from 2 to 8 x 10-3 m/s. 
The lower four to six meters of sandy gravel and gravel have the hydraulic conductivities from 6 x 10-2 m/s to 
2 x 10-1 m/s (Radovanović et al., 1995).

Figure 3: Hydrogeological cross section of of Vic Bare source
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The overlying alluvial deposit is semipervious. Its thickness varies from 2 m to 7 m, locally 9 m, or 4-6 m on 
average. The deposit consists of silty sand and clay of the hydraulic conductivity between 1.0 x 10-8 m/s and 
7 x 10-7 m/s according to the grain-size analysis.

The underlying Tertiary clay is also an aquitard of the hydraulic conductivity less than 1 x 10-8 m/s.

Groundwater is mainly recharged by infiltration from the riverbed. The position of the water source in a 
meander nearly encircled by the river and suitable lithology are the conditions favourable for recharge. River 
water level was measured over years at the water-gauging stations Beljin and Beograd near the Power Plant 
Nikola Tesla A. The mean water level was 71.5 m above sea, minimum 69.8 m and maximum 76.29 m. Water 
level in the Sava River depends since 1972 on the Danube Đerdap I Dam backwater regime - generally higher 
than the natural Sava level before the dam was constructed.

Water table depends on the river level, particularly in the riparian belt. This influence decreases towards the 
central source area. Natural conditions of the environment, characterized by increased iron and manganese 
contents, and the long water withdrawal, excessive at the beginning, enhanced clogging and consequently 
reduced communication with the river.

ACTUAL HYdROGEOLOGICAL PROBLEMS
Groundwater is extracted at present from thirty tube wells and two collector wells - one Ranney type and the 
other constructed by Preussag technique.
 
Coping with the quick aging of wells, most of the present production wells are the third generation of tube 
wells constructed within a distance of few meters from the old ones. Construction of all wells is virtually the 
same, deep between 18 m and 25 m. Two collector wells are constructed in the northern part of the area. Well 
RB-1 (1988) is a Ranney well, 40 m from the river. The well is 20.5 m deep, casing diameter 4 m, with eight 
radially driven perforated pipes dia. 200/216 mm in a total length of 301 m (Figure 4). The yield capacity of 
the new well was 120 l/s.

Figure 4: Construction of collector well RB-1 of Vic Bare source. (Water Supply Service)
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The other well with radial pipes OB-2 was constructed by 1993 Preussag technique 500 m downstream of  
RB-1, 70 m from the river. The well is 20 m deep, drilling diameter 3.3m and casing diameter 2.8 m. The diameter 
of radial hydraulic jacking is 470 mm and the perforated pipes dia. 250 mm. Each driven pipe has a gravel  
(3 mm to 8 mm) envelope. Total length of the pipes is 87 m. The initial yield capacity of the well was 120 l/s.

A major problem of the water source is the rapid “aging” of wells. The reason is the character of the sand and 
clay aquifer in which groundwater contains increased amounts of iron and manganese. Oxidation products, 
iron (Fe3+) and manganese deposits (Fe = 2-3 mg, Mn = 0.5-1.0 mg) corrode the well tubes and thus reduce 
the well flow. The process is even intensified with any change in the operation regime of the system or by 
excessive withdrawal. Explorations by the “Jaroslav Černi” Institute for Water Management for the safe yield 
and future capacity of the wells (Soro et al., 1997) indicated excessive withdrawal from the beginning, from 
1963 to 1995. The yield of all wells from that period onward has rapidly declined to below the economic level 
of water production.
 
The total production at present is 370 l/s. While particular attention is given to the safe yield of the wells, the 
increased iron and manganese contents still are a topic problem. Consequences are particularly grave for the 
collector wells. Individual yields of these, generally costly wells, from the initial 120 l/s dwindled (RB-1, 
2006) to 25 l/s.

The declining yield has been coped with for years by mechanical and chemical regeneration of wells. 
Notwithstanding the relatively short effect, the method applied is generally efficient in raising well yield from 
60º to 80º of the initial amount. Collector wells were treated by this method four (RB-1) and three (OB-2) 
times before 2007. A number of tube wells are regenerated every year as well. 

Table 1  Ranney well, RB-1, regeneration effect (Water Supply Service, 2006).
Year of  

regeneration
Before regeneration 

(l/s)
Sava River water 

level (m a.s.)
After regeneration 

(l/s)
Sava River water 

level (m a.s.)
1992. 36 ? 105 ?
1996. 49 70.84 70 70.71
2000. 45 73.30 80 72.00
2006. 25 70.18 60 70.16

Table 2  Preussage well, OB-2, regeneration effect (Water Supply Service, 2006)
Year of regeneration Before regeneration (l/s) After regeneration (l/s)

1997. 40 98
2002. 45 80 
2005. 30 80

The experience, to date, indicates that the production collector wells have to be regenerated every four or five 
years, at that, chemical regeneration is not possible for highly corroded perforated pipes, because (HCl) acid 
is very aggressive.
 
Aggressive water also affects other parts of the system. Thick deposits of iron in the pipeline, reservoirs, 
current meters and other devices causes frequent failures and requires continuous measurement at the source.
 
Another major problem is the protection, because the water-source area is not a property of the Obrenovac 
Water Supply Company. This area is farmed; therefore pesticides and artificial fertilizers are applied for the 
grown cultures. Also, the existing drainage canal across the area is used in agriculture. The canal and the 
pumping station drain excessive water against flooding the fields. The canal is about 2.5 m deep. Raw water 
analyzed on pesticides has not indicated so far any penetration of pollutants into ground water, due to higher 
position of the canal, which is cut into top clay layer. However, appropriate monitoring is required to ensure 
sustanable water supply.



221

Figure 5: Ranney well, RB-1 and Preussage well, OB-2, regeneration effect (Water Supply Service).

WATER SUPPLY SYSTEM
The water supply system of Obrenovac (Water Plant at Zabrežje) consists of the source, water-treatment plant 
and distribution network. Zabrežje source was relieved in 2003 from supplying water to the Water Plant at 
Barič (Prva Iskra Works), which treated river water (75 l/s on average) to supply water to the downstream 
communities Barič and Mala Moštanica.

The existing wells at the source produce between 330 l/s and 370 l/s water depending on the demand; individual 
tube-well yield is from 8 l/s to 14 l/s, and that of collector wells as presented in tables 1 and 2. Maximum water 
production is assumed to be around 420 l/s but there are indications of a significant drawdown.

From the wells, water is conducted by a pipeline to the water plant for physical and chemical treatment of 
raw water through processes of aeration, deferrization, demanganization and chlorination. Sanitary purity of 
treated water is controlled in the plant laboratory.

Distribution System
A ramified system of water distribution pipes covers an area of 200 km2 divided into three elevation sub-areas 
from 75 m to 221 m. The total length of pipes is about 500 km, and the system of primary and secondary 
networks includes five storage reservoirs (at the moment two reservoirs of 10,000 m3 total volume and 
operative) and thirteen pumping stations of booster type. The existing water tower at Ratari has been disused 
for a long time (Figure 6).
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The source Vić Bare at Zabrežje supplies drinking water to the town of Obrenovac and fourteen more 
communities of the municipality, or a total of about sixty thousand inhabitants. Other “big” users are twenty 
companies, the largest of which is the Nikola Tesla Steam-Power Plant. In addition to the own water wells, 
the power plant uses about 10 l/s from the municipal source. The total amount of the water used by industries 
is about 50 l/s.

Water losses measured in the network at the checkpoints of the system varied (2005) between 30% and 35% 
of the production. The loss is believed to be higher, up to 45%, as a result of the pipe aging in some parts of 
the system, and it is important to be properly solved or maintained for the planning of the water supply system 
as whole. This high loss is a major problem of the water supply system as a whole.

Figure 6: Distribution network for Obrenovac water supply. (Water Supply Service).

PERSPECTIVES IN WATER SUPPLY
For almost half a century the town and suburbs of Obrenovac have been supplied with water from Vić Bare. 
Owing to the favourable hydrodynamic conditions of the area encircled on three sides by the River Sava, the 
water source development and the increase of its capacity have been based on a greater number of wells in the 
riparian zone. In the eighties of the last century, however, the drinking water demand increased. Construction 
of two collector wells met the demand, but over-pumping led to the yield reduction, in 1995, in all eighteen 
tube and two collector wells. This, and the water aggressiveness due to its iron and manganese concentrations 
make the water production ever more complicated and costly.

For the moment, the problems are overcome by mechanical and chemical regeneration of wells and by 
replacement of the tube wells by new ones. But expansion of the town and the consequent greater number of 
water users increase the drinking water demand.

At the present rate of water withdrawal from 330 l/s to 370 l/s the upper limit of water production will be soon 
reached. The necessary supply during summer months, under the least favourable hydrologic conditions, over 
the available amount is between 80 l/s and 100 l/s.
 
The 1995-1997 “Jaroslav Černi” Institute’s systematic hydrogeological investigation at this water source 
(Radovanović et al., 1995; Soro et al., 1997) included a hydraulic analysis of the Obrenovac water supply 
system prepared by the Belgrade University Civil Engineering Faculty (Ivetić et al., 1997). The investigation 
also addressed future water supply, including a mathematical model, for prediction of the aquifer response 
to the considered scenarios. In addition to the schemes of higher water production by construction of new 
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tube wells in different locations and a new collector well, the model that should be considered for the present 
conditions is the artificial recharge, according to the study authors, from five infiltration, recharge pits in the 
central resource area. This would increase the aquifer capacity to 770 l/s or 815 l/s depending on the number 
of additional tube and a collector wells. The mentioned investigation data are still important for consideration 
of the present situation.

New collector wells solved the problem of an adequate water supply for some time upon the construction, but 
any addition of their number will not permanently secure the water supply. Primary reasons are the production 
rate of the wells and very high cost of well construction. Even the maximum rate of 120 l/s of a new well will 
not justify its cost. The necessary proper repair and maintenance proved to be too expensive for the existing 
company and the local authority, so the wells are rapidly deteriorating and reducing their yields. Nor funds can 
be secured for major improvements such as replacement (hydraulic jacking) of perforated pipes.

A feasible model for a long-term increase of the yield from the Vić Bare resource is the artificial recharge. The 
proposed recharge pits should be evaluated on a preliminary pilot project of one infiltration pit and observation 
of its support effects. Groundwater can also be replenished, besides the infiltration basins, from a network of 
recharge channels or a system of recharge wells. The existing conditions are suitable for the latter two models 
and they seem feasible for a greater aquifer capacity.

Execution of any of the models must be preceded by clarification of the property right on the land of the water 
resource area, which would not be farmed any more but protected by regulatory statutes. 
The Hydrogeology Department of Faculty of Mining and Geology, Belgrade, currently studying and estimating 
the groundwater reserves of the source (Stevanović and Hajdin, 2006). 
Observance of statutory regulations and EU standards on water resources development and management is 
expected to provide for a more economical utilization of water resources and their management.
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Abstract    Neogene aquifers, comparing to the karst and alluvial aquifers (that are much more presented 
types of water supply resources in Serbia), are characterized by: stable regime of yield and water quality and 
low vulnerability. Independent local water supply systems, based on Neogene groundwaters, are simple and 
rational for exploitation, which, in most cases, does not require any water treatment beside simple disinfection. 
Noted characteristics recommend Neogene aquifer as the optimal water supply resource for small and middle-
size settlements in Serbia. The concept was applied on many cities: e.g. Jagodina, Paraćin, Ćuprija, Rekovac, 
Varvarin, Rača, Leskovac, Žitorađa, Mladenovac, Koceljeva, Grocka, Aleksandrovac, Kladovo, Negotin etc. 
Some of general characteristics and particularities were presented in the paper.
Keywords  aquifers; Neogene basins; water-supply

GENERAL CHARACTERISTICS OF NEOGENE BASINS OF SERBIA
Neogene basins cover more than 20000 km2 on the Serbian territory, south of Sava and Danube rivers, or over 
30 % of this territory (Figure 1). 

Neogene sediments are composed of unconsolidated clastics, mainly: sands and gravels (aquifers), clays, marls, 
sandstones (confining beds) and, partially limestones. The thickness of basin sedimentary complexes varies 
from 100 m (several small-speeded basins in eastern and western Serbia) to more than 3000 m (Velika Morava 
basin/valley). In dependence of their geomorphologic position-valleys, basins are the base erosion levels 
for respective catchments areas and their sediments (aquifers) store some of the waters from the side, from 
the (higher) terrains. Additionally, Neogene aquifers are alimentated (directly) by precipitations and ground 
waters inflow from neighbor (overlies and underlies) aquifers. Main drainage, under natural conditions, is into 
river beds, ascending seepage through the overlying confining beds. Under artificial condition main drainage 
of Neogene aquifers are performed by wells. 

Generally, basins represent relatively closed hydrogeological structures, characterized by hydrochemical 
zonality by depth. The upper profile parts characterized by low mineralized (“fresh”) waters, while the deeper 
parts (over 300-500 m), characterized by presence of highly mineralized and thermal waters. Overlying 
confining beds of aquifers represent the natural protection from the surface pollutants, which gives non-
restrictive measures of sanitary protection zones, comparing to the karst and alluvial aquifers.

Variability of lithological (granulometric) composition of the basin sediments and discontinuity of (water 
bearing) layers is an important characteristic, originated as a consequence of frequent water ingression and 
regression in the Neogene water basins and of neotectonic activity. This is an interference for definition of 
aquifers spreading and thickness.
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Figure 1: Hydrogeological map of Serbia south of Sava and Danube (after Stevanović & Jemcov 1995, 
modified) (Legend: 1.neogene aquifers, 2. alluvial aquifers, 3. karst aquifers 4. fissured aquifers 5. prevailing 
impervious rocks)

WATER-SUPPLY PRESUMPTIONS
According to the results of previous hydrogeological investigation of Neogene basins in Serbia, performed by 
many authors, groundwaters suitable (by quality/mineralization) for water-supply, occur up to 300m depth, 
and mostly between 50 and 200 m.

Comparing to the shallow alluvial aquifers (along the large rivers), and karst aquifers that are much more 
presented types of the groundwater supply resources in Serbia, Neogene aquifers are characterized by:

stable flow and water quality regimes as the consequence of low influence of annual hydrologic cycle;
deeper position of aquifer
lower hydraulic conductivity and discharge

•
•
•
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better water quality and
lower vulnerability 

From the economic standpoint, explorations of Neogene groundwaters require, generally, higher initial 
expenses (deeper boreholes and wells) and acceptance of reasonable risk in regard to expected flow rate of 
wells. On the other side, the effects are mostly profitable:

stable yield and favorable water quality
long term rationalization in the resource protection: sanitary protection zones (areas) reservation and 
maintenance, implementation and control of sanitary measures
lower cost of water treatment    

GROUNdWATER RESOURCES 
Basins water supply sources in central Serbia (without Vojvodina, Kosovo and Belgrade vicinity zone) are 
assesesd to app. 4 m3/s (Tab.1). However, total resource potential is much more promising, because of the 
following:

Only the sources (or tested wells) of over 10 l/s of flow rate are embraced
According to the previous results (Dokmanovic, 1999),  app. 500-800 l/s was the total draining from open 
coal pits in Kolubara and Kostolac basin.
Positive exploration results are obtained in: Kragujevac basin - 4-6 l/s per well, Aleksinac basin-up to 5 l/s 
per well, loc.Kolari (near Smederevo)-6 l/s per well, Velika Morava valley (loc.Šuljkovac-Šantarovac)-up 
to 10 l/s per well,  Mlava basin (loc. Malo Crniće)-up to 5 l/s per well, Negotin valley- 3-4 l/s per well, 
Svrljig basin-5 l/s per well, Jadar basin-7 l/s per well etc;
Large parts of Neogene basins are not well explored, or not explored at all, such as: Čačak-Kraljevo basin-
parts, Šumadija-parts, Kragujevac basin-parts, Velika Morava valley-northern part and part between Paracin 
and Varvarin, Mlava basin-parts, the most number of intra-Carpathian small basins (eastern Serbia) etc.;
A large number (maybe 1-2 thousands) of inadequately equipped boreholes or wells was made for individual 
purposes, without permits and proper documentation.

GROUNdWATER QUALITY
Favorable water quality is the main support factor of  the proposed water supply concept:

Good potable quality characteristics of the waters were defined for the most number of sources or tested 
wells. Waters are low mineralized (M < 1g/l), of HCO3-Na or HCO3-Ca composition, with pH= 6,5-8,5
Insignificantly higher (than sanitary drinking limits) concentrations of iron and manganese ions are 
found in some wells, could be easily removed by simple and non expensive methods of water treatments. 
Characteristic exception is Jagodina source, because of high influence of shallow (alluvial) aquifer, where 
the subter (in situ) method of Fe/Mn removing is performed.     
Insignificantly higher concentrations of ammonium ion are identified in some localities (Grocka, Smederevo, 
Sopot, Aleksandrovac, Rača, Crniće, etc.) and, it should be noted, that this is not an indication of water 
pollution, but original characteristic of deeper aquifers (mostly over 100 m deep).    

CONCLUSIONS
Above-described characteristics recommend Neogene aquifers as the optimal water supply solution/resources 
for the small and middle-size settlements in Serbia. The solution is already applied in many cases, however, 
a large number of villages have pronounced water supply problem, which could be solved by proposed 
concept:   

small, independent water supply sources/systems, for one or few neighbor settlements          
sources are based on one or few wells; predictable flow rates are from 1-2 to over 10 l/s by well 
system is simple and effective for exploitation and maintenance. 

Finally, the problem of enormously large number of illegal, mostly inadequately equipped and exploited 
wells, should be stressed. Besides of uncontroled (over)exploitation of the resource, as a direct economic loss, 

•
•

•
•

•

•
•

•

•

•

•

•

•

•
•
•
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Table 1  Water supply sources of over 10 l/s in Neogene basins of central Serbia (after Dokmanović,1999, partly updated)
BASIN LOCALITY YIELD (l/s) NOTE

Mačva

Šabac 600 limnic Quaternary deposits, mostly 

Mitrovica 180 “

Bogatić 20 “

North part of  the area 500 land irrigation, mostly 

 Kolubara basin

Koceljeva 15 -

Ub app. 50 -

Vreoci app. 25 -

Medoševac 65 -

Kalenić-Crljeni 30

 Barajevo-surround 100 -

Požega basin Požega app. 20 -

Kruševac basin
Kaonik >50 -

Kruševac >10 -

Dobrič basin
Žitoradja 25 -
Marovište 15 -

Leskovac basin
Leskovac 350 -
Lebane >10 -

Beograd-Smederevo area

Leštane app. 65 -
Vrčin 60 -

Grocka 35-40 -
Jugovo 35 -
Umčari >20 -

 Šumadija
 
 

Mladenovac 50-100 -
V.Krsna >20 -

Sopot-Ralja 30-60 limestone aquifer
Smed. Palanka 40-50 -

 Velika Morava valley

Rača-surround 50 -
Aleksandrovac >35 -

Osipaonica 11-12 -
Jagodina 460 alluvial aquifer contributes
Ćuprija 100 “
Paraćin 80 -
Varvarin >100 -
Bošnjane 17 -
Rekovac 25 -

Mlava basin
Majilovac 13

M.Crniće and surr. 30

 Kladovski ključ

Davidovac >20 -
Carina >20 -

Kladovo >10 -
Velesnica >10 -

Negotin valley

M.Kamenica oko 50 -
Mihajlovac 10 -
 Dušanovac 75 -

Vidrovac app. 20 limestone aquifer
Badnjevo app. 10 “
Miloševo app. 13 -
Mokranje app. 16 -

Zaječar basin
Zaječar app. 50 -

Vražogrnac 18 -

∑ - App. 4 m3/s -
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these objects represent an environmental hazard, as transmitters of pollutions from the surface (or shallow 
groundwaters) to the Neogene aquifers. 
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Abstract    In industrialized and urban areas, surface waters are to a high level exposed to anthropogenic 
environmental impacts and are therefore often contaminated with a wide spectrum of organic trace compounds. 
Riverbank filtration is a well established technique in Europe and is most often used as an important component 
of the multiple-barrier system. During its underground passage, surface water undergoes a diversity of physical, 
biological and chemical processes, improving water quality significantly and adjusting it in ideal cases to the 
quality of natural groundwater. By means of examples taken from recent research projects and related to 
organic micropollutants currently under discussion, this contribution will report on characteristics of riverbank 
filtration with regard to its purification capacity for different classes of organic micropollutants.
Keywords  Riverbank filtration, underground transport, micropollutants, complexing agents, pharmaceuticals, 
X-ray contrast media, aromatic sulfonates, MTBE, redox milieu, retention time

INTROdUCTION
The lowering of the groundwater level resulting from groundwater catchment from aquifers in river valleys via 
wells or drain tiles results in a potential drop between river and production well and therefore inevitably leads 
to the infiltration of the riverine water into the aquifer. This process is named riverbank filtration. Waterworks 
with riverbank filtration can be found in Germany mainly at the lower Rhine in the region between the 
tributaries Sieg and Ruhr, at the Elbe between Dresden and Torgau, and in the Berlin area. Outside of Germany, 
wells extracting riverbank filtrate are mainly operated along Rhine and Meuse in the Netherlands and along 
the Danube starting at Vienna/Austria and further downstream in the Slovakian Republic, in Hungary, and 
in Serbia/Montenegro. Recently, riverbank filtration is also utilized by some waterworks in non-European 
countries such as Brazil, USA, India, and South Korea (Kühn et al. 2006).

During infiltration, the surface water with its dissolved components meets a diversity of biogenic and abiogenic 
surface structures that aid in intensifying most of the self-cleaning mechanisms that are in principle also 
present in free surface water (Schmidt et al. 2003). Although also abiotic processes like sorption, hydrolysis 
or chemical degradation (e.g., manganese-catalyzed oxidation) can reduce the amount of certain organic 
substances, the most important purification mechanism involved in bank filtration is microbial degradation. 
Microbial degradation can be defined as the biologically catalyzed reduction in complexity of chemical 
compounds. Organic chemicals may undergo primary biodegradation resulting in an alteration of the chemical 
structure of a substance or ultimate biodegradation in which the substance is fully mineralized to CO2, H2O 
and mineral salts. Microbial degradation during riverbank filtration is depending on a number of factors, 
including redox conditions in the particular environmental compartment, the chemical substance, and the 
active microbial populations (Schmidt 1988, Preuß und Schulte-Ebbert 2000, Schmidt et al. 2005). 

Methods
So far, data from systematic studies investigating the impact of residence times and redox conditions on the 
fate of organic micropollutants commonly present in surface waters during riverbank filtration is not available. 
Also, long-lasting data on potential seasonal and water-level related changes in purification capacity are scarce. 



232

In the present study extensive measurement campaigns were carried out at four well-characterized aquifers 
along the rivers Rhine, Ruhr, and Elbe. Figure 1 shows the particular cross section of each riverbank filtration 
site studied and Table 1 summarizes their characteristics. The different characteristics of these field sites 
allowed for detailed investigations concerning the elimination capacity of riverbank filtration at various redox 
conditions (aerobic, aerobic-denitrifying (suboxic), denitrifying (anoxic), strictly anaerobic) and residence 
times of the infiltrated water in the underground (5-300 days). As can be seen from Figure 1, each field site 
provided several sampling wells located between river and production wells. These sampling wells are in 
contrast to the production wells not influenced by natural land-sided groundwater. Typically, samples from 
the surface water and from several sampling wells along the aquifer were investigated at each field site. At 
field site Rhine A, however, only one sampling well was sampled. Sampling frequencies varied between 5 and 
33 dates depending on field site and parameter. Analyzed target compounds comprised several contaminants 
relevant for the aquatic environment, such as complexing agents, aromatic sulfonates, pharmaceuticals, X-ray 
contrast media, and MTBE. 

Figure 1: Cross-section profiles of the investigated aquifers

Table 1  Characteristics of the investigated riverbank filtration sites
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Results and discussion
Figure 2 shows a part of the findings for field site Rhine B. Given are the results of all compounds of the 
pharmaceutical and iodinated X-ray contrast media group that were permanently detectable in the surface 
water. During the time of sampling in hot summer 2003 redox conditions were at the edge of aerobic to 
denitrifying (suboxic). The riverbank filtrate at this site was investigated at sampling point P (Figure 1) that 
provides three independent sampling wells with three different filter depths. Travel times of the water between 
the point of infiltration at the river bottom and the passage of the sampling well are approximately 60 days for 
well P1 (lower layer), 30 days for well P2 (middle layer) and 12 days for well P3 (upper layer). 

Figure 2: Concentrations of pharmaceuticals and iodinated X-ray contrast media in the Rhine and the corresponding 
bank filtrate. Presented are the mean values of all spot samples [n = 14 (Rhine), n = 5 (bank filtrate)].

The results demonstrate that most compounds of this group are obviously well eliminated during riverbank 
filtration. Only carbamazepine, sulfamethoxazole, iopamidol and amidotrizoic acid show a rather persistent 
behavior. This was also confirmed by the findings from the aerobic field site Rhine A. At anoxic (Elbe) or 
strictly anaerobic (Ruhr) milieu conditions, however, riverbank filtration turned out to be quite efficient for the 
removal of carbamazepine, sulfamethoxazole, iopamidol, and amidotrizoic acid (Figure 3).

Figure 3: Removal efficiency of riverbank filtration for carbamazepine, sulfamethoxazole, iopamidol and 
amidotrizoic acid in aquifers with different redox milieu. The black part of the bars represents the extent of 
elimination that was found for all sampling wells, grey parts of the bars characterize the part of the elimination 
that was variable between the investigated sampling wells. It was generally observed that the major part of 
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the elimination proceeds already in the infiltration zone or in the first few metres of the infiltration pathway. 
This part of the purification effect is practically independent from the distance of the production wells from 
the river. The elimination extent in the subsequent underground passage is typically lower, but also this part 
of the aquifer causes still an appreciable purification effect for a number of compounds (e.g. naphthalene-
1,3,6-trisulfonate). It became however obvious that the underlying redox conditions have typically a more 
pronounced effect on the removal effect than residence times of the water in the underground. 

Table 2  Efficiency of riverbank filtration with regard to the elimination of selected organic micropollutants 
[o (0-25 %), + (26-50 %), ++ (51-70 %), +++ (>70 %), ++++ (>80 %)]

aerobic (Rhine A) suboxic (Rhine B) anoxic (Elbe) anaerobic (Ruhr)
Nitrilotriacetic acid (NTA) ++++ ++++ ++++ ++++

Diethylenetriaminepentaacetic acid (DTPA) +++ +++ +++ ++
Ethylenediaminetetraacetic acid (EDTA) ++ ++ o o

Bezafibrate ++++ ++++ ++++ ++++
Carbamazepine o o + ++++
Clofibric acid +++ ++++

Fenofibric acid +++
Diclofenac ++++ ++++ ++++ ++++
Ibuprofen ++++ ++++ ++++

Indomethacin +++ +++
Naproxen ++++ +++ +++

Pentoxifylline ++++ ++++
Clarithromycin +++ +++ +++

Dehydrato-Erythromycin A ++++ +++ +++ +++
Roxithromycin +++

Sulfamethoxazole o o +++ ++++
Clindamycin ++++ +++ +++ +++
Trimethoprim ++++ ++++ ++++

Atenolol ++++ ++++ ++++
Metoprolol ++++ ++++ ++++ ++++
Bisoprolol +++ +++

Sotalol ++++ ++++ ++++ ++++
Iopamidol + ++ +++ ++++
Iopromide ++++ ++++ ++++ ++++
Iomeprol ++++ ++++ ++++ ++++
Ioxhexol ++++ ++++ ++++ ++++

Amidotrizoic acid o o + ++++
Ioxitalamic acid ++++ ++++ ++++ ++++
Iotalamic acid +

MTBE o +
ETBE o

Naphthalene-1-sulfonate +++ +++ ++++ +++
Naphthalene-2-sulfonate ++++ ++++ ++++ ++++

Naphthalene-1,5-disulfonate o + o +
Naphthalene-1,6-disulfonate ++++ ++++ +++ o
Naphthalene-1,7-disulfonate ++++ ++++ ++++ o
Naphthalene-2,6-disulfonate ++++ ++++ +++ ++
Naphthalene-2,7-disulfonate ++++ ++++ ++++ +

Naphthalene-1,3,5-trisulfonate o + o o
Naphthalene-1,3,6-trisulfonate + ++ + o

aerobic (Rhine A) suboxic (Rhine B) anoxic (Elbe) anaerobic (Ruhr)
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Naphthalene-1,3,7-trisulfonate ++ o
8,8‘-Methylenebis-2-naphthalenesulfonate + o + o

2-Amino-1,5-naphthalenedisulfonate o + o o
2-Amino-4,8-naphthalenedisulfonate + ++ ++ o

4,4‘-Diamino-1,1‘-bianthraquinone-3,3‘-
disulfonate +++ ++++

2-Hydroxy-4,6-bis(4-sulfanilo)-1,3,5-triazine o
cis-4,4‘-Dinitrostilbene-2,2‘-disulfonate o

The essential findings of all field investigations are summarized in Table 2. This compilation shows that 
many organic micropollutants detectable in surface waters can be eliminated via riverbank filtration. However, 
chemically relatively similar compounds sometimes show quite different elimination rates (e.g. NTA and 
EDTA). One of the most important findings is certainly the substantial impact of the redox milieu on the 
removal efficiency. On closer examination of different substance classes this influence turned out to be highly 
non-uniform. Aminopolycarboxylate chelating agents and naphthalene sulfonates, for instance, seem to be 
better removable at aerobic redox conditions, whereas pharmaceuticals and iodinated X-ray contrast media are 
preferentially eliminated in the anoxic and anaerobic milieu. 
To evaluate the robustness of riverbank filtration with regards to changes in surface water temperature 
and discharge (flood events), site Rhine A was sampled monthly over a period of more than two years  
(October 2004 – December 2006). Sampling was performed at the river and an observation well (OW A1) 
being located between bank line and the extraction well gallery. The residence time of the infiltrated water 
in the underground until this sampling point is reached is typically between 7 and 20 days, depending on the 
water level of the river. The distribution of discrete sampling events over time is given in Figure 4 against 
surface water temperature and discharge regime of the river. In the given time period, water temperature and 
discharge of the Rhine ranged from 4.7 to 25 °C and from 850 to 5900 m3/s, respectively. Diclofenac and 
sotalol show as most pharmaceuticals a typical seasonal concentration curve in the surface water with higher 
levels in the winter than in the summer season. The higher levels of pharmaceuticals during the winter months 
might be related to lower application amounts of pharmaceuticals in the summer months and/or a reduced 
removal efficiency of wastewater treatment plants in the cold winter months. Anyhow, it is obvious that even 
in the worst-case scenario “winter months” with the higher levels of pharmaceuticals, the lower temperatures 
of the surface water (decreased microbial activity) and the shorter residence times due to flood events, removal 
efficiencies of the RBF process hold up. This can be taken as an indication that riverbank filtration has to be 
regarded as a quite robust treatment step.

Figure 4: Sampling events (black bars in left panels) and temperature and discharge characteristics of the 
Rhine river at testing field “Rhine 1” and concentration curves of diclofenac and sotalol in the Rhine (black 
bars in right panels) and riverbank filtrate OW A1, grey bars).
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CONCLUSIONS
Data presented in this contribution prove that riverbank filtration is an excellent option to lower the load 
of the raw water with anthropogenic organic micropollutants often found in surface waters. The systematic 
investigations at aquifers with different geological and hydrochemical boundary conditions revealed that the 
extent of removal of some organic micropollutants is decisively dependent on the underlying redox conditions. 
This influence is non-uniform. Some pollutants are more degradable under anaerobic conditions than under 
aerobic conditions and vice versa. Overall, redox conditions turned out to have a more pronounced effect on the 
removal effect than residence times of the infiltrated water in the aquifer, implying that the redox environment 
of an aquifer has to be regarded as the chemical “master-variable” with regard to organic micropollutant 
removal during riverbank filtration. Furthermore, the removal capacity of riverbank filtration for organic 
micropollutants seems to be quite robust with regard to changes in surface water temperature and discharge. 
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Abstract    After a short general overview of the Dutch drinking water industry, the  
artificial recharge projects run by three drinking water companies situated in the West of 
The Netherlands are described in some detail. Because all the other groundwater in this 
part of the country is brackish, fresh groundwater from the sandy dunes along the coast 
has been employed as a source for drinking water from 1854. Since over 50 years, the 
fresh water reserves in the dunes are recharged with pretreated water from the rivers Meuse 
and Rhine and from the lake IJsselmeer. The various pretreatment steps, infiltration and 
abstraction practices and the final treatment steps employed are described, and related water 
quality issues are discussed. The drinking water produced is of high quality, is biologically 
stable and is distributed without additional disinfection. The drinking water companies put 
considerable effort in the protection of their water sources through (international) lobby 
organizations such as RIWA and IAWR, by cooperating with the water authorities and by 
carrying out specific projects aimed at reduction of emissions to the surface water. The 
presence of the drinking water companies has prevented residential development in the 
dunes, thus preserving unique nature in the most densely populated area in the country. 
Nature conservation and recreational aspect of the artificial recharge projects are described 
briefly.
Keywords  Artificial recharge; dune water; infiltration; source protection; surface water; 
water treatment

INTROdUCTION
From a hydrogeological point of view, the Netherlands can roughly be divided in permeable alluvial sandy 
soils in the East, and poorly permeable sedimentary clay and peat soils in the West. The low lying parts of the 
western part of the country are protected from flooding by the coastal sand dunes and an extensive system of 
dikes and drainage systems. Caused by the North Sea, the deeper groundwater is (weakly) brackish in practically 
all of the country. Fresh groundwater floats on top of the brackish groundwater in situations where rainwater 
can infiltrate. Fresh groundwater is used for the drinking water supply, mainly in the Eastern and central parts 
of the country. However, in the West of the country most groundwater is brackish, also the more superficial 
layers. Here surface water (the rivers Rhine and Meuse and the artificial lake IJsselmeer) is used as the raw 
water source for the production of drinking water. Drinking water is produced by direct treatment of surface 
water or by artificial recharge of groundwater in the coastal dunes with partly purified surface water. There are 
four water supply companies that employ artificial recharge in the dunes: PWN and Waternet in the province of 
North-Holland, and the Dune Water Company of South-Holland (DZH) and Evides in the province of South-
Holland. In the South-East of the Netherlands, in Heel in the province of Limburg, the regional water supplier 
Waterleidingmaatschappij Limburg (WML) is operating an artificial recharge project where bankfiltered water 
from a 25 million m3 gravel excavation lake is used as the raw water for drinking water production, the lake 
continuously being supplemented with water from the river Meuse (Juhász-Holterman et al. 1998). 
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After a short description of the Dutch drinking water industry, this paper will focus on the artificial recharge 
projects of PWN, Waternet and DZH.

THE dRINKING WATER INdUSTRY IN THE NETHERLANdS
The first drinking water company in the Netherlands was founded in 1853 in Amsterdam. The company was 
financed with mainly British capital, and also the technology employed was of British origin. A pipeline 
transported dune water treated by slow sand filtration from the coastal dunes near Haarlem to the city. By the 
end of the 19th century, most larger cities and towns had their own drinking water supply. In the course of the 
20th century, also the rural areas gradually were connected to the drinking water network. From 1968, more 
than 99 % of the population had access to a central drinking water supply (De Moel et al. 2006).

Unlike the situation in many other countries, the drinking water supply in the Netherlands is organized in  
dedicated companies instead of multi-utility companies. Sewerage and waste water treatment are the 
responsibility of cities and water boards. A notable exception is the new (2006) company Waternet in 
Amsterdam that combines all three activities. Some key figures regarding the Dutch drinking water sector are 
given in Table 1.

Table 1  Key figures Dutch drinking water industry
total annual volume produced 1.1 billion m3

number of connections 7.35 million
percentage of households connected 99.8 %
percentage of metered connections 97 %
length of distribution infrastructure 116.000 kms
annual volume produced via artificial recharge 180 million m3 (16.5%) %)
annual volume produced from bank filtrate 60 million m3 (5.5 %)
annual volume directly produced from surface water 150 million m3 (14 %)
annual volume produced from fresh groundwater 695 million m3 (64 %)
total number of staff employed 4.900 (full time equivalents)

The three drinking water companies discussed in this paper supply water to 3.8 million consumers: PWN 1.7 
million, Waternet 0.9 million, DZH 1.2 million.

The major trend in the Dutch drinking water sector over the past 10-15 years has been the scaling up of the size 
of the companies involved. In 1990, there were over 50 companies. Now there are ten large publicly owned 
companies and one small private company. Public ownership is provided for by law since 2004. It is generally 
expected that this process will continue and that in ten years time there will only be 2 or 3 drinking water 
companies covering the whole country.

Financial aspects
In this section data are used that are supplied on an annual basis by VEWIN, the association of the Dutch 
drinking water supply companies (Geudens 2006).

Investments. The annual capital expenditure by the Dutch drinking water industry has been more or less 
constant over the last ten years or so, and is on the order of 440 million euros per year. In 2005, 459 million 
euros were invested, of which 33% in the distribution processes, 44% in production processes and 7% in ICT 
processes.

Prices and taxes. The average drinking water price for the Dutch consumer in 2005 was 1.52 euro/m3. Of this 
price, 0.34 euro/m3 (22.3%) is caused by various taxes, such as state and provincial groundwater taxes, sales 
tax and VAT.
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Prices vary quite considerably between drinking water companies. The lowest price in 2005 was  
1.09 euro/m3, the highest 1.99 euro/m3. This is mainly caused by the differences in water treatment efforts 
required. Price differences also are caused by differences in the distribution infrastructure, for instance the 
difference between rural and very urbanized areas. There are also considerable differences in taxes imposed 
by local governments.

ARTIFICIAL RECHARGE – HISTORY, NATURE ANd LOCATIONS

Historic backgrounds
As stated above, the ground water in the low-lying western part of the Netherlands is brackish. Therefore, 
the drinking water companies that had been founded between 1853 and 1898 in cities such as Amsterdam, 
Haarlem, The Hague and Leiden used fresh water from the coastal sand dunes along the North Sea. The 
occurrence of fresh water in the dunes is caused by the infiltration of rain water. This forms a fresh water 
“lens” that, due to the difference in density, rests on top of the salt sea water that intrudes under the dunes. The 
fresh water initially was abstracted with open storage reservoirs and channels (shallow abstraction), and later 
also with deep wells (deep abstraction).

In the course of the years, the abstraction of the deep ground water led to a substantial rise in the salt-fresh water 
interface (“upconing”). Also, the natural wet dune valleys dried up. Already in the 1930’s it was recognized 
that this situation could only be sustained for a limited number of years. The first plans were drafted for 
artificial recharge of the fresh water reserves in the dunes, and in 1940 the first experiments using ponds for the 
infiltration of local surface water were carried out by the Leiden drinking water supply in the dunes at Katwijk 
(Kortleve 1998). After World War II in 1955, the water supply company of The Hague followed, and in 1957 
the water supply companies of Amsterdam and the province of North-Holland.

Locations
In the following paragraphs the artificial recharge practices of the three water supply companies involved are 
described in more detail.

DZH (The Hague). In 1955, the drinking water company of The Hague, with its production plant near the fishing 
port of Scheveningen, started the infiltration of pretreated water from the river Lek, a branch of the river Rhine. 
This water was transported through a 1,400 mm transport pipe over a distance of 45 kilometers from Bergambacht 
to the dunes North of The Hague. Because of the quality deterioration in the 1950s and 1960s of the Rhine water, 
more specifically the high sodium chloride contents that led to corrosion problems in the cast iron ducts in the 
distribution system, the company decided to switch to another raw water source. In 1976, an abstraction and 
limited pretreatment system along a dammed branch of the river Meuse was taken into use, some 30 kilometers 
farther away from The Hague in Brakel (Figure 1). The pretreatment plant near the Lek river was retained.

Figure 1: Intake sites, raw water transportation pipelines, infiltration and production sites



240

Present production capacity of the Scheveningen treatment station is about 50 Mm3/year. Since 1993, a small 
water treatment station (after recent renovation about 8 Mm3/year) in Monster to the South of the city also was 
incorporated in the  company. Here too, artificial recharge in the dunes with Meuse water is employed, since 
1983. In 1996, a third treatment station was incorporated in DZH. This was the Katwijk facility of the former 
Leiden water supply where in 1940 the first infiltration experiments had been carried out, and where capacity 
had gradually increased to the present 25 Mm3/year. Since 1988 this area had been connected to the Meuse 
water transportation system of DZH that also supplies Monster and Scheveningen.

Waternet (Amsterdam). As from 1957, pretreated water from the Lekkanaal in Nieuwegein near Utrecht was 
transported via a transport pipeline of 1,500 mm diameter and a length of 50 kilometers to the dune area near 
the Leiduin production station of the Amsterdam water supply company (Figure 1). The Lekkanaal is a man 
made side-branch of the river Rhine. In 1967, capacity was doubled. There are presently three transport lines 
with diameters of 1,200 or 1,500 mm, a total length of 210 kilometers and a total transport capacity of 150 
Mm3/year. 

After infiltration in the dunes and abstraction, the water is further treated in the Leiduin production plant and 
the treated drinking water is transported to the city of Amsterdam over a distance of about 30 kilometers. 
Present production capacity is 70 Mm3/year.

PWN (North-Holland province). The artificial recharge system of PWN partly has its history in common with 
that of Waternet. The infiltration sites near Castricum and Wijk aan Zee are connected to the same raw water 
transportation system as Waternet’s Leiduin site (see Figure 1). The pretreated raw water comes from the 
Lekkanaal in Nieuwegein. Another source is the lake IJsselmeer in Andijk. Two transport lines with a diameter 
of 1,500 mm transport the pretreated water over a distance of 56 km. The abstracted dune water is transported 
to the treatment stations at Bergen and Wijk aan Zee. The treated water is mixed with very pure hyperfiltrate 
from the membrane filtration plant at Heemskerk (see below), and then distributed to consumers in the regions 
where the treatment plants are located. The production plants at Bergen and Wijk aan Zee together treat about 
47 Mm3 infiltrated water from the dunes per year. The production capacity of the Heemskerk plant is about  
17 Mm3/year.

Nature and recreation
The artificial recharge areas in the coastal dunes are located within important nature reserves with a large 
biodiversity and great ecological and recreational value. Of the total Dutch flora, two-thirds occur in the dunes, 
with almost 10% of all species occurring only in these regions (Peters et al. 1998). It can be safely stated, 
that the presence of  the drinking water facilities has safeguarded the dunes from residential development, 
thus preserving unique nature in the most densely populated area of the country. The water supply companies 
involved manage these reserves, and one company even runs camping sites.

From a nature conservation point of view, there are also disadvantages connected to the use of the dunes for 
drinking water supply purposes. One of these is the spatial demand. The theoretical minimum spatial demand 
for an artificial recharge system is 0.11 square kilometres per million cubic meters infiltrated, assuming a 
residence time of two months, an aquifer thickness of 5 m and a soil porosity of 0.3. Under these circumstances, 
about 1.2 % of this surface is needed for the actual infiltration of the water (De Moel et al. 2006). In practice, 
the surface occupied is much larger. For instance, the Meijendel dune area has a total surface of about 17 
square kilometres for about 50 million cubic meters per year. The infiltration ponds have a total surface of 
about 1 square kilometre (Schmale 2007). In recent years new, more compact recharge systems have been 
developed, that require much less space and where ecological principles are leading in the design (Peters et al. 
1998). Another space-saving recharge system employs deep well infiltration (see below).

A further disadvantage is the introduction of water with a composition that differs from that of natural dune water. 
The presence of nutrients in the infiltration water leads to eutrophication of the poor sand soil and subsequent 
changes in vegetation. Therefore, active nature management efforts such as mowing and grazing are needed. Also, 
the water companies have in recent years intensified their pretreatment of the surface water that is infiltrated.
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WATER TREATMENT
The surface water from the IJsselmeer or from the rivers Rhine or Meuse is pretreated at the intake sites and 
then transported to the infiltration areas mentioned above. Transport distances are up to 60 kilometers and 
large pumps with substantial pump pressure (600-1000 kPa) are used (De Moel et al. 2006). After abstraction 
from the dunes the water is treated at the production plants using a variety of technologies. The various 
processes are detailed below.

Pretreatment
The standard pretreatment processes employed are microsieving (except in Nieuwegein), coagulation and 
flocculation with Fe3+ ions, sedimentation and rapid sand filtration. Microsieves remove suspended particles. 
In the case of DZH, they also are intended to remove larvae of Dreissena Polymorpha thus protecting the 
transportation pipelines between the intake at Brakel and the pretreatment site in Bergambacht. Coagulation, 
flocculation and sedimentation are intended to remove suspended particles, phosphates, heavy metals, 
microorganisms and organic matter. Rapid sand filtration removes the last suspended particles. Also, the 
concentrations of organic matter, iron, manganese, ammonium and algae are reduced.

As an example, Table 2 gives some average quality data for the raw and treated water of the Nieuwegein 
pretreatment plant. In this plant, FeCl3 is used as the flocculant, and the flocs are settled in a large sedimentation 
tank. The last step is rapid sand filtration and a pH correction with caustic soda.

The quality of the raw surface water to be treated varies in the course of the year. The temperature of the water 
may vary between 2 and 25 degrees C, and turbidity between 5 and 25 FTU. This influences flocculation and 
settling behaviour and filtration and biological processes. Table 2 shows that suspended matter and phosphates 
are removed very well, as are most heavy metals. The bacteriological quality also improves.

Table 2  Typical raw and pretreated water quality data of the Nieuwegein plant (mean values 2006)
Parameter Unit Raw water Pretreated water

Temperature oC 12.9 12.9
Acidity pH 8.1 7.8

Suspended matter mg/l 37.0 0.1
Chloride mg/l Cl 95 102
Oxygen mg/l O2 9.3 9.3
Nitrite mg/l NO2 0.073 0.011
Nitrate mg/l NO3 11.43 12.03

Orthophosphate mg/l P 0.09 <0.01
Total phosphate mg/l P 0.16 <0.01

Iron mg/l Fe 1.34 <0.01
Manganese mg/l Mn 0.09 <0.01

Arsenic µg/l As 2.1 <0.5
Barium µg/l Ba 77.7 56.4

Beryllium µg/l Be 0.06 <0.01
Cadmium µg/l Cd 0.17 <0.02
Mercury µg/l Hg 0.03 <0.02
Copper µg/l Cu 6 3.5
Lead µg/l Pb 5 <0.5
Zinc µg/l Zn 27.0 <5.0
DOC mg/l C 3.5 2.5

E. Coli n/100 ml 288 13
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In addition to the parameters listed in Table 2, a large number of other compounds also are  monitored in the 
raw water, such as aromatic amines, fire retardants (brominated diphenyl ethers), (halogenated) hydrocarbons 
and organic acids, pesticides (fungicides, herbicides, insecticides), endocrine disrupting substances 
(hormones, phtalates, nonyl phenol, octyl phenol), human and veterinary drugs, chelating agents (EDTA and 
others), industrial solvents (such as diglyme), polyaromatic hydrocarbons, sulfamides, sulphonates, organic 
triphosphates and nitroso amines. At the raw water intake, a number of biological early warning systems are 
installed to detect pollutions of the raw water on a continous basis. These systems record  deviations in the 
behaviour of organisms such as fishes, luminescent bacteria, algae and Daphnia when polluted water streams 
past the intake.

The flocculation process of DZH deserves special attention. The raw water source is a dammed branch of the 
river Meuse. This “Afgedamde Maas” forms a 12 kilometers long basin where natural purification processes 
occur during a residence time of about 2 months. At a distance of about 9 kilometres before the intake in 
Brakel, an FeSO4 solution is injected together with air bubbles over the entire width of the river. The Fe2+ ions 
are instantaneously oxidized to Fe3+ ions that act as a flocculating agent and also precipitate phosphate ions. 
The flocs settle onto the riverbed. The phosphate concentration is reduced from about 0.3 mg/l P to about  
0.05 mg/l P, and in this way, the presence of cyanobacteria is largely kept under control. At the inlet of the 
pretreatment plant, the water is passed through microsieves to remove Dreissena larvae and is then transported 
to the rapid sand filters at the former intake in Bergambacht on the river Lek, a branch of the Rhine. DZH 
is currently investigating the inclusion of an additional UV-H2O2 step in the pretreatment to remove organic 
micropollutants and also as an extra disinfection step.

At the IJsselmeer intake in Andijk, algae growth, high DOC-concentrations and turbidity sometimes cause a 
problem. In that case extra high doses of flocculant (FeClSO4) have to be  employed, causing a drop in pH. 
This is corrected with Ca(OH)2. Floc removal is performed in lamella separators. The sand filtration here uses 
upward flow filters. An activitated carbon filtration step is included to remove organic micropollutants. The 
plant is operated in such a way, that the pretreated water has such a low membrane filtration index (MFI) that 
it can be fed directly to deep infiltration wells in the dunes (see below).

Infiltration
The pretreated surface water is transported to the dune areas where it is infiltrated into the soil, using either 
open infiltration or deep well infiltration.

Open infiltration. The open infiltration systems are ponds (DZH, PWN) or ditches (Waternet).  The water 
infiltrates into the freatic ground water and is mixed with infiltrated rain water forming a large storage of fresh 
water. The Waternet system consists of 40 infiltration ditches with a total length of 24.6 km and an average 
width of 35 m. The water is transported to these ditches through open canals with a total length of 10 kilometers. 
The dune area used by Waternet is 36 km2, of which about 10 km2 is taken up by the actual infiltration area. 
The ponds of the PWN infiltration system cover a total area of 0.4 km2. The infiltrated water is pumped up by 
more than 1.000 pump wells and transported to the production plant by means of a closed system.

Deep well infiltration. PWN and DZH also employ deep well infiltration, where the pretreated surface water is 
infiltrated in confined aquifers between clay layers in the dunes. There is no contact with the freatic water, and  
the environmental and ecologic impact of artificial recharge is minimized. This technology requires careful 
pretreatment to prevent clogging of the infiltration wells. As mentioned earlier, PWN achieves this through 
a very close process control with regard to MFI at its Andijk pretreatment plant. DZH employs an additional 
treatment at its Scheveningen production site (and also at its Katwijk site, but this is currently not in use), 
comprising coagulation with FeCl3 and flotation, followed by rapid sand filtration. In order to further protect 
the quality of the ground water, an activated carbon filtration step has been added for the removal of organic 
micropollutants.

Water quality aspects. The infiltration of pretreated surface water in the dunes has a number of effects on water 
quality, the majority of them being beneficial. During the passage of the sand layers, degradation of pathogenic 
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microorganisms takes place. Furthermore, levelling of temperature,  differences in salinity and concentrations 
of (micro)pollutants takes place. Some micropollutants also are adsorbed or degraded.

The water dissolves Fe, Mn, Ca, ammonium and also some arsenic from the soil, and it may pick up taste 
and odour when there are peat layers present in the underground. The water treatments after recovery of 
the infiltrated water are designed to cope with these quality changes. Table 3 lists average quality data of 
the infiltrated and abstracted water at the Leiduin site of Waternet. The infiltrated water is the treated water 
from the Nieuwegein pretreatment plant. Because the Leiduin abstraction system is open, microbiological 
recontamination of the dune water takes place. The Campylobacter values are indicative of the presence 
of bird faeces in the abstracted water. Many of the organic micropollutants measured in the raw water of 
the pretreatment plant, are also monitored in the abstracted dune water, with the exception of the chelating 
agents, the industrial solvents, the endocrine disruptors, the sulfamides and sulphonates, the drugs and some 
pesticides.

Table 3  Typical infiltrated and abstracted water quality data at the Leiduin site (mean values 2006)
Parameter Unit Infiltrated water Abstracted water

Acidity pH 7.8 7.9
Suspended matter mg/l 0.1 2.2

Chloride mg/l Cl 102 91
Oxygen mg/l O2 9.3 9.1
Nitrite mg/l NO2 0.011 0.072
Nitrate mg/l NO3 12.03 3.21

Orthophosphate mg/l P <0.01 0.03
Total phosphate mg/l P <0.01 0.05

Ammonium mg/l NH4 <0.02 0.11
Iron mg/l Fe <0.01 0.32

Manganese mg/l Mn <0.01 0.07
Arsenic µg/l As <0.5 2.7
Barium µg/l Ba 56.4 27.2

Beryllium µg/l Be <0.01 <0.01
Cadmium µg/l Cd <0.02 <0.02
Mercury µg/l Hg <0.02 <0.02
Copper µg/l Cu 3.5 <3
Lead µg/l Pb <0.5 <1
Zinc µg/l Zn <5.0 <5.0
DOC mg/l C 2.5 2.8

E. Coli n/100 ml 13 23
SSRC n/100 ml 2 67

Enterococcus n/100 ml 3 11
Campylobacter n/100 ml 99

Residence time. The minimum residence times of the infiltrated water underground range from  about 30 days 
(PWN) to about 60 days (Waternet and DZH). In the 1930’s, on the basis of removal studies for E. Coli, it 
was concluded that a minimum residence time of 60 days would be enough for microbiological reliability 
of the abstracted water (Knorr 1937). Later studies concluded that shorter residence times also should be 
sufficient. However, nowadays the discussion with regard to the minimum residence time is reopened, as more 
becomes known about other harmful micro-organisms that are more persistent than E. Coli, such as viruses 
and pathogens. In this respect, the presence (for nature management purposes) of large grazing cattle in the 
artificial recharge areas deserves special attention, because they deposit their droppings nearby the infiltration 
ponds and wells.
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The actual residence time of the infiltrated water varies in practice from 30 days to maybe as much as 400 
days, because the water particles move along different paths to the pump well.  This spread in residence time 
levels out the differences in the quality of the infiltrated water that occur in the course of time, so that the water 
abstracted is of a constant quality.

Should in case of emergencies the intake of raw water be interrupted, the infiltration systems have a reserve 
capacity that is sufficient for about two months production.

Abstraction
Historically, the abstraction of dune water was done with open basins, ditches or canals. Later drainage pipes 
and pump wells were added. The obvious disadvantage of open abstraction systems is that the recovered water, 
which is microbiologically reliable, is re-infected by the faeces of birds and mammals living in the dunes. 
Therefore, over the years most abstraction systems were completely closed using wells, drainage and transport 
pipes. This was not practically feasible in the dunes near the Leiduin plant of Waternet, where drainage pipes 
and 239 wells bring the abstracted water to an open abstraction, collection and transport system with a length 
of 33 kilometers, discharging into an open collection basin.

Final treatment
The abstracted water is pumped to the final treatment plants. The water recovered from the dunes is relatively 
anaerobic and has a relatively high total hardness of about 2.25-2.5 mmol/l. Therefore, at all production sites 
the water is aerated with cascades and softened to a total hardness of about 1.5-1.6 mmol/l.

For softening various technologies are used. The most commonly applied is pellet softening in upflow fluidized 
bed reactors with NaOH (Monster, Katwijk, Leiduin and Wijk aan Zee) or Ca(OH)2 solution (Scheveningen). 
At the production plants in Bergen and Wijk aan Zee, the desired total hardness is further achieved by mixing 
the treated water with the very soft hyperfiltrate from the site in Heemskerk.

In its Heemskerk ‘water factory’, PWN produces very pure water from pretreated surface water in a two-
stage membrane filtration process. The first step is ultrafiltration (pore size 10  nanometers), removing all 
suspended particles including viruses and bacteria. The second step is reverse osmosis or hyperfiltration (pore 
size <2 nanometers) and here dissolved salts and organic micropollutants are removed. The result is very pure 
but somewhat corrosive water that does not comply with the drinking water regulations and thus cannot be 
distributed directly to the consumers. Instead, it is pumped to the treatment plants in Bergen and Wijk aan Zee, 
where it is mixed with the treated dune water.

During aeration of the water abstracted from the dunes, iron and manganese are oxidized and the resulting 
Fe2O3 and Mn2O5 particles are removed on a rapid sand filter, as are any suspended solids or algae. Here also 
ammonium is oxidized to nitrate.

Where activated carbon filtration is a part of the pretreatment such as is in Andijk, organic micropollutants are 
not further removed in the final treatment of the infiltrated water. In Monster, Scheveningen and Katwijk, DZH 
adds powdered activated carbon (PAC) immediately before the rapid sand filters. In the dunes in this region 
peat layers occur in the underground. The PAC also removes taste and odour that the water has picked up when 
passing these peat layers. Waternet uses granulated activated carbon filters (GAC) that also exert biological 
activity due to the preceding ozonation.

Waternet has included an ozonation step in its plant in Leiduin. The function is the oxidation of organic 
micropollutants, making them more easily biodegradable in the subsequent biologically active GAC filtration. 
Besides, ozonation is needed as a disinfection step because of the open abstraction system, killing viruses 
and bacteria. Also, colour, taste and odour are improved. Ozone dosage is about 0.8 mg/l, and contact time 
in 5 reservoirs is in the order of 15 minutes. The ozone is produced on site from pure oxygen and the ozone-
containing gas is introduced in the water by porous disks.
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The last treatment step in Leiduin, Katwijk, Scheveningen and Monster is slow sand filtration. The filtration 
rates employed are 30-60 cm/h. Slow sand filtration is the final microbiological barrier, with a high decimal 
elimination capacity for bacteria and viruses. It is also a final polishing step, removing the last suspended 
particles.

Final drinking water quality. At all production sites of PWN, Waternet and DZH described, biologically stable 
water is produced that is distributed without further additional disinfection with, for example, chlorine. It fully 
complies with all European and Dutch drinking water regulations. The organoleptic aspects (taste and odour) 
are good, and the water is relatively soft (1.5-1.6 mmol/l or about 8.5 German hardness degrees). Virtually all 
organic micropollutants are removed in the various treatment processes to negligible amounts. Only very polar 
and thus water-soluble compounds such as diglyme or methyl tertiary butyl ether (MTBE) are not completely 
removed and can be detected at trace levels in the finished water.

WATER SOURCE MANAGEMENT
DZH, PWN and Waternet, as well as the other Dutch drinking water companies, spend a lot of effort in 
the protection of their raw water sources. There is a close cooperation with Rijkswaterstaat, the state water 
management board which is responsible for the quality of the large surface waters. There are several water 
quality monitoring stations along the rivers Rhine and Meuse and in the IJsselmeer, some of these being operated 
by Rijkswaterstaat and others by the drinking water companies involved. At the raw water intakes, extensive 
monitoring programs are being carried out by the drinking water companies. Results of the monitoring stations 
and other relevant quality data are shared between Rijkswaterstaat and the companies in order to reduce the 
overall monitoring effort and to ensure that all parties are informed.

DZH, PWN and Waternet are members of the Association of River Water Companies (RIWA), which was set 
up more than 50 years ago by the Dutch water supply companies which use surface water for the preparation 
of drinking water. Three independent sections, for the Rhine, the Meuse and the Scheldt, are united within 
RIWA. Each section promotes the interests of drinking water in its own catchment basin by carrying out 
investigations,  reporting of the results, information of the authorities, VEWIN, public and other stakeholders 
and by lobby activities.

The RIWA Meuse section is an international organization, uniting the Dutch and Belgian drinking water 
companies that share the Meuse as their source. The RIWA Rhine section works closely together with similar 
German and Swiss organizations that are united in the IAWR, the Internationale Arbeitsgemeinschaft der 
Wasserwerke im Rheineinzugsgebiet. This umbrella organisation which was set up in 1970 by RIWA, ARW 
(Arbeitsgemeinschaft Rhein-Wasserwerke) and AWBR (Arbeitsgemeinschaft Wasserwerke Bodensee-Rhein), 
covers the whole Rhine catchment basin.

The RIWA Rhine section (through IAWR) and the RIWA Meuse section also defend their members’ interests 
by participating as non-governmental organizations (ngo’s) in the discussions in the respective international 
river basin commissions (International Commission for the Protection of the Rhine and the International 
Meuse Commission) regarding the implementation of the European Water Framework Directive. Both 
commissions operate an international alarm system to inform all stakeholders in the river basins in case of 
spillages, pollutions or other water quality problems. The drinking water companies involved are connected 
to these alarm systems.

When this is deemed necessary, individual companies carry out source protection projects near their own intake 
sites. For instance, DZH in cooperation with the state and regional water management boards is carrying out 
a project to reduce the emission of pesticides from a polder adjacent to the Afgedamde Maas. This is done by 
working together with farmers and local authorities in an attempt to influence their behaviour with respect to 
pesticide use.
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CONCLUSIONS
Artificial recharge of the groundwater in the Dutch coastal dunes in its more than fifty years of history has 
proven to be an effective and reliable step in the provision of impeccable drinking water to about 3.8 million 
consumers in one of the most densely populated areas on earth. In order to protect groundwater quality and 
the vulnerable nature, the surface water to be infiltrated has to undergo a relatively extensive pretreatment. The 
water abstracted from the dunes is treated in such a manner that it can be distributed to the consumers without 
the addition of disinfectants such as chlorine.
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Abstract    The artificially-recharged groundwater source „Mediana“ provides water supply to the City of 
Niš.  It is situated on some 300 ha of land in an alluvial valley. In the early 1990’s, the source sustained heavy 
pollution by organic pollutants from a nearby electronic industry, and somewhat less extensive pollution by 
nitrites from a neighboring settlement. The pollutants were flushed and a permanent protection system was 
put in place. Following revitalization, this groundwater source was upgraded, from a capacity of 250 l/s to the 
current capacity of 600 l/s. Monitoring of the groundwater source during the period from 1996 to 2006 revealed 
no functional interferences, confirmed that the source delivers the required water quality, and indicated that 
significant self-purification processes are taking place in the aquifer. 

INTROdUCTION
The method of artificial infiltration, or the development of an artificial infiltration groundwater source, generally 
allows for a much higher and more stable rate of water abstraction per unit of available area. In addition, it 
allows for the formation of groundwater reserves, and results in a superior form of coexistence between the 
groundwater source and the environment. Furthermore, the system becomes less vulnerable to river pollution. 
A system which has been set up appropriately, with an adequate distance of travel and residence time, ensures 
effective purification by percolation through the porous medium.

Figure 1: Aerial view of the Mediana artificial infiltration groundwater source
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The Mediana groundwater source (Fig. 1.) was developed in 1979; its initial capacity was 270 l/s. In the 
early 1990’s the source was heavily and dangerously polluted by organic solvents (volatile organohalogen 
compounds:  tetrachloroethylene and trichloroethylene) from the nearby Electronic Industries plant. In addition, 
this groundwater source was threatened by an inflow of nitrates from the Brzi Brod suburb. Common to the 
two pollution events is the fact that the polluting substances behaved as tracers, that is, they did not readily 
degrade or sorb on aquifer material. No substance with a significant affinity for sorption, or degradability, 
reached the groundwater source from the above-mentioned directions. This fact allowed for and facilitated 
remediation and the subsequent upgrade of the groundwater source. At the same time, it also identified very 
sound means for protection of the source.  
Extensive investigations, planning, and design of remediation, protection, and upgrade of this groundwater 
source were undertaken. Complete remediation and protection were achieved. The rate of water abstraction 
was increased to about 600 l/s.
Such a complex remediation, protection, and upgrade undertaking was necessary because this groundwater 
source provided water supply for the City of Niš with its population of 250,000. The project was executed 
in 1994 and 1995. It involved a number of extremely complex activities; only the most important and most 
interesting are discussed below: 

Remediation and protection methods implemented at the Mediana source
Major activity aimed at increasing the yield of the groundwater source: the removal of a layer of calcified 
gravel which had developed beneath the infiltration lakes.  

Several interesting diagrams depicting the effects of percolation through the aquifer on the quality of the 
abstracted water will also be shown.  

dEVELOPMENT OF THE GROUNdWATER SOURCE THROUGH THE YEAR 1987
The Mediana groundwater source was formed in the alluvion of the Nišava River, on its left bank, in an area 
where the river enters the city limits of Niš. The alluvial formation is comprised of (Figure 2 and 3):

The underlying stratum, made up of Tertiary impervious clays at a general depth of 7 to 10 m; 
The overlying stratum, made up of semi-pervious silty-clay 1-4 m-thick sediments, whose characteristic 
hydraulic conductivities are in the range of 1-5 x 10-7 m/s;
The water-bearing layer, comprised of gravelly-sandy 4-5 m-thick sediments, whose seepage characteristics 
are heterogeneous in both plan and sectional views, and whose typical hydraulic conductivities are in the 
range of 1-3 x 10-3 m/s.

•
•

•
•

•

Figure 2: Hydrogeological section through 1-1’

Figure 3: Hydrogeological section through 2-2’.
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The aquifer created within the water-bearing medium is the only water source in the wider area. In the natural 
regime, the aquifer is recharged from the river and by infiltration of precipitation.  
Initially, water wells in the vicinity of the river were used for public water supply. During the 1970’s, a new 
concept was introduced, and the Mediana groundwater source based on artificial infiltration was developed.  
Since then, Mediana has been using water from the Nišava River, which is delivered to users following 
pretreatment and purification by percolation through the subsurface porous medium.  
The Mediana artificial infiltration groundwater source was completed in mid-1978 and covered an area of 
about 2.5 km2. The source included the following components:

River water intake; 
Raw water pumping station; 
Pretreatment plant, in which the water passes through a tubular sedimentation tank (coagulation, flocculation, 
sedimentation, rapid filtration not in service) 
Transport and injection of water into 7 infiltration lakes; 
Water abstraction by about 70 tube wells and delivery of water by vacuum systems to collector reservoirs 
of the Mediana 1 and Mediana 2 pumping stations; 
Transport of water to the city via Mediana 1 and Mediana 2 pumping stations.

This configuration of the groundwater source provided a yield of about 250 l/s. The quality of the abstracted water did 
not require any final treatment other than disinfection before delivery to the city. During the 1987-1994 period, the 
groundwater source was exposed to both industrial pollutants and wastewaters originating from a nearby settlement. 
In view of the importance of this source of water supply, rehabilitation and protection had to be undertaken. 
Due to space constraints, Figure 4 shows in parallel the basic elements of the groundwater source and its 
condition resulting from the intrusion of pollutants.  

POLLUTION PROBLEM dURING THE 1987-1994 PERIOd
Production at Mediana was unimpeded until December of 1987 when volatile organohalogen compounds 
(tetrachloroethylene and trichloroethylene) were detected in the water in concentrations greatly exceeding 
legal standards.  Mediana was immediately shut down. The source of groundwater pollution was the Electronic 
Industries plant located at the outer edges of the alluvion. Until 1994 the groundwater source operated at a 
much lower capacity of only 100-150 l/s. 
Polluted groundwater contaminated a portion of the aquifer, specifically the zone surrounding Infiltration Lake 
IL-2. Pollutant concentrations were as high as 300 µg/1 (Figure 4). A tetrachloroethylene concentration in 
excess of 40 µg/1 (maximum allowed is 10 µg/1) was registered in the combined water arriving at the Mediana 
1 pumping station which services some 30 production wells around Infiltration Lakes IL-1, IL-2 and IL-3. 
Halogenated hydrocarbon concentrations were highest during periods of intensive production, when the flow 
pattern led to the «drawing» of water from the hinterland.  

•
•
•

•
•

•

Figure 4: Layout of the Mediana groundwater source in the spring of 1994, showing tetrachloroethylene and 
nitrate concentrations prior to active protection.  
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The other pollution problem was the occurrence of nitrates in groundwater, in the southeastern portion of the 
groundwater source.  Nitrates, in concentrations exceeding 50-80 mg/1, were registered at several checkpoints 
(Figure 4.).  The nitrates originated from the suburb of Brzi Brod which was not serviced by public utilities at 
the time.

APPLIEd REMEdIATION ANd PROTECTION METHOdS
In order to save the groundwater source from imminent decommissioning due to the presence of a constant 
pollution source, the following activities were undertaken in 1994:  

Remediation of the contaminated portion of the groundwater source, and 
Construction of safety structures (Figure 5):

An impervious concrete-bentonite barrier was erected in the most compromised, southern portion 
of the groundwater source facing Electronic Industries (length 1187 m, depth to underlying Tertiary 
clays 6-15 m); 
A system of 6 drainage wells were bored on the outside of the barrier towards Electronic Industries 
(automated wells discharging into a sewer); 

A hydraulic barrier (horizontal drainage) was provided along the eastern section of the groundwater source 
facing the Brzi Brod suburb and, in part, at a less threatened section facing Electronic Industries (total length 
of 1317 m); it included a water evacuation pumping station.  

•
•

•

•

Figure 5: Layout of the Mediana groundwater source following reconstruction and upgrading, showing 
tetrachloroethylene and nitrate concentrations.

Remediation of the contaminated portion of the groundwater source was undertaken after laboratory tests indicated 
that the volatile organohalogen compounds were mobile, that they were not being captured to a significant 
extent by aquifer material (gravel and sand particles), and that they traveled along with the water. Remediation, 
therefore, required multiple exchanges of water in the contaminated portion of the source. Remediation included 
several months of intensive injection of pretreated river water into the closest infiltration lakes (IL-1, IL-2 and 
IL-3). Dedicated wells were bored in the area between the groundwater source and the pollution source, where 
the polluted water was withdrawn and evacuated until the aquifer was totally flushed out.  
Protection structures were erected in parallel with remediation efforts, including an impervious bentonite-
concrete barrier in the area which registered the highest inflow of polluted groundwaters originating from 
Electronic Industries. The construction project lasted one-and-a-half months. Upon completion, remediation 
was intensified. The impervious barrier was placed 1 m into the underlying impervious clays (Figure 6). The 
average depth of the barrier was 7.5 m. It constituted a physical obstruction to the contaminated groundwater 
flow, and prevented its infiltration into the groundwater source.
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Figure 6: Longitudinal section through the impervious barrier, including piezometric levels within the 
groundwater source and beyond the barrier.

Following the completion of the impervious barrier, the six wells which were used in the remediation process 
remained on the outside (facing Electronic Industries) and became drainage wells. Their role was to maintain 
the groundwater beyond the impervious barrier at a lower level than that within the groundwater source, and 
to evacuate any contaminated groundwater.  
The hydraulic barrier (horizontal drainage) towards the Brzi Brod suburb (Figure 5), prevented the inflow 
of nitrate-loaded groundwater into the groundwater source. The erection of protection structures allowed for 
the successful completion of remediation of the contaminated portion of the groundwater source; the source 
resumed operations at full capacity several months after the revitalization was begun.  
The groundwater source was decontaminated and concentrations of volatile organohalogen compounds and 
nitrates in groundwater were reduced to levels lower than maximum allowed concentrations (Figure 5).

WATER QUALITY ASSURANCE PARAMETERS ANd CRITERIA - YIELd INCREASE 
PARAMETERS
Remediation and protection of the groundwater source increased the groundwater abstraction rate to  
Q = 250-300 l/s. Polluted portions of the groundwater source were fully decontaminated. The quality of the 
water at pumping stations М1 and М2 met drinking water standards. The city’s water demand required the 
capacity of the groundwater source to be upgraded to about 600 l/s. The remediation and protection of the 
groundwater source allowed the upgrade to be implemented in an efficient and cost-effective manner. An 
additional requirement was to improve the quality of the water which entered the infiltration lakes, in order to 
reduce clogging. The basic quality parameters for the groundwater source were:

External parameters:
 Rate of abstraction, and Raw water quality; 

Internal parameters:
 Quality of water entering the infiltration lakes, ku,
 Rate of infiltration into the infiltration lakes, uinf
  Percolation time from the infiltration lakes to the collector lakes, tinf, and
   Percolation distance between the infiltration lakes and the collector lakes, Linf.

A reference, or critical, value had to be identified for each of these parameters, which would be used in the 
design of reconstruction of the entire system. The values selected directly impacted the upgrade concept and 
the future capacity of the groundwater source. The following parameters were adopted based on monitoring, 
as well as laboratory and in situ tests and analyses:

Maximum water turbidity following pretreatment    T ≤ 2 NTU
Average rate of recharge via infiltration lakes     Vinf = 0,05 m/h
Maximum rate of recharge       Vinf.max = 0,1 m/h
Travel time from infiltration lake to well      tfilt. ≥ 15 days
Minimum distance between abstraction well and infiltration lake  lmin ≥ 100 m

•

•

•
•
•
•
•
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The coarse aquifer material allowed for high rates of recharge. Appropriate travel time and distance were selected 
to safeguard the groundwater source from intrusion of various degradable substances (e.g. phenols), as well as 
to reduce abstracted water temperature variations and maintain the temperature within an acceptable range.   
It was determined that the undertaking of appropriate works would allow for an increase in yield from  
Q1 = 250 to Q2 = 600 l/s.

GROUNdWATER SOURCE CAPACITY INCREASE – EFFECTS OF RECONSTRUCTION 

Major reconstruction components
A groundwater source capacity of Q = 600 l/s was defined on the basis of analyses of :

hydrologic conditions, 
the self-purifying potential of the aquifer, 
individual system components and structures, and 
the configuration of the entire groundwater source. 

In order to deliver a capacity of 600 l/s, the following activities were undertaken during 1995 and 1996 (see fig 6): 
Reconstruction and upgrading of the river water pretreatment plant (reconstruction of existing components 
and addition of rapid filtration);
Reconstruction and upgrading of the water transport and distribution system from the pretreatment plant to 
the infiltration lakes (construction of a low-pressure pumping station for gravity-feeding of the infiltration 
lakes);
Break up and removal of calcified layers located beneath infiltration lakes; reconstruction and upgrading 
of infiltration lakes; 
Construction of two additional infiltration lakes;
Reconstruction and upgrading of the groundwater collection and transport system,  up to the collector 
reservoirs; construction of a 400 m-long drainage system; construction of 10 new wells and a new vacuum 
system to link the wells with the M1 pumping station; and construction of a new vacuum system to link 
the collector reservoirs of pumping stations M1 and M2; and 
Reconstruction of the treated water discharge system. 

Removal of calcified layers beneath infiltration lakes
Substantial hydraulic losses over the course of seepage through the contact surfaces of the infiltration lakes, 
noted at the very beginning of their operation during the production season, indicated that there was poor 
contact with the aquifer.  Investigations showed that large hydraulic losses were the result of a calcified layer 
within the water-bearing gravels beneath the bottom of each infiltration lake (Figure 7).  A major portion 
of each infiltration lake’s contact surface had a calcified layer as its base; the thickness of these layers was 
generally found to be 20-30 cm.

•
•
•
•

•

•

•

•
•

•

Figure 7: Schematic of infiltration prior to removal of calcified layer
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The calcified layers included carbonate-bound gravels and sands (Figure 8). They were extremely hard and 
had low permeability. The layers were formed in the part of the aquifer where groundwater levels fluctuated 
under natural conditions, as a result of the evaporation process.  

Figure 8: Calcified layer

Depending on the surface it covered beneath the lake, the layer reduced the infiltration capacity of the lake by 
a factor of two to three. The lakes’ efficiency increased after the break up and removal of these calcified layers 
(Figure 9). 

Figure 9: Schematic of infiltration after removal of calcified layer

Figure 10 shows the change in water level of Infiltration Lake IJ-2 and the piezometric level of the aquifer near 
the same lake (piezometer adjacent to levee crest). 

Figure 10: Water level in Infiltration Lake IJ-2 and aquifer’s piezometric level before and after  
reconstruction of the lake and removal of the calcified layer
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A comparison of data for the same lake, IL-2, before and after the removal of the calcified layer, indicated that 
the specific yield (discharge per m2 as a function of hydraulic loss) had more than doubled.  

CURRENT PERFORMANCE OF THE GROUNdWATER SOURCE
The concept of this groundwater source is based on the following stages: Water extracted from the Nišava River 
is delivered to the pre-treatment plant where its quality is upgraded to infiltration standards using coagulation, 
flocculation, sedimentation and rapid filtration processes. The water leaving the plant is transported to 
infiltration lakes by means of gravity or via a low-pressure pumping station. Once in the infiltration lake, the 
water is infiltrated into the aquifer and from there abstracted by wells, or collected by a drainage system, and 
transported to pumping stations Mediana 1 and Med. 2 by vacuum systems. The water is then chlorinated and 
delivered to the city.  
The above configuration provides a water supply capacity of 600 l/s. Since primary water supply for the City 
of Niš is provided from karstic springs (a more cost-effective water production method), Mediana operates 
at its full capacity of about 600 l/s only during periods of reduced yield of the karstic springs and at times of 
deficit in the water supply system (July to November).  
The quality of groundwater abstracted at Mediana is stable across all quality parameters. The effectiveness of 
pretreatment and percolation through the porous medium ensure additional safety (e.g. КМnО4 demand) with 
regard to the quality of the water delivered to consumers.
To illustrate purification efficiency, shown below are average values of KMnO4 demand in the Nišava River, 
following pretreatment (rapid filtration), as well as following percolation through the aquifer, i.e. for the water 
abstracted from the collector well (also see Figure 11 and 12).

Figure 11: Main KMnO4 demand (mg /l), based on 1996 certification test results and routine monitoring 
from  January 1999 to March 2001

Figure 12: Percolation efficiency based on reduction in organic content (KMnO4 demand) from initial level 
in the Nišava River to final level in groundwater abstracted by production wells.
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CONCLUdING REMARKS ABOUT REMEdIATION, UPGRAdING ANd THE 
SELF-PURIFYING POTENTIAL OF THE MEdIANA GROUNdWATER SOURCE
Activities undertaken in the remediation, protection and upgrading of the Mediana groundwater source were 
extremely complex and quite interesting. Several aspects of the project are highlighted below: 
1) Remediation was performed on a closed portion of the groundwater source (approximately 1 km2). The 
flushing method which was implemented cleaned a large volume of the aquifer within several months. Then, 
ten full exchanges of contaminated groundwater were sufficient to completely remove undesirable substances 
from the groundwater source. Tetracholoroethylene and tricholoroethylene levels in groundwater were reduced 
to well  below admissible levels. Nitrate content was reduced to less than 10 mg/l. This confirmed that the 
above organic solvents and nitrates virtually did not bind with aquifer material, and it was, therefore, possible 
to remove them using the method described above. Protection of the aquifer from any future pollution included 
measures which prevented further pollutant input. In addition to preventative measures, protection measures 
included the construction of a concrete-bentonite barrier and an appropriate hydraulic barrier (horizontal 
drainage).  
2) Capacity increased from 250 l/s to approximately 600 l/s. This was accomplished by streamlining the 
„bottle necks“ and by upgrading a number of facilities. Two such activities are highlighted here:

A significant increase in yield of 10 clogged wells (from 2-3 l/s to 15-20 l/s) was achieved by the addition 
of a horizontal drain to the body of the well (Figure 13); and,
An increase in the capacity of infiltration lakes was achieved by, among other measures, the breaking up 
and removal of calcified layers which were formed beneath the lakes.

•

•

Figure 13: Clogged tube well whose yield was increased by adding a horizontal drain

3) Groundwater source operation design required a definition/estimate of the number of days of percolation 
through the aquifer, required to achieve the desired improvement in and stabilization of water quality. A specific 
objective was to confirm the degradability of phenols in the Mediana aquifer. Pyrocatechol (intermediate 
product of phenol degradation) was detected only hours after phenols were injected into the aquifer. Based on 
the results, as well as other investigations and parameters, the selected residence time between the infiltration 
lakes and production wells, at Mediana’s full capacity, was 12 to 15 days. This allowed for a more accurate 
identification of the measures which needed to be undertaken in order to increase the capacity of the groundwater 
source. The total capacity was increased from Q =250 l/s to Q =600 l/s.
4) The quality of the water delivered by Mediana is always good and complies with applicable drinking water 
standards. The initial quality of river water is in part improved at the pretreatment plant, before the water is 
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infiltrated into the ground. However, a much higher efficiency is provided by the physical and biochemical 
processes which occur during percolation though the aquifer.  
5) By its role in the drinking water production process, the Mediana aquifer is a complex natural physical and 
biochemical reactor whose properties are:

Oxygen content      5-9  mg/l,
pH level      7-8,
Temperature     8-19°C,
Organic substance degrading bacteria   2000-4000 per ml,
Redox potential      349-372 mV,
Recorded reduction in concentrations:

Nitrites – total,
Ammonium ion – dominant
Phosphates – almost total,
Total fats and oils, pretreatment and percolation:  approximately 75%,
Iron, concentrations which occur in the Nišava - total,
Nitrates: a potential reduction in concentrations was suggested by monitoring reports for the January 
1999 to March 2002 period. This is certainly relevant to any future investigations.  

This groundwater source, based on artificial infiltration, is very well-protected from accidental pollution. 
6) Mediana’s current configuration and the operational status of its safety components ensure a stable production 
of 600 l/s of water during the summer months and 400-450 l/s of water during the winter months. The water 
delivered by Mediana complies with drinking water standards across all parameters. The City of Niš counts 
on Mediana for a steady and reliable supply of water, especially during dry periods.   
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Abstract    In 1991, the EU promulgated the Nitrates Directive 91/676/EEC, with which it obliged member 
states to set up monitoring systems, to designate areas vulnerable to nitrate pollution, especially that of 
agricultural origin, and to activate protection plans, setting the initial target as 1993. After a long delay, Italy 
assimilated the directive in 1999 with the D.Lgs. 152/99 (legislative decree), which basically transferred 
responsibility for identifying vulnerable zones to the Regional Authorities. The Po river basin was, and still 
is, particularly problematical, with its surface aquifers containing generally high levels of NO3

- particularly in 
the lower Piedmontese plain, in the Alessandria area, in the upper Milan valley and in the Emilia-Romagna 
plain. Taking these pollution levels into consideration, along with continual eutrophication of the Adriatic Sea, 
the EU enjoined Italy to define the entire Po valley as vulnerable, to avoid being penalised. Such a restrictive 
designation would, however, have had a highly negative effect on agriculture and to avoid this, the Regions of 
the Po basin, after long delays, set in motion a series of scientific studies in order to be able to limit the areas 
defined as vulnerable. This paper, in line with Regional policies, proposes a method that can be applied on a 
regional scale for identifying areas vulnerable to nitrate pollution. It uses a parametric indicator of Pollution 
Risk, which is the product of the Sintacs R5 and the Ipnoa indicators: since the former indicator assesses the 
vulnerability of an aquifer, that is its susceptibility to absorption and spread of fluid or water-borne pollutant 
over time, while the latter studies the risk of pollution by nitrates of agricultural origin (that is, the amount 
of nitrates persisting in the territory), it is clear to us that the product of the two indicates the nitrate that may 
actually be present in the aquifer waters. The easy availability of input parameters for the model, the reliability 
of the output data, as compared with the results of monitoring various test sites in the Po valley, and the 
production of thematic maps, using GIS software, make the method a valid tool for the Regions when identifying 
zones vulnerable to nitrate pollution. The method is presented here with application to a test site of about  
250 km2, situated in the lower Alessandria plain (Eastern Piedmont, Italy).
Keywords  GIS, Nitrates Directive, risk of nitrate pollution.

EUROPEAN ANd ITALIAN LEGISLATION
Groundwater bodies now represent one of the principal resources used to supply drinking water in Italy, but 
not only in Italy. At the same time, however, the quality of these water sources is deteriorating continuously 
due to various types of pollutants, one of the most widespread in surface aquifers being nitrogen, which is 
present in groundwater bodies principally as the NO3

- ion.
In 1991, the EU attempted to solve the problem of poor or non-existent legislation on this matter by approving 
the Nitrates Directive 91/676/EEC, which aimed to reduce and prevent water pollution caused by nitrates 
of agricultural origin. The directive obliged member states to set up monitoring systems, to define areas 
vulnerable to nitrates, of agricultural origin in particular, and to draw up codes of good agricultural practice 
and action programmes, setting 1993 as the target date for initial results.
Italy remained indifferent to the directive for a long period, so that on 20 May 1997 the European Commission 
presented a petition (C-195/97) to the European Court of Justice, given that already in 1995 the Commission had, 
by injunction and on reasonable grounds, drawn the attention of the Italian government to its failure to comply 
with the Nitrates Directive. The sentence decreed that Italy (in addition to being obliged to pay all the costs of the 
trial), having neither adopted nor communicated, within the set term, the provisions necessary for assimilating 
the Directive into its own legislation, had failed to comply with the obligations of 91/676/CEE.
The same scene was to be repeated in April 1999, when the European Commission took the Italian Government 
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to the European Court once more (C-127/99) and this time the sentence, laid down in November 2001, forced 
Italy to declare itself insolvent with respect to the Nitrates Directive, in particular as regards establishment 
of action programmes to protect waters from nitrates of agricultural origin, setting up monitoring systems 
for surface and ground waters and drawing up codes of good agricultural practice, and publishing reports to 
summarise the situation.
In the meantime the Italian Government had passed the D.Lgs 152/99 (since modified by law 152/2006), which 
finally assimilated the Nitrates Directive; the law transferred responsibility to the Regions for monitoring 
systems, for definition of zones vulnerable to nitrates and for the establishment of action programmes, but it 
did set out the guidelines.

The Po River basin
Art. 3 of the Nitrates Directive requires all known zones in the territory that discharge into polluted water to 
be classed as vulnerable. The situation of the Po basin was particularly alarming, as the EC itself had already 
noted in 2000: given that the whole of the northern Adriatic Sea was eutrophic, the entire Po basin was to be 
declared vulnerable, with the exception of the hilly and mountainous zones.
Indeed, as some studies on the area have also shown (G. Giuliano et al, 1997), the situation as regards 
groundwater resources (RIS) in the Po valley is anything but rosy. The potability limit for NO3

- concentration 
has been set at 50 mg/l and this limit has been exceeded in at least four zones of the Po valley: lower Piedmont, 
Alessandria area, upper Milan and the Emilia-Romagna plain.
Applying the classification as requested by the EC would, however, have been an unsustainable burden for the 
entire agricultural-animal breeding sector and the Po valley regions (Piedmont, Lombardy, Emilia Romagna 
and Veneto) therefore decided to set up a series of studies aimed at demonstrating that the areas vulnerable to 
nitrate pollution were actually more restricted than those indicated by the Commission. 
These studies led to the promulgation of regional laws in which portions of the Po valley were designated 
as vulnerable. These definitions did not satisfy the EC, however, and last year (2006), almost 15 years after 
notification of the Nitrates Directive, the commission opened a formal process against Italy (procedure 
2006/2163) for infringement, not only singling out for criticism the Po Basin and designation of vulnerable 
areas, but also criticising the action programmes that have been set in motion.
In order to avoid penalties, the Regions had to take remedial action, with more detailed studies and new 
monitoring programmes but as of now, of the Po valley regions only Lombardy (law D.G.R. 8/3297 of October 
2006) and Veneto (law DGR 62, of May 2006) have proceeded to increase the percentage of their territory 
designated as vulnerable to nitrates, while Piedmont and Emilia Romagna are still stuck with, respectively, 
law DPGR n. 9/R of 18/10/2002 and subsequent amendment DPGR n. 2/R of 15/03/2004, and law DGR 9162 
of 18 July 2003.

A PARAMETRIC METHOd FOR EVALUATING RISK. APPLICATION AT A TEST SITE
The following paper follows the line of scientific research concerned with pollution by nitrates of agricultural origin, 
and, as we have shown, is currently of great interest to the public administration in Italy (and not only Italy). 
We propose a parametric method for evaluating the risk of pollution (Civita, 1999; Civita et al, 2003), meaning 
the product of the intrinsic vulnerability of an aquifer (Civita 1987) and the pollution hazard () presented by 
nitrates of agricultural origin. Vulnerability has been evaluated adopting the parametric model using points 
and weightings, Sintacs R5 (Civita & De Maio 2000), while for the pollution hazard the Ipnoa parametric 
model has been used (Padovani, Trevisan & Capri 2000; Padovani & Trevisan 2002). To be precise, we are 
considering a potential risk, as this study has not evaluated the value of the subject at risk.

The area covered by the study
We chose a portion of the plain around Alessandria, covering about 250 km2; it is situated S. of the R. Tanaro 
and E. of the R. Bormida. In the southern part of the area the Orba Torrent, a tributary flowing into the right of 
the Bormida, runs from SSE to NNW, and in Basaluzzo municipality the Bormida receives the waters of the 
Lemme Torrent, its most important tributary. The whole area is crossed by numerous canals and channels.
Industrial activity, strongly present, is mainly concentrated S. of the city of Alessandria and in the environs 
of the centres of population comprising Spinetta Marengo and Bosco Marengo. Agricultural activities are 
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also carried out in the area, characterised mainly by cultivation of maize, wheat, sugar-beet and sunflowers, 
while as regards animal breeding there are modestly sized pig farms and cattle farms, for both meat and milk 
production, mainly in the central and southern part of the area, and also poultry and ostrich farms.
From a hydrogeologic point of view (Civita et al, 2000), the main complex present in this area is the Alluvial 
Complex, of Quaternary origin, (this in turn is divided into three sub-complexes) comprising mainly gravel 
alternating with sand and argillaceous horizons. The value of relative permeability varies from medium to high 
depending on the presence of fine particles in the gravel. The depth of this complex is significantly reduced 
in the San Giuliano area (E. of Alessandria), where, due to ancient tectonic movements, there is a structural 
elevation with older deposits rising to the surface. Another Quaternary type complex is the Current Alluvial 
Complex, which can be identified along the axes of the principal water courses.
Below the alluvial complexes there is a complex resembling Villafranchiano-type deposits, the Argillaceous-
Gravel Complex. This complex, reaching even hundreds of metres in depth, disappears in the San Giuliano 
area, where the Limestone-Sandstone-Argillaceous Complex rises to 15 below the surface (and in direct 
contact with the Alluvial Complex), grouping together the formations belonging to the Appenine Units. These 
formations consist of marl, sandstone and limestone, characterised by low relative permeability. To the S. of the 
structural elevation, in the space of a few kilometres, the complex sinks below the alluvial and Villafranchiano 
complexes. 
The confining bed of the Quaternary complexes comprises the Argillaceous-Gravel and the Limestone-
Sandstone-Argillaceous Complexes below them; they hold a single unconfined aquifer with a flow field  
(Figure 1) in the N-S direction, indicating that the River Tanaro is the main destination of the water from the 
aquifer. The main water courses act as drainage axes upstream, while they tend to recharge the aquifer as they 
flow downstream. The hydraulic gradient passes, from upstream to downstream, from 1.2% to 0.057%.

Figure 1: Alessandria area: flow pattern of the unconfined aquifer and hydrogeologic setting
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The SINTACS R5 model
In order to apply this parametric model we created a discretization grid over the area being studied, with a 
mesh of 50m square cells, so that at the end of the study each square would have a vulnerability rating obtained 
from the SINTACS indicator.
The model assigns each cell of the discretization grid with a point value for each of the 7 parameters: depth to 
water table (S), effective infiltration (I), unsaturated zone attenuation capacity (N), soil/overburden attenuation 
capacity (T), saturated zone characteristics (A), hydraulic conductivity (C), topographic surface slope (S). 
For each cell, we multiplied the point vector by a string of weights, chosen according to the hydrogeologic 
and impact setting of the particular cell (normal impact, severe impact, seepage, karst, fissured). The sum of 
the products gives the SINTACS indicator, which is then normalized and divided into 6 classes to obtain six 
ratings of vulnerability to pollution, from 1 (Very low) to 6 (Extremely high).
Practically speaking, the data for the aquifer, for the unsaturated zone attenuation capacity and the hydraulic 
conductivity, were obtained from analysis of stratigraphic descriptions of wells and piezometers that had 
been excavated in the area under study and also from hydrogeologic work for the area; data from the analysis 
of about fifty soil samples were used to define the point ratings for soil/overburden attenuation capacity and 
effective infiltration, performing cross-checks for the latter with data from precipitation stations in the area; 
depth to water table was obtained by piezometric measurements taken in the field in April 2006 for 70 water 
points; topographic surface slope was taken from the DEM for Piedmont region.

The IPNOA model
For the pollution hazard due to nitrates of agricultural origin we used the IPNOA point and weight method, 
which considers 7 parameters divided into two groups, as contemplated by Italian legislation: 

hazard factors (chemical fertilisers -FPfc-, organic fertilisers -FPfo-, spread of purification plant effluent 
-FPfd-), which represent the effective sources of nitrate pollution; 
control factors (climate -FCc-, natural nitrogen content of the ground -FCa-, agricultural practice -FCpa-, 
type of irrigation -FCi-), which are parameters that either negatively or positively control the percolation 
of nitrate into the (saturated or unsaturated) aquifer.

For each parameter we began by working on the basis of land registry sheets (except for organic fertilisers 
where we worked at the municipality level) assigning a point value to each sheet (or municipality) for each 
factor, as required by the method; we then discretized the area using the same grid as the one used for the 
SINTACS method; for each cell we calculated the total hazard factor and control factor using the following 
equations:

FPtot = FPfm + FPfo + FPfd

FCtot = FCa × FCc × FCpa × FCi

The product of the two totals gives the IPNOA hazard factor. Also in this case the hazard factor is divided into 
6 classes, obtaining six levels of nitrate pollution hazard from 1 (Improbable) to 6 (High).
To be able to assign point values to each parameter we used mainly CAP data from which we obtained soil 
use, and by matching this information with that for chemical fertiliser application for each type of cultivation 
(this data was available in the Piedmont Region database) we were able to obtain the point value for FPfc; 
CAP data was then also used for irrigation and agricultural practice; climate was calculated using the rainfall 
and temperature data already taken from the precipitation stations for SINTACS; and finally, the data used to 
calculate the FPfo point values were obtained from the General Agricultural Census taken in 2001. There were 
no areas where spreading of purification plant effluent was practiced.

The Risk
At this point, to obtain the potential risk of pollution by nitrates of agricultural origin, for each cell we just 
multiplied the vulnerability rating by the hazard factor. The values obtained were then assigned to 6 classes 
defining the relative risk from 1 (Very low) to 6 (Extremely High).

•

•
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RESULTS ANd dISCUSSION
Application of the latest GIS software to the working method used above allowed us, among other things, 
to create thematic maps, as illustrated in Figures 2, 3 and 4, which show, respectively, the map of aquifer 
vulnerability to pollution, the map of nitrate pollution risk and the map of potential nitrate pollution risk.
As we can see from fig. 2, over 80% of the area included in the study falls into the high vulnerability class 
and this corresponds to areas with lower depths to water table and coarser saturated zones (and hence 
correspondingly higher point values) or to zones where the aquifer is drained by surface water courses. In the 
most northerly part, near the R. Tanaro, increasingly small depths to water table result in High and Extremely 
High vulnerability classes. The medium vulnerability class is present in the SE of the zone under study.
As for the hazard (fig. 3), the situation is quite good, as in most of the area the hazard is Very Low or Low; 
there are very few cells showing Moderate hazard. 
Lastly, fig.4 shows the risk map as a product of the previous two. Most of the area is High risk, which, as for 
the vulnerability map, becomes Extremely High to the north. There are High and Medium risk areas in the 
central and southern zones.
In April 2006 samples were taken in the field for 35 water points, which were uniformly distributed over 
the area under study. The results of chemical analysis were used to create the map showing distribution of 
nitrate concentration (Figure 5). Most of all we note the positive effect of the surface water courses on the 
aquifer: indeed, the waters of the Lemme, the Orba and the Bormida, which have low nitrate levels and are 
drained by the aquifer, have a dilution effect on the aquifer, so that the points straddling the water courses 
show lower concentrations of nitrate. In any case the most striking result is that almost 50% of the area has 
nitrate concentrations of over 50 mg/l, with some points exceeding 100 mg/l. And while on the one hand it 
is reassuring to compare this map with the risk map, because the areas with concentrations above the limit 
correspond quite well with those identified as High Risk, on the other hand it is difficult to justify such high 
levels of NO3

- in the groundwater resource, when there is no zone classified as at Extremely High risk. 
In reality, it can be noted that the zones with the highest concentrations of nitrates are situated downstream of 
industrial sites or of the largest centres of population, and this would lead us to hypothesise human activity 
as the origin of these nitrates, or at least a dual origin: agriculture and human activity. One way of finding an 
answer would be to use isotope chemistry to determine the origin of the nitrogen present in the waters. And 
this will be one of the fields developed by the project presented here.
In conclusion, when we consider the results obtained here and those for other work mentioned in the bibliography 
(Civita et al, 2003; Civita et al, 2007; Sacco, De Maio et al, 2007) synergistic application of the SINTACS 
R5 and IPNOA parametric models for evaluating potential risk of pollution by nitrates of agricultural origin, 
developed using GIS, represents a valid tool for the public administration in managing and protecting water 
resources when defining, for example, what the legislation calls “areas vulnerable to nitrates”. Moreover, 
when we compare the results with the monitoring data, it is possible to hypothesise the actual origin of the 
nitrates present in the groundwater resources and, when necessary, to carry out more specific research, using 
isotope chemistry for example.
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Figure 3: Map of IPNOA index of nitrate hazard in 
the Alessandria area

Figure 2: Map of aquifer vulnerability in the 
Alessandria area



263

Figure 5: Isoconcentration map for NO3
- in the 

unconfined aquifer in the Fossano area
Figure 4: Map of intrinsic nitrate pollution risk 
from Agricultural sources in the Fossano area
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Abstract    In the Marchfeld – a region of about 1000 km² in eastern Austria – groundwater is used intensively 
for irrigation as well as for industrial and potable purposes which has led to a considerable decline of the 
groundwater table. As a countermeasure the Marchfeldkanal Project was started in 1984 in order to secure 
the important groundwater reservoir in this dry area. The Marchfeldkanal system was designed as a multi-
purpose project, with the aim of providing external water to the region. Beside replenishing the groundwater by 
artificial recharge now surface water is available for irrigation. Further effects are the improvement of surface 
water quality and a new protection against floods. It was set store to a very natural design of all parts of the 
system, in particular of the watercourses. So the Marchfeldkanal System has become an appreciated recreation 
area. Presently, the system has been completed and three groundwater recharge facilities are operational after 
periods of testing operation. The next step will be the selective infiltration of surface water, which is withdrawn 
again by a drinking water abstraction of a local town.
Keywords  groundwater recharge water balance infiltration

INTROdUCTION

Region Marchfeld
The Marchfeld is a plain region of about 1.000 km² which represents about 1.2 % of the territory of Austria. 
It is situated in the eastern part of the country, bordered by the River Danube in the southwest and south, by 
the River March in the east and by the slopes of the “Weinviertler Hügelland” in the north (Figure 1). Most of 
the approximately 200.000 inhabitants live in the small Viennese part in the western edge of the Marchfeld, 
where industry is also concentrated. Little villages and a few small towns are typical for the inner parts of the 
region.

The Marchfeld is one of the most important areas for agricultural production in Austria as its topography, ideal 
temperatures, and – especially in the south (lower terrace) – the fertile soil provide for optimal growth of crops. 
Beside grain, corn, sunflower, sugar beet, and several sorts of vegetables, asparagus has to be mentioned as a 
local specialty. About one third of the Marchfeld belongs to the upper terrace in the north which lies some 10 
to 15 meters higher than the southern part. There the sandy and stony ground makes cultivation more difficult 
because of the poor water capacity.
 
The limiting factor for farming is the inadequate precipitation, especially in the period of vegetation. On 
average the annual precipitation reaches an amount of 500 to 540 mm – not enough for the cultivation of 
many plants. In addition frequent winds increase transpiration and evaporation. This semi-arid climate makes 
irrigation a necessity for efficient and competitive agriculture. Approximately 300 km² of agriculturally used 
area in the Marchfeld are irrigated. 
Groundwater represents the main source for covering the enormous demand of water for agricultural, industrial 
and potable use. 
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Hydrology
The Marchfeld is underlain by an aquifer which is formed of alluvial sediments laid down by the River Danube 
in the period of Quartaer. The estimated amount of groundwater is 1.4 billion cubic meters. The aquifer is 
characterized by a storage coefficient of approximately 10% and a hydraulic conductivity between 0.001 m/s 
and 0.01 m/s, which leads to a velocity of groundwater flow of 1 to 10 meters per day. The thickness of the 
aquifer varies from some meters up to 80 meters in the centers of several cavities in the impermeable layers.
The actual average demand of groundwater for human needs is about 50 million cubic meters per year. While 
the annual withdrawal of groundwater for drinking water and industrial purposes has been increasing slowly 
to the present value of about 20 million cubic meters, the demand for irrigation has expanded to a mean value 
of 30 million cubic meters per year during the last decades. The amount of irrigation water needed to satisfy 
the water requirements for crops may vary in a range of 10 to 50 million cubic meters per year depending on 
the climatic conditions, particularly precipitation. 
This development has led to an imbalance between discharge, the main component of which is groundwater 
withdrawals for irrigation, and recharge, dominated by precipitation. In dry periods the average deficit ranges 
between 5 and 10 million cubic meters per year. The groundwater level in the central Marchfeld had declined 
more than 3 meters since the 1950s.

Beside the withdrawal of groundwater the following reasons for the sinking water table can be listed: 
the deepening of the River Danube bed
the regulation work on the brooks of the Marchfeld
the former drainage of wet lands
the sealing of the surface caused by buildings and streets

As a result the availability of groundwater for many purposes could no longer be secured in some parts of the 
Marchfeld. Furthermore, groundwater was polluted significantly by insufficient factory farming.

THE MARCHFELdKANAL PROJECT

Motivation and Aims
The rising demand for water and the declining groundwater table made counteractions necessary. Basically, 
two measures were possible: reduction of water use or supply with external water. As agriculture and industry 
were not to be restricted, considerations were focused on the latter possibility. So, in 1984, planning works for 
the Marchfeldkanal Project started and it was decided to design a multi-purpose project with several goals, 
which are: 

distribution of surface water in the Marchfeld by a system of canals
artificial recharge of groundwater (compensation of groundwater deficits, improvement of groundwater 
quality)
creating new, natural zones of wildlife to compensate for lost wetlands and protecting  endangered wetlands 
from running dry
reorganizing flood protection by establishing detention facilities and improving bank stability
quantitative and qualitative improvement of the water in the Marchfeld brooks
establishment of recreation areas along the Marchfeld Canal, particularly in Vienna

The first steps of construction were made in 1986. The whole system consists of several water courses which 
are either adapted former creeks (Russbach, Stempfelbach) or newly constructed canals (Marchfelkanal, 
Obersiebenbrunner Canal) and of the infiltration facilities. 

Hydraulic Concept
The Marchfeldkanal withdraws water from the River Danube (2 to 6 m³/s) right before it enters Vienna  
(Figure 1). This Canal runs eastwards - in parts through Vienna - and after appr. 18 km it finally disembogues 
into the Russbach at the town of Deutsch-Wagram. The Russbach already existed as a little creek before the 
Marchfeldkanal Project was realized (average flow: 0.2 m³/s). Downstream the mouth of the Marchfeldkanal 
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it was adapted and widened in the course of the construction works. The second artificial canal is the 
Obersiebenbrunner Canal which takes water from the Russbach and leads it into the Stempfelbach. The 
Stempfelbach was formerly supplied by effluent groundwater but broadly ran dry with the declining groundwater 
table. Today its discharge is 0.25 m³/s.

Altogether about 100 km of water courses were constructed or adapted. Except for short sections close to the 
mouths of Russbach and Stempfelbach, these water courses are sealed in order to avoid uncontrolled seepage. 
Eight weirs are needed to control and regulate water levels and the discharge in the whole system. Where 
necessary, fishpasses were constructed, to sidestep barriers for fish trying to get upstream from the River 
Danube. 

Figure 1: Map of the Marchfeld showing artificial groundwater recharge facilities

ARTIFICIAL GROUNdWATER RECHARGE IN THE MARCHFELd

Groundwater recharge system
One of the key aspects of the Marchfeldkanal Project is to set countermeasures against the imbalance of 
groundwater discharge and recharge caused by overuse. The artificial recharge of groundwater is considered to 
be the best prospect to compensate deficits. It allows controlled replenishment of groundwater as a precautionary 
measure in order to compensate deficits and to secure the supply with groundwater for various future purposes. 
The amount of infiltrated water can be regulated and thus be adapted to the actual demand. Existing structures 
(wells) can be used further on as the recession of the groundwater can be impeded.

According to calculations using a 2D-groundwater simulation model, the necessary amount of artificial 
groundwater recharge in the Marchfeld is 200 to 300 l/s respectively appr. 10 Million m³ per year. Considering 
aquifer properties, availability of surface water, threshold groundwater levels caused by restricting objects 
(cellars, waste deposits) and economic aspects, optimal locations for groundwater replenishment were determined 
by an optimization process. Three recharge facilities were constructed and have been functional since 2003.
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Recharge Facility “Stallingerfeld”. In the west of Deutsch-Wagram the method of spreading basins is applied. 
The artificial groundwater recharge in this location has been realized in several steps. First, information was 
gained by running a pilot plant, where the infiltration process was simulated. This plant basically consists 
of a roughing filter and 8 concrete tanks containing sands and gravel as they occur in the underground of 
the Marchfeld. By extraction and analysis of water samples from different points along the flow path the 
improvement of water quality was observed. About 60 chemical and microbiological parameters were 
investigated recurrently.
The source water – originating from the River Danube – is of good quality in terms of chemical parameters. Its 
microbiological values are typical for surface water. According to the results of the investigations on the pilot 
plant in particular the suspended matter and turbidity were reduced significantly and bacteriological water 
quality was improved considerably (Table 1). 

Until 1994 a small-scale recharge facility was constructed which consists of four roughing filters and three 
spreading basins (each are 1,000 m²). Within a testing period the results of the groundwater model computations 
were verified and the effects of infiltration on groundwater quality were checked. In addition, initial experience 
in the operation of the spreading basins was gained.

Table 1  Change of water quality along the flow path of the pilot plant, excerpt of parameters
parameter unit Marchfeldkanal after filtration after soil passage
turbidity NTU 9.9 3.3 0.4 - 0.7

suspended matter mg/l 12.0 2.8 1.0
e. coli per 100 ml 15 –2,000 1 - 10 0 - 2

Based on the existing results the large-scale recharge facility was constructed and finished in 1998. It leads 
water from the Marchfelkanal through a sedimentation basin and roughing filters to two planted spreading 
basins (each are 5,000 m²). In the final state the infiltration can take place in five basins of an overall size of 
13,000 m². The prefilter velocity ranges from 5 to 8 m/h, the infiltration velocity in the spreading basins from 
1 to 2 m/d. The maximum capacity of the recharge facility is 150 l/s.

Today, it can be said, that the artificial recharge of groundwater in the Stallingerfeld permits a local improvement 
of the groundwater quality towards the limits according to drinking water standards. A current project takes 
advantage of that. It is planned to withdraw infiltrated surface water after a passage through the underground 
in order to use it for drinking water purposes (see below).

Recharge Facility “Russbach-Mühlbach”. The second recharge facility is situated in the east of Deutsch 
Wagram. Here a different system of recharge has been chosen. A former mill-brook, which had dried out, was 
reactivated and integrated into the Marchfelkanal System. It runs parallel to the Russbach over a length of 
more than 5 km. A good correlation between water level (depending on flow rate) and infiltration rate allows 
a very accurate regulation of the infiltration rate by changing the inflow to the brook. The recharge capacity 
of this brook reaches 120 l/s. The bottom of the brook has a low permeability which allows a reduction of the 
infiltration rate to approximately 10 l/s. For ecological reasons this flow rate has to be secured as a minimum. 
The system was completed by a sedimentation basin in 2005.

Recharge facility “Speltengarten”. A third infiltration facility further in the east completes the groundwater 
recharge system in the Marchfeld. A former lateral ditch of the “Stempfelbach” was adapted and widened to a 
longish basin. The water inflow is regulated at an intake object. The infiltration capacity amounts to max. 70 l/s. 

Management of Artificial Groundwater Recharge
In the Marchfeld, the artificial recharge aims at replenishing the groundwater and, thus stabilizing and, 
respectively, raising the groundwater table. As any damage to cellars and the leaching of waste deposits have 
to be avoided, the effect of replenishment is limited by these objects, of which the deepest are restricting. 
Critical levels at these objects should not be exceeded by groundwater. With consideration of a possible 
natural rise of the groundwater, threshold levels were determined at every restricting object in order to impede 
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undue influence. As long as the groundwater table does not exceed this upper bound of an object, the recharge 
facilities work at full capacity. If it is exceeded the infiltration rates have to be reduced successively so that 
further influence at the location of the object remains marginal (10 cm within 3 years). Concerning the three 
recharge facilities 17 relevant objects have to be considered when determining the infiltration rates. 
By means of groundwater model computations a scheme based on linear programming was developed which 
allows comfortable calculation of the maximum admissible infiltration rates.

WATER QUALITY

Surface Water
Before the Marchfeld Canal System was realized, surface water in the Marchfeld was of considerably poor 
quality as the effluents of aged water purification plants were released into the Russbach and Stempfelbach. 
During the last 15 years nearly all of the villages in the catchment areas of the two brooks have been provided 
with new state of the art purification plants. Today, the flow rate of these brooks downstream of Deutsch 
Wagram is 20 to 60 times higher than before.

Surface water quality in the Marchfeldkanal System can be considered as very good. The discharge in 
Rußbach and Stempfelbach today is dominated by the inflow from the Marchfeldkanal, which originates 
from the Danube. Therefore, the quality of the Danube water is of great importance for the whole system. 
It is characterized by low electrical conductivity and may contain high loads of suspended matter (Table 2). 
In general, it meets the limits of the Austrian drinking water standards (chemical-physical parameters). In 
particular, heavy metals and halogenated hydrocarbons have not been detected, or have only been found in 
trace concentrations. Only during floods, values of turbidity and suspended matter usually rise considerably 
which has to be kept in mind in the operation of the recharge facilities.

Table 2  Water quality of the River Danube at the inlet to the Marchfelkanal, excerpt of parameters (quarterly 
measurements 2002-2006)

parameter unit mean value maximum
threshold value

drinking water groundwater
electrical conductivity µS/cm 364 495 - -

turbidity NTU 15 58 1.5 -
suspended matter mg/l 46 210 - -

nitrate as NO3 mg/l 9 17 50 45
ammonium as NH4 mg/l 0.05 0.23 0.5 0.3
phosphate as PO4 mg/l 0.10 0.20 - 0.3

Groundwater
The groundwater status in the Marchfeld is determined by high loads of nitrate and chloride. Up to 80 % of the 
groundwater samples show nitrate concentrations of more than 50 mg/l NO3 – the limit for drinking water. As 
one of the results of the process of artificial groundwater recharge, the nitrate concentration in the groundwater 
dropped from 100 mg/l NO3 to 20 mg/l NO3 after some months. The rate of change depends on the quantity of 
infiltrated water and the distance of the recharge facility. This led to the idea to gain groundwater for drinking 
water purposes close to the infiltration plant Stallingerfeld.

IMPROVEMENT OF GROUNdWATER QUALITY AS A RESOURCE OF dRINKING WATER 
SUPPLY 
Utilisation of groundwater as a resource for drinking water supply becomes a more and more serious problem 
in the Marchfeld due to nitrate concentration, exceeding the drinking water limit. In the past many local 
governments had to redesign their drinking water concepts and to replace local groundwater withdrawal by 
joining water companies. The Municipality of Deutsch-Wagram however has decided to benefit from the 
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improvement of groundwater quality by artificial replenishment at the site “Stallingerfeld”.

In order to investigate the effect of infiltration the Betriebsgesellschaft Marchfeldkanal has started field 
test. The intention was to gather information and experience on the operation of the recharge system and its 
influence on groundwater quality.

On the basis of nitrate (Figure 2) and a set of other parameters the changes of groundwater quality in gauges 
(located in a distance between appr. 150 m and 1000 m from the infiltration basins) have been clearly 
demonstrated. The results also show, that pathogens are completely eliminated during aquifer passage.

Figure 2: The graph illustrates the concentration of Nitrate in groundwater which is diluted by infiltrated 
Danube water. As a result the concentration of NO3 drops from more than 100 mg/l to to less than 20 mg/l 
close to the infiltration plant and to appr. 45 mg/l in 1 km distance.

Meanwhile pumping tests in an abstraction well near the recharge facility have affirmed these results and have 
given more information about conditions for continuous operation. The Municipality of Deutsch-Wagram has 
achieved the allowance from the water right authority and will realize the project within the next two years.

CONCLUdING REMARKS
The Marchfeldkanal Project was designed to cope with current challenges in the field of water management. 
Artificial groundwater replenishment offers the possibility to compensate groundwater deficits caused by 
low natural recharge and to secure existing utilisations of the resource groundwater. In the Marchfeld three 
groundwater recharge facilities are operational today and allow the infiltration of surface water to the necessary 
extent. In the case of the Marchfeldkanal-Project the aim of securing groundwater as a resource for several 
purposes has been combined with an attractive and naturelike water course. Additionally infiltrating surface 
water of good quality leads to a remarkable improvement of groundwater quality. A fact which is now intended 
to be used for the water supply of the local municipality. Thus the problem of high nitrate concentrations will 
be met and the local demand for drinking water can be secured in the long run.
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Abstract    The technology of artificial ground water recharge has proved to be a sustainable solution for the 
water supply of the city of Graz for many decades. Being Austria’s fourth largest water-supply company, the 
Grazer Stadtwerke AG., has ensured the successful water-supply of the Styrian capital for many years. The 
city of Graz, with approximately 250,000 inhabitants, is Austria’s second largest city. The average daily water 
demand of the area amounts to about 50,000 m³. Approximately 30 % of the total demand is covered by the bulk 
water supply from the Zentral Wasser Versorgung Hochschwab Süd. The waterworks Friesach and Andritz, 
which cover the additional 70 % of the water demand, operate by means of artificial groundwater recharge 
plants where horizontal filter wells serve as drawing shafts. In Graz groundwater management and artificial 
groundwater recharge have a long tradition. The first groundwater recharge system operated in the 1920s. In the 
1980s the artificial groundwater plants in Friesach and Andritz were commissioned. The groundwater recharge 
systems serve to increase the productivity of the aquifer and to reduce the share of the infiltration from the 
river Mur. Protection areas have been identified to ensure that the water quality of the aquifer stay at optimal 
levels. The protection areas are divided into zones indicating various restrictions for usage and planning. Two 
respective streams serve as the source for the water recharge plants. The quality of the surface water is measured 
by means of a turbidity meter and if the turbidity of the water exceeds a defined level, water withdrawal is 
automatically stopped. After passing through intake- and sedimentation tanks, the water enters a horizontal 
gravel filter system and the infiltration plants. Different infiltration systems are utilised. The sand filter basins 
and infiltration trenches operate continuously. The lawn basins however operate intermittently. Each of the 
various artificial groundwater recharge systems displays specific advantages and disadvantages in terms of 
operation as well as maintenance which have to be taken into account before selecting an infiltration plant.
Keywords  Artificial groundwater recharge, groundwater management, infiltration plant, operation and 
maintenance

INTROdUCTION
The objective of this paper is to outline the importance of groundwater recharge and groundwater management 
for the purpose of water supply throughout history in the City of Graz.
In Graz artificial groundwater recharge systems have been successfully operating since the beginning of the 
last century. Because of a long drought period and the increased water consumption, groundwater recharge 
was introduced in Graz for the first time in 1921. In the environment of the waterworks at Andritz as it 
functions at present, certain natural basins are flooded by draining the so called Mühlgang (a small artificial 
stream with water from the Mur river). In 1921 the nearest well had a distance of close to 50 m. In the first year 
the artificial infiltration and resulting groundwater recharge operated for about 2 weeks. The average daily 
extraction from the Mühlgang was 4,300 m3, which amounts to approximately 12 % of the present daily well 
capacity. The Mühlgang’s maximum drainage reached up to 40 l/s. According to findings no negative influence 
on the drinking water quality were recorded. In the 1920s the main target was to increase the capacity of the 
aquifer. Later in Graz the demands on the groundwater recharge systems would change. A few years later in 
1923, small dams were constructed in the area of Andritz in order to increase the basin’s infiltration area rate. 
Because of these successful experiments at the onset of the last century, this period can be regarded as the 
establishment of the artificial groundwater recharge in Graz. Groundwater resources serve as the only supply 
for drinking water in Graz. For the actual operation of the total water supply systems, the following three 
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groundwater resources are used:
The waterworks Friesach which is 12 km north of the city of Graz. About 40 % of the total demand is 
drawn from the local aquifer. In Friesach several artificial groundwater recharge plants operate.
The waterworks Andritz is located in the northern part of Graz. The aquifer system is managed by artificial 
groundwater recharge systems. The waterworks Andritz covers about 30 % of the total water demand.
The bulk water supply from the Zentral Wasser Versorgung Hochschwab Süd covers approximately 30 % 
of the total demand.

Additionally, the waterworks Feldkirchen, with a maximum capacity to provide 50 % of the city’s demand 
when necessary, serves as a malfunction reserve. At present the groundwater management in Feldkirchen, 
which boasts 4 horizontal filter wells, does not operate. The two waterworks facilities of Andritz and Friesach 
are operated by the Grazer Stadtwerke AG. Both are located very close to the Mur River and the artificial 
groundwater recharge systems are operated regularly. Currently the systems are being operated to increase the 
quantity of the aquifers and to reduce the infiltration rate from the Mur River. Because of the strict regulations 
on sewage drainage and waste water treatment, the water quality of the Mur River has improved during the 
past few years and therefore the demands on the reduction of the infiltration rate from the river were reduced. 
A vigilant monitoring program is nevertheless being carried out to ensure the high drinking water quality. 
For this purpose, wide protection areas have been identified in the region of Andritz. The protection zones in 
Friesach are currently being redefined.

Total water supply in Graz
The city of Graz, with around 250,000 inhabitants, is the second largest city in Austria. Approximately 30,000 
students live in Graz part-time during the year. Recent statistics show that up to 70,000 people from the regions 
surrounding Graz commute into the city on a daily basis. The overall water demand totals approximately 
50,000 m3 per day. The total length of the water supply network is close to 800 km and an actual amount 
of 30,000 house connections can be considered. To ensure the supply pressure, which is normally between 
2 and 6 bar, 15 pumping stations and 7 wind vessel plants are operated. A number of 20 reservoirs serve as 
storage for the total capacity of 35,000 m3. The system is operated with different pressure zones. By means 
of the normal pressure zone, the centre of the city is supplied. For the higher-laying areas in the city, located 
up to approximately 450 meter above sea-level, two additional high-pressure zones have been installed. The 
pumping stations and reservoirs are governed by a central remote-controlled system. A future challenge will 
be the integration of the groundwater recharge facilities to optimise the operation mode.

•

•

•

Figure 1: Schematic diagram of the water supply system in Graz
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Waterworks Andritz
The poor water quality of the Mur River lead to the decision that the Mühlgang cannot longer serve as a 
sustainable source for infiltration water. In the 1930s first investigations were initiated to utilise the surface 
water of the Andritzbach for the groundwater recharge. In comparison with the quality of the Mur River, the 
Andritzbach showed much better results and therefore in the 1940s an intake facility was constructed. The 
weir, settlement tank and the 600 m long concrete pipe with a diameter of DN = 700 mm is still used for the 
groundwater recharge in Andritz. The maximum extraction quantity of 250 l/s is also presently still valid. The 
infiltration basins were surrounded by artificial earth dams and operated until the 1980s. Then, because of 
the drastic decrease in the water quality of the Mur River, the Grazer Stadtwerke improved and adapted the 
groundwater recharge plants. The challenge was to increase the share of the infiltration rate of the Mur River 
by installing a hydraulic gradient with the ability to recharge the groundwater artificially. Based on the results 
of pilot plants, comprehensive research activities regarding the aquifer system and monitoring of the raw 
water quality, the recharge system functions as depicted in the following scheme.

Figure 2: Scheme for artificial groundwater recharge in Graz

Next to the raw water inlet a settlement tank, consisting of two chambers each with a capacity of 220 m2, has 
been installed.
Experiences have shown that when the turbidity level of the raw water exceeds a certain level, operating 
problems in the horizontal filter plant (horizontal flow gravel filter)1 are encountered. A turbidity meter has 
therefore been installed at the system’s inlet point in the Andritzbach. If the turbidity level exceeds 5 FNU, the 
inflow to the horizontal flow gravel filters is stopped by means of an automatic closing gate.
As mentioned above, the water flows through the old concrete pipes before entering the horizontal flow gravel 
filters. The results of pilot plants in the 1980s have shown that a granular size of 8/16 mm provide the best 
results for the removal of suspended solids. The observed removal rate is between 50-70%. A certain reduction 
of organic biomass was also monitored. At present a more detailed analysis and further interpretations in 
the frame of a research project (k-net2) are in progress. The horizontal filter plant consists of two concrete 
basins with the following dimensions: L = 30 m, W = 10 m, H = 1.3 m. The volume of gravel per basin 
is approximately 400 m3. After an operation period of 2 to 3 years, the filter material has to be removed. 
Following the horizontal flow filter system passage, the water is distributed by several valves and cascades 
into the infiltration basins. The cascades serve to increase the oxygen content of the water. In Andritz two 
different types of infiltration plants exist.
A lawn basin, with a total area of approximately 2,000 m2, boasts an infiltration capacity in the region of  
1-2 m per day which totals approximately 4.300 m3 of water. The lawn basin has two different layers. The 
lower stratum, with a thickness of 20 cm consists of 8/16 mm gravel granules. The top layer consists of humus 
and was originally planted with grass. Due to the natural concurrence situation the grass has been displaced 
by local moss. Research activities regarding the best suitable natural plants or grass respectively are ongoing. 
Additionally two sand filter basins are used for the artificial groundwater recharge as well. Both have the 
same dimensions with a total area of 3,000 m2 (L = 100 m, W = 10 m). The uppermost 50 cm sand layer has 

1 Horizontal filter plants or horizontal (flow) gravel filters function as a preliminary treatment for 
sediment laden raw water at Andritz and Friesach. Due to their economical and simplistic operation, the 
horizontal filters can be considered as a successful technology.
2 K-net: Scientific Research project of the Waterpool Competence Network which is mainly funded by 
the Austrian Federal Ministry of Economics and Labour. This project focuses on identifying future infiltration 
plant locations, construction of infiltration plants as well as operation and maintenance of these plants.
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a granular size between 0.06-2 mm. The average infiltration capacity is currently 1.5 times higher than the 
infiltration capacity encountered at the lawn basin. Both type of infiltration basins possess an overflow, which 
drains into the Mur River. The lawn basin in Andritz operates intermittently for a period of 10 days. After an 
intermission of a further 20 days, the basin is flooded again. The lawn basin has to be mowed several times 
a year. The operational halt of 10 days is necessary to avoid the grass and moss dying, which would lead to 
blockage of the basin.
The sand basins are permanently operated. This means at least one is always operating. Each of the sand basins 
is flooded for 3 days. Especially during the warm summer months problems with the emergence of algae 
occur. The sand layer has therefore to be cleaned regularly.

Figure 3: Lawn and sand basins in Graz

The underground passage ensures the high quality of the drinking water. The groundwater level and quality 
is continuously monitored by means of a vast number of inspection wells. A special monitoring program has 
therefore been compiled by the Grazer Stadtwerke AG.
In the end of the 1960s two horizontal filter1 wells (HFB 3 and HFB 4) were constructed. Both wells show a 
depth of 21.5 m and have 26 horizontal filter strings, each of them showing a length between 20 and 30 m. 
The wells were constructed according to the Ranney system. Both wells have 2 vertical pumps and operate 
intermittently. The average groundwater level has a depth of about 7 m under the surface.
To ensure the water quality in Andritz four types of protection areas have been identified and a comprehensive 
monitoring system is being carried out. For protection area type I with an area of 4.5 ha, agricultural use is 
prohibited completely. This high-level protection area is bordered by a fence. All groundwater recharge plants 
and horizontal filter wells are located inside the protection area type I. The remaining groundwater protection 
areas with different usage restrictions have a total size of 314 ha. Drinking water in Graz does not need any 
further treatment or disinfection. The amount of nitrate is below 10 mg/l and pesticides are not verifiable. The 
degree of hardness is approximately 16 ° d.H.

Waterworks Friesach
As in Andritz, 2 horizontal filter wells (HFB 5 and HFB 6) serve as drawing shafts. The groundwater source 
has been managed by means of artificial groundwater recharge systems from the beginning of the 1970s. The 
Stübingbach is used as raw water source. The inlet, settlement tank and the horizontal filter system operate 
similarly to these in the waterworks of Andritz. Lawn and sand basins are managed according to the continuing 
experiences made at Andritz as well. Additionally to these two types of infiltration basins, infiltration drains 
were installed. These infiltration drains show a much higher infiltration rate than that of the sand and lawn 
basins. Regular maintenance work, to ensure the infiltration capacity of the drains, is necessary. In comparison 

1 A horizontal filter well consists of a vertical accumulation shaft and several horizontal filter pipes. The 
groundwater drains through a horizontal filter shaft into a vertical shaft. Different types of horizontal filter 
wells exist. In Graz the system Ranney are applied, where several perforated steel pipes are pushed into the 
aquifer horizontally.
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all three systems show specific advantages and disadvantages in terms of investment costs, infiltration rates, 
water quality and operation & maintenance.

Management concept (O & M)
For the operation and maintenance (O & M) of the groundwater resources in Graz, a management system was 
compiled. The management system defines different operational modes in terms of water quality and operational 
complexity. Several operational modes like permissible continuous operation, short-term permissible operation, 
over-use of the aquifer and uneconomic operation were classified. The management concept was defined on 
the basis of extensive investigations and groundwater simulations. By taking the water quality requirements 
into consideration the following parameters are the most important operational components:

Drawing shafts for the horizontal filter wells 
Raw water discharge and recharge quantity
The extraction and infiltration rate of the Mur River
The groundwater level of the aquifer

Within the last few years the basic conditions for artificial groundwater recharge in Graz have changed. Based 
on the findings of the ongoing research project, k-net, the existing groundwater management system will be 
revised to ensure a sustainable water supply system for the future.

CONCLUdING REMARKS
Groundwater management and artificial groundwater recharge in Graz have been operated successfully for 
many years.
Increased utilization conflicts and quality specifications demand a sustainable groundwater management for 
future generations. The technology of artificial groundwater recharge as applied by the Grazer waterworks has 
proved to be a sustainable solution for the water supply of the city for many decades.
Based on the existing know-how in the field of groundwater management and operation of the groundwater 
recharge facilities as well the results of ongoing research activities, the groundwater management for the water 
supply of the city of Graz will be revised. The conflict demands on the water quality and quantity have to be 
evaluated carefully.
The challenge for the city of Graz is to develop a sustainable groundwater management system taking into 
consideration the technology of artificial groundwater recharge in order to ensure sufficient water supply to 
the inhabitants in future. 
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Abstract     The reduction of organic content through transformation processes in the Danube aquifer along studied 
area, biodegradability of Danube bank filtrate and its enhancement by ozonation have all been examined in a study 
carried out in order to assess amenability of Danube bank filtrate for Bio-filtration. As determined during the study 
period Dissolved Organic Carbon (DOC) varied from 4,6 - 6,5 mgC/L and from 2,8 - 3,7 mgC/L in Danube River 
and Danube bank filtrate respectively. As determined 11,2% of Danube bank filtrate DOC was bio-degradable. A 
substantial enhancement of biodegradability has been observed after the application of Ozone dosages ranging from 
0,45 to 0,9 mgO3/mgC. It was concluded that Danube bank filtrate itself is not amenable for Bio-Filtration but an 
enhancement of its bio-degradability by ozonation could make Bio-filtration a reasonable and economical option 
for reducing of DOC content to the levels that provide low risk of excessive Disinfection By-products formation 
and prevent bacterial re-growth in distribution networks of cities using Danube bank filtrate as the source water.
Keywords  Danube aquifer, Danube bank filtrate, Biodegradability, Ozonation, Bio-filtration 

INTROdUCTION
The presence of organic matter (OM) in Danube river cause occurrence of specific background organic mater 
(BOM) in Danube bank filtrate (DBF) intended for drinking water supply. Danube OM along its middle 
section is a mixture of Natural Organic matter (NOM) and organic matter discharged from remote pollution 
point sources and transformed trough the processes occur in the river. This mixture is not quite bio-resistant but 
could be additionally transformed and removed through the complex processes occurring in Danube aquifers. 
Although it is bio-resistant this mixture of organics is still prone to react with chemicals (such as chlorine) 
commonly used in water treatment, causing the formation of harmful / toxic disinfection by-products (DBPs) 
and increasing the risk of microbial re-growth in distribution networks (Ainsworth, 2003).
Another component of interest for the processes occur in aquifers is Nitrogen species (i.e. Ammonia, Nitrites 
and Nitrates). Similar to OM these originate from remote sources and are mostly oxidized to the highest 
oxidation levels in aerobic environment that exist in Danube River. Major part of aquatic Nitrogen along 
middle and lower sector of Danube is in the form of Nitrate that are prone to transformation if oxido-reduction 
conditions change as usually occurs in alluvial aquifers. 
The infiltration of Danube river water into alluvial aquifers induces complex transformation processes 
contributing in a general improvement of bank filtrate quality (i.e. reduction of pathogens, reduction of total 
organic content, etc.) but producing other nuisances (i.e. elevated Fe and Mn concentration, ammonia and 
hydrogen sulfide formation, etc.). One of outcomes of these processes is reduction of overall organic content 
and a decrease of its biodegradability otherwise of great importance to amenability of source water for Bio-
filtration (Sonthiemer at al., 1988, Urfer, 1997, AWWA, 1999) and its practical application in the treatment of 
site-specific river bank filtrate intended for water supply.
Once enters alluvial aquifers Danube water undergoes changes of which the most important impact on the bank 
filtrate quality have transformations of Organic matter and Nitrogen compounds. Passing through the contact layer 
between river and alluvial sediments otherwise reach in bacteria organics and other accumulated materials, Danube 
water is de-oxygenated and environmental conditions turn to anoxic (even anaerobic) ones otherwise suitable for the 
development of de-nitrification bacteria that are capable of extracting energy from resistant OM, using organic carbon 
as an electron donor but nitrate/nitrite nitrogen as an electron acceptor (Grady, 1998; Metcalf & Eddy, 2003). 
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The consequence of de-nitrification bacteria activity is the reduction of Nitrate and formation of Nitrogen 
gas and Ammonia. Depending of site specific condition (i.e. porosity of aquifer, time of travel, structure of 
alluvial sediments, etc.) nitrogen gas partially escapes water but Ammonia concentration could reach levels 
that require a treatment of bank filtrate before its use for water supply.
Another consequence of de-nitrification processes is destruction of a part of organic compounds to carbon-
dioxide. The remaining portion of organics is quite resistant and cannot be removed by conventional 
water treatment processes. If not removed to target levels this portion of DOC could cause formation of  
harmful/toxic DBPs during disinfection or may support microbial re-growth in distribution networks. Removal 
of this portion of BOM from Danube bank filtrate could be performed by the application of Granular Activated 
Carbon (GAC) filtration that combines Adsorption and Bio-oxidation processes which extent and intensity 
play paramount role in the operation of GAC contactors and directly impact water treatment costs.
Decision on the use of GAC in general removal of OM depends on biodegradability of given water. As a rule 
if biodegradable portion of OM in water is less than 15% (usual situation with bank filtrate) GAC application 
is questionable (AWWA, 1999). In such as situation the enhancement of biodegradability is essential for the 
application of Bio-filtration in the treatment of river bank filtrate in general as well as in the treatment of 
Danube bank filtrate in particular. Use of Ozone for this purpose is a common practice in water treatment (Volk 
at al., 1993, Gottschalk at al., 2000; van der Hoek at al., 2000).
It should be recognized that the assessment of biodegradability of aquatic OM is a complex research task. Several 
methods are developed to measure biodegradability of aquatic OM (van der Kooj, 1982; Werner,1986; Servais, 1987; 
Servais 1996) but none of them offer an easy procedure applicable in real operation of GAC contactors. An effort is 
done within the study discussed in this paper to apply a practical method of the assessment of OM biodegradability 
based on the monitoring of DOC reduction and oxygen depletion in GAC bed as discussed lower down.

Methods and Materials
The study was carried out at a groundwater source in operation where the regime of recharge of Danube water 
is well established. A network of appropriately positioned piezometric pipes has been constructed in order to 
provide condition for water level measurements and sampling. 
The extent of the reduction of organic content through transformation processes in a Danube alluvial aquifer, 
biodegradability of Danube bank filtrate and its enhancement by ozonation have all been examined in a year long 
study carried out in order to assess amenability of Danube bank filtrate for Bio-filtration. Monitoring of Danube 
water and Danube bank filtrate was performed trough weekly sampling of water at selected points and analyzing 
of relevant Water Quality parameters following the procedures proposed in Standard methods (1992). 
The biodegradability of Danube bank filtrate and its enhancement by ozonation have been examined through the 
lab testing. Lab testing facility was fed on DBF treated by conventional water treatment scheme (i.e. aeration, 
Fe, Mn removal, spontaneous nitrification) purposely established for this study. It should be emphasized that 
an excellent efficiency has been achieved with the conventional water treatment scheme in removal of reducing 
agents (i.e. Ammonia, Fe, Mn, H2S) from DBF so their concentration in the effluent (i.e. fed water for the 
ozone contact columns) was negligible.
Lab testing facility (Figure 1) consisted of five lines each composed of an ozone column and a GAC column. 
Influent of one of the line was not ozonated (blank) but variable dosages of ozone from 0.26 to 1.5 gO3/gDOC 
were applied to influent of other columns.

Figure 1: Flow diagram of the Lab testing facility
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Lab testing was carried out in order to study the impact of different ozone dosages on BOM biodegradability 
in specific conditions. Lab GAC columns were run continuously for a longer period in order to allow for 
full development of biological processes within GAC bed as well as to provide “steady state” conditions 
preferable for the examination and the assessment of biodegradability of Danube bank filtrate with or without 
the application of Ozone. The oxygen consumption in GAC beds as well as GAC columns in-out DOC content 
were frequently monitored. Maximum Oxygen consumption reached in “steady state” conditions has been 
used in the consideration of biodegradability levels. Stechiometry of Organic carbon oxidation (Grady et al., 
1999; Metcalf and Eddy, 2000) is used to quantify the biodegradable portion of OM either without or with 
ozonation of influent.

RESULTS ANd dISCUSSION
Monitoring of Danube selected water quality parameters in waters under the examination was carried out for 
one year. Selected water quality data of waters examined during the study are presented in Table 1. 
It should be recognised that Danube water along the selected section had high Oxygen dissolved content, 
moderate Nitrate and Ammonia content and relatively low BOD5 content. In other hand Danube bank filtrate 
was anoxic/anaerobic (red-ox potential of -65 mV) with traces of hydrogen sulphide, high Fe, Mn, Ammonia 
content, and moderate DOC content.

Table 1  Selected Water Quality Parameters as observed during the Study period
Sampling point → Danube Danube bank filtrate Non-ozonated influent*

Parameter Unit Observed range Observed range Observed range
Water Temperature °C 4,3 - 19,8 12,1 - 15,6 10,5 - 14,2

pH value 7,4 - 8,6 7 - 7,4 7,2 - 7,5
EC ( 20 °C) µS/ m - 518 - 659 538 - 635

Turbidity NTU 6,7 - 92 - 0,26 - 0,72
Tot. Alkalinity (as CaCO3) mg/L - 280 - 333 270 - 327

Dissolved O2 mg/L 6,7 - 11,9 0,0 – 0,3 2,86 - 5,05
BOD5 mgO2/L 3,0 - 4,5 - -

Ozone demand mg/L - - 0,96-1,18
H2S mg/L none 0,05 - 0,10 none

Ammonia nitrogen mgN/L 0,13 - 0,32 0.68 - 1.37 0,02 - 0,11
Nitrate nitrogen mgN/L 2.1 - 4.3 0.01 - 0.30 0,50 - 1,35

Fe (dis.) mg/L 0.05 - 0.1 3.72 - 5.02 0,02 - 0,18
Mn (dis.) mg/L 0,01 - 0.04 0.35 - 0.47 0,01 - 0,05

DOC mgC/L 4,6 - 6.5 2.75 - 3.70 2,6 - 3,6
THMFP µmol/L 166 - 218 0.49 - 0.97 0,46 - 0,91

* WDBF treated by aeration and anthracite/sand filtration

As determined, DOC content varied from 4,6 - 6,5 mgC/L and from 2,8 - 3,7 mgC/L in Danube River and 
Danube bank filtrate respectively (Figure 2). As estimated from WQ data, about 45% of initial DOC was 
retained/removed in the aquifer through the complex transformation processes occurred in the aquifer, as 
discussed above.
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Figure 2: Min., Average and Max. DOC in Danube and Danube bank filtrate in study area

Synthesized results of Oxygen consumption development in lab GAC columns fed on non-ozonated and 
ozonated influent are graphically presented on the Figure 3. Characteristic “plateau” in each oxygen consumption 
curve has been observed when biological activity within GAC bed reached maximum levels for non-ozonated 
influent and for an influent treated by given ozone dosage.

Figure 3: Oxygen consumption in the lab GAC columns for various ozone dosages

By using of above presented data, data on columns in-out DOC concentrations as well as the stechiometry of 
organic carbon bio-oxidation, the biodegradable portions of total DOC have been estimated for each lab testing 
line. The ratio “steady-state” BDOC/DOC for various ozone dosages applied is presented on the Figure 4.

Figure 4: The ratio of Biodegradable DOC (BDOC) and Total DOC for applied Ozone dosages
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As determined through the lab testing the biodegradable fraction of total DOC content in Danube bank filtrate 
was 11,2 %. A substantial enhancement of biodegradability of DOC content has been performed by the 
application of Ozone dosages ranging from 0,45 to 0,9 mgO3/mgC with the optimum at 0.8 mgO3/mgC. 
As determined, naturally occurring portion of BDOC in Danube bank filtrate has been almost tripled by the 
application of ozone dosage of 0,8 mgO3/mgC (Figure 5). 

Figure 5: Biodegradable DOC fraction before and after Ozonation (0,88 mgO3/mgC applied)

An additional increase of ozone dosage over 1 mgO3/mg TOC) couldn’t provide a noticeable increase of BOM 
biodegradability and a reasonable use of Ozone.

CONCLUSIONS
Examined Danube alluvial aquifer provides good condition for the development of complex biological process 
that contribute in substantial removal (up to 50%) of BOM as well as in the reduction of more than 95% of 
initial nitrate nitrogen content. 
Method applied for the determination of aquatic organic content based on the measurement of oxygen 
consumption in GAC bed and stechiometrry of organic matter bio-oxidation seems to be applicable for the 
assessment of biodegradability of BOM either in testing phase or in real operation of GAC contactors intended 
for a general DOC removal.  
Danube bank filtrate at examined location is not amenable for Bio-filtration due to low biodegradability  
(11.2 % of total DOC) of background organic matter. An enhancement of biodegradability is required if an 
efficient and cost-effective Bio-filtration would be applied in the treatment of given source water for water 
supply purpose.
The biodegradability of given BOM content could be significantly improved by the application of ozone 
dosages ranging from 0,45 to 0.90 mgO3/mgC with an optimum at 0.8 mgO3/mgC. The biodegradable 
BOM fraction naturally occurs in given Danube bank filtrate has been almost tripled by the application of  
0.88 mgO3/mgC. Appropriately ozonated Danube bank filtrate is amenable for Bio-filtration and makes it a 
viable and economical option for the reduction of elevated DOC occurs in Danube bank filtrate. 
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Abstract    In the Republic of Slovenia the groundwater is used as the main source of potable water. In last 
decade the dramatic changes in quality (nitrates, pesticides) and quantitative status of the groundwater have 
been identified. In the article the concept of the ground water safeguard and the current measures will be 
described.
Keywords  groundwater, potable water

INTROdUCTION
Slovenia has one of the highest annual precipitation levels in Europe and in the world. On average 1500 litres 
of rainfall are recorded in Slovenia every year, which is twice the world average. In spite of this fact, when 
looking at the water availability, we are faced with a major problem. Namely, the time and spatial availability 
of surface waters are very irregular and groundwater reserves are not constant. Almost all larger cities in 
Slovenia: Ljubljana, Maribor, Celje (partially), Murska Sobota, Ptuj use groundwater as a source of potable 
water. 

GROUNdWATER QUANTITIES – NATURAL HYdROLOGICAL PROPERTIES OF SLOVENIA
Hydro geological units in Slovenia that accumulate and transmit groundwater are inter-granular, fissured, 
karstified and double porosity aquifers. Area coverage with different aquifers in Slovenia is presented in  
Table 1. 

Table 1  Porosity types in Slovenia 
Porosity km2 %

Intergranular 3726 18.4%
Fissured and karst 12664 62.5%
Double porosity 2993 14.8%

Impermeable rocks and soil 893 4.4%
Total in Slovenia 20276

Groundwater resources in Slovenia are unevenly distributed. Almost two thirds of the groundwater is located 
in the central part in the Sava river basin. The North-eastern part of Slovenia (Mura river basin, intergranular 
aquifer) and the South-western part (coastal area, fissured and karstified aquifer) have the lowest groundwater 
supplies.

Despite the small area (18.4%) the aquifers with intergranular porosity provide an important share of dynamic 
groundwater reserves in Slovenia (36.8%). The share of individual river basins is evident from Table 2 (Expert 
basis, 2002). 



284

Table 2  Share of dynamic groundwater reserves in aquifers with intergranular porosity for individual 
river basins

River basin m3/s %
Sava river basin 10.6 56.8
Drava river basin 5.4 28.5
Mura river basin 1.4 7.4

Savinja, Sava, Sotla, Soča river basin and Karst 1.4 7.3
Total 18.8 100

  
In terms of quantitative status the most important groundwater reserves are the fissured and karstified aquifers 
(62%). Above all, the deep aquifers with fissured porosity are an important potable water source.

WATER BOdIES
In accordance with the Water Framework Directive and Slovene Water Act (2002) the Rules on methods 
for determining water bodies of underground water (2003) and the Rules on determining water bodies of 
groundwater (2005) have been made by the Ministry of Environment and Spatial Planning. Based on these, 
Slovenia defined 21 groundwater bodies. Data on individual groundwater bodies are shown in Table 3.

Table 3  Groundwater bodies in Slovenia

Label Name Water area Description No of 
aquifers

Total
thickness

1001 Sava basin and Ljubljana 
moore Danube Sandy – gravel alluvial aquifers of the river Sava 

and its tributaries 1 55

1002 Savinja basin Danube Sand and gravel alluvial aquifers of the river Savinja 
and its tributaries 1 16

1003 Krško basin Danube Sand and gravel alluvial aquifers of the river Sava, 
Krka and its tributaries 3 270-276

1004 Julian Alps in Sava river 
basin Danube Limestone and dolomite aquifers – mostly well 

karstified 2 420-450

1005 Karavanke Danube Limestone and dolomite aquifers – mostly well 
karstified 2 >420

1006 Kamniško-Savinjske Alps Danube Limestone and dolomite aquifers – mostly well 
karstified 2 >420

1007 Cerkljansko, Škofjeloško 
and Polhograjsko hills Danube Limestone and dolomite aquifers 2 >410

1008 Posavsko hills till middle Sotla Danube Limestone and dolomite aquifers 3 >610
1009 Lower part of Savinja till Sotla Danube Limestone and dolomite aquifers 3 >410
1010 Kraška Ljubljanica Danube Dolomite aquifers 2 >400
1011 Dolenjski carst Danube Dolomite aquifers 2 >300
3012 Drava basin Danube Sand and gravel alluvial aquifers of the river Drava 3 >272

3013 Eastern Alps Danube Alluvial aquifers along Drava, Meža and Mislinja 
rivers 3 >320

3014 Haloze and Dravinjske 
gorice Danube Shallow and deep carbonate aquifers (including 

thermal) 2 >160

3015 Western Slovenske gorice Danube Quaternary and Tertiary aquifers in sandy silty 
gravel 2 50-100

4016 Mura basin Danube Sand-gravel dykes of the river Drava Mura 3 >217

4017 Eastern Slovenske gorice Danube Aquifers in sand and gravel beds of  quaternary and 
tertiary age 3 >300

4018 Goričko Danube Aquifers in sand and gravel beds of  quaternary and 
tertiary age 3 >450

5019 Coast and Karst with Brkini Adriatic sea Karstic aquifers 3 >455

6020 Julian Alps in Soča river 
basin Adriatic sea Limestone  and dolomite aquifers – mostly well 

karstified 2 >420

6021 Goriška brda and Trnovsko-
Banjška plateau Adriatic sea Karstic aquifers of Trnovsko Banjška plateau 4 >560
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ENVIRONMENTAL OBJECTIVES FOR GROUNdWATER
Slovene Water Act (2000) defines environmental objectives, which are defined in the Water Framework 
Directive (2000/60/EC). For groundwater bodies those objectives define good groundwater status, which 
includes “good chemical status” and “good quantitative” status. To estimate the possibility for individual 
groundwater body to achieve environmental objectives, estimation list was established based on available 
data. 

The analysis of groundwater quantitative status does not show overexploitation, but attention must be drawn to 
the increasing water usage in some Slovene areas (in the area of Savinjska valley and Drava and Mura basins) 

The European Water Framework Directive (2000/60/EC) defines measures for identification of groundwater 
bodies and demands that qualitative status of water bodies is measured. For this reason Decree on Groundwater 
quality (2002) was issued which implements measures for defining the qualitative status, pollution limits and 
methods for determining the vulnerability of groundwater.

Vulnerability of groundwater bodies is determined by the natural vulnerability assessment, risk assessment, 
assessment of pollution and connections of groundwater with other ecosystems. Due to insufficient data, the 
last analysis has not been performed yet.

The assessment of vulnerability is a part of the expert base used to declare endangered groundwater status. In the 
process of determining groundwater status and preparing the programme of measures to ensure improvement, 
the initial and further characterization of groundwater bodies is foreseen. 

This includes: 
assessment of natural resources, which is also known as natural vulnerability assessment,
risk assessment and/or pollution assessment,
pollution load assessment and/or assessment of results of emission monitoring,
estimation of connections with ecosystems.

LONG-TERM GROUNdWATER LEVEL TRENdS
In order to estimate long term groundwater level trend we must have a long term database of groundwater 
level. This kind of data is available only for aquifers with intergranular porosity. Most of the groundwater 
measurement sites (41%) show a decreasing trend of water level. Increasing trend can be observed in a smaller 
fraction of measurement sites (20%), while the others (39%) do not have a statistically characteristic trend 

In the last few decades human impacts on the hydrological circle caused modification of groundwater levels 
and modification of groundwater flow patterns. Decrease of groundwater levels is a consequence of melioration 
of surface water, pumping of groundwater to be used in households, on farms and in industry, draining of areas 
due to constructions and mining, draining of arable land and changing of natural areas into agricultural land or 
urban land. Increase of groundwater level may be caused by intermittency of industrial usage, construction of 
hydro-energetic structures on surface waters, artificial recharge of aquifers and irrigation of agricultural land. 
The largest decrease of groundwater level was measured in Ljubljansko polje aquifer, where the level dropped 
for four and a half meters at the turn of the (last) century. This was caused by regulation of the river Sava. 
Level of groundwater in Kleče in the year 2000 was more than 7 meters lower than a hundred years ago.

Modification of groundwater levels affects the yield potential of aquifers. Groundwater levels are related to 
wetland ecosystems, which have a good ecological status. Many wetlands are located on flood plains but their 
extent depends on groundwater level as well since a few centimetre change of groundwater level can cause 
large impacts on the ecosystems. Groundwater springs represent the basis of surface water flow during dry 
seasons. If surface streams dry up, their economic functions as well as water ecosystem itself are severely 
impaired.

•
•
•
•
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ESTIMATE OF GENERAL VULNERABILITY OF GROUNdWATER IN SLOVENIA
Measures for estimation of groundwater vulnerability are given by the EU directive and are recapitulated by 
the Decree:

soil type above the aquifer and soil type of its recharge area
lithology of saturated and unsaturated aquifer zone
thickness of the unsaturated zone
structure and type of aquifer
relation between surface streams and aquifer and
morphological characteristics of the aquifer and its recharge area

Using a cover-map method of hydrological division, Slovenia was divided into five classes of natural vulnerability 
(very high vulnerability, high vulnerability, low vulnerability, very low vulnerability, areas without aquifers). 
In the high vulnerability class (17.8% of area) we find permeable quaternary beds (intergranular porosity, 
high permeability), carbonate rocks (fissured and karst porosity, high permeability), limestone with other 
lithological units (fissured and karst conductibility, low permeability), alternation between conglomerates, 
sandstones, limestone and quartz gravel sediments (intergranular and fissured porosity, middle permeability). 
In the low vulnerability class (16.9% of area) we find areas with clay, sand and gravel (intergranular porosity, 
low permeability). Areas with very low vulnerability (23.43% of area) are areas with low permeable quaternary 
layers (intergranular porosity), areas of alternating marl and sandy marl, sand and marly clays, conglomerates 
and sandstone and areas of dolomites with  other lithological units, which have fissured porosity and low 
permeability. Magmatic and highly metamorphic rocks can be found in this class as well. The lowest 
vulnerability class consists of impermeable rocks that represent effective barrier.

In the highest vulnerability class we find the alluvial aquifers of Ljubljana field, Krško field, Lower Savinja 
field and Apače field. Besides those, on karstic areas in Bela krajina (Dobličica, Lahinja, Krupa) and Kamniška 
Bistrica nad Savinja river basins, as well as Trnovsko Banjška plateau, and Rižana aquifer.

All other alluvial aquifers are in the high vulnerability class (Drava field , Ptuj field, Mura field, Prekmurje 
field, aquifers of Vipava and Soča valley) as well as the large recharge area of karstic springs of Ljubljanica, 
Vipava and Krka.

Based on the emission monitoring in the reference year 2000, we can include 17.5% of Slovenia in the very high 
and high general vulnerability class. This method leaves 41.6% of the area in high and very high vulnerability 
class not estimated and can become vulnerable because of loads. 

RISK ASSESSMENT
Determination of groundwater vulnerability requires preceding risk assessment and/or pollution load analysis. 
Pollution can be divided in point pollution and diffuse pollution sources. Point pollution sources are linked 
to a specific geographical location from where their influence spreads into the environment and generally 
diminishes with distance from the source. Such sources are outlets of wastewater and sludge from industry, 
landfills and treatment plants. Agriculture is the most important diffuse pollution source. Pollution from 
settlements and traffic pollution can be treated as diffuse pollution source as well while the accidents which 
happen on the roads are treated as point source pollution. 
The risk assessment based on the anthropogenic influence on groundwater has been made. The estimation 
included:

diffuse pollution sources (settlements, agriculture, traffic),
point pollution sources (large polluters, landfills) and
estimation of significance of aquifers on regional water supply  (based on the number of inhabitants to 
which the aquifer supplies potable water)

Individual characteristics were ranked, divided into classes and weighted in the following manner:

•
•
•
•
•
•

•
•
•
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Description weight 1 weight 2 weight 3 weight 4 Weight 5
Inhabitant density per km² up to 100 Up to 200 up to 300 up to 400 up to 500

Livestock density  head of large livestock; /ha up to 0,2 Up to 0,4 up to 0,6 up to 0,8 >  0,8 
Number of point source with excessive polluter, 

number of landfills, 1 2 3 4 5 and more

Water supply significance of aquifers (based on 
the number of inhabitants to which the aquifer 

supplies potable water
very small small large very large

Based on pollution source the risk assessment with the following classes is formed:
very small risk (1): total weight value is lower then 1,0,
small risk (2): total weight value is lower then 2,0
moderate risk (3): total weight value is lower then o 3,0
high risk (4): total weight value is lower then 4,0
very high risk (5): total weight value is above 4,1.

Table 4  Risk assessment on groundwater areas

Groundwater area Inhabitants livestock traffic point sources water supply 
significance risk assessment

Prekmurje field 2 4 1 2 3 3 moderate
Mura field 2 5 1 4 3 3 moderate
Drava field 4 3 2 5 4 4 high
Ptuj field 3 4 1 2 4 4 high

Bolska valley 3 4 3 3 3 4 high
Low. Savinja valley 5 4 5 5 3 5 very high

Sora field 5 5 2 3 4 4 high
Kranj field 4 4 4 2 3 3 moderate

Kam.Bistrica valley 5 53 5 5 3 5 very high
Ljubljana field 5 1 5 5 4 5 very high

Krško field 2 3 1 2 3 3 moderate
Brežice field 2 3 1 3 3 3 moderate
Soča valley 5 2 4 4 2 4 high

POTABLE WATER SUPPLY IN SLOVENIA
On June 30th there were 1.997.004 inhabitants in Slovenia. The database on potable water supply system 
includes records of 977 supply areas in 2004, from which 1.840.135 (92%) inhabitants are supplied.

In 2005 the general health state in Slovenia improved, based on the findings of the monitoring of potable water 
in 2005. 12.243 inhabitants were exposed to nitrates on three different supply areas in 2004, while in 2005 
only 4.046 inhabitants were exposed on small supply areas around Murska Sobota. In 2004 pesticides atrazine 
and its derivatives desetil-atrazine and dimetenamid exceeded the limit values. Pesticide limit concentrations 
were exceeded in 25 samples on 15 different supply areas, which provided water to 183.881 inhabitants. Data 
for 2005 shows, that fewer inhabitants (151 297) were exposed to pesticides. The number of inhabitants, for 
which at least one sample contaminated with E. Coli was found, is 554.477, which amounts to 30% of all 
inhabitants. We have taken into account all, regular and periodic samplings.
According to the Database on potable supply systems and potable water quality in 2005 there were 75 supply 
areas in Slovenia that supplied potable water to more than 5000 inhabitants. In total they supply water to 
1.400.675 (70%) inhabitants.

Water quality has a major effect on health suitability of potable water. This depends mainly on the source of 
potable water. The properties of raw water determine the methods and procedures of water treatment. With 
regard to the origin of water, we distinguish three water types: rainwater, surface water and groundwater. 

•
•
•
•
•
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Rainwater is caught on a recharge area. Surface water may be standing or streaming. They are in contact with 
the atmosphere and under influence of soil rinsing. Groundwater is located in aquifers with intergranular, 
fissured or karst porosity. Surface water may include noticeable amount of micro-organisms and may change 
their properties due to atmospheric influences. In 2003 public waterworks in Slovenia pumped 187 millions m3 
of fresh water. Most of it was pumped from underground aquifers, thus the care for preservation of groundwater 
qualitative and quantitative status is of utmost importance in Slovenia.

Slovenia has implemented a long-term strategy for potable water supply in a document called »Operative 
programme of potable water supply«. Volume of water for public waterworks, according to water sources and 
river basins in Slovenia, 2005 (v000 m3).

Table 5  Public potable water supply, Slovenia, 2005

Total Groundwater Springs Springs with surface 
water recharge

Streaming 
water

Artificial 
recharge

1000 m3

SLOVENIA 163 460 93 241 56 156 9 744 3 271 1 048
Sava river basin 102 184 61 620 35 276 2 065 3 213 10
Kolpa river basin 2 310 87 2 129 36 58 -
Drava river basin 27 536 21 121 5 377 - - 1 038
Mura river basin 7 309 7 183 - 126 - -

Coastal river basin 11 006 2 422 1 370 7 214 - -
Soča river basin 13 115 808 12 004 303 - -

- : no occurrence

Suitable potable water use. The comparison of the volume of water pumped for the supply of inhabitants is the 
last ten years shows a trend of considerable decrease, in 1995 260 million m3 of water were pumped, in 2000 
220 million and in 2005 only 163 million m3, which means a 37% decrease.

The share of water from underground sources, aquifers and springs, in areas of dense population and industry, 
remains at the same 97% level throughout the whole period.

The volume of water used by industry decreased from 56 millions in 1995 to 46 million m3 in 2000 and 
to 34 million m3 in 2005. Households used approximately the same amount of water – between 85 and  
92 million m3. The changes in share for industry and household are mainly due to reduction of loss in the 
network, which (including overflow) were at 41% in 1995 and have dropped to 26% in 2005. 

Quantities of pumped and sold water loss reduction are attributed to:
economical use of potable water in households (efficient household appliances, rising environmental 
awareness of consumers, influence of higher prices on lowering consumption) 
economical use of water in industry (influence of the tax on water usage – recirculation, bankruptcy of 
large consumers)
economical water use in farming (dry removal of faces in stockbreeding)

Despite these measures, key problems of portable water supply are:
high loss in waterworks 
potential water reserves are not defined
water safeguard zones is efficiently implemented with new constructions only, remediation of old pollution 
load remains a problem water protection zones are respected for new interventions only, remediation of 
old pollution load remains a problem
water quality, especially in smaller systems. In some areas quality is improved by mixing polluted shallow 
groundwater with groundwater from deep wells or surface springs.
pumping of groundwater from deep aquifers without good hydrological studies of deep groundwater dynamics.
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Conclusions
The groundwater supply of Slovenia is abundant.  They represent a primary source of potable water. Groundwater 
levels are declining in the major part of Slovenia. In terms of qualitative status, problems with nitrates and 
pesticides persist. Legislation for improving the quality of groundwater was adopted (Operative programme, 
2004). Its implementation though is a problem, as wells as improvement of past pollution load.

With regard to declining groundwater levels possibilities,  such as artificial recharge, which is used to actively 
protect groundwater sources, exist. Use of surface water is also an option. The problem will be made worse by 
climate change. A long-term 30% decrease of precipitation is foreseen.
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Abstract    The „Ključ“ groundwater source in the alluvion of the Velika Morava River provides water supply 
for the City of Požarevac at a rate of roughly 220 l/s. Groundwater is abstracted by means of tube wells which 
are up to 20 m deep.  Since 2000, nitrate concentrations in water at this source had a continuous upward trend. 
Constant intrusion of groundwater with nitrate concentrations higher than 100 mg/l, mainly from suburbs which 
have no access to utility services, led to a temporary shutdown of the source in 2006. However, following the 
construction and commissioning of an infiltration-based protection system, a hydraulic barrier was created 
which allowed the water source to continue to service the public water supply system. This paper presents the 
performance of this system during the period from September 2006 to March 2007.  
Keywords  Water source, infiltration, nitrates, groundwater, protection. 

INTROdUCTION
The City of Požarevac currently obtains its drinking water supply from the only remaining water source - 
Ključ. This source was developed in the alluvion of the Velika Morava River, south of the City of Požarevac, 
in the immediate vicinity of the Ljubučevo Bridge. The thickness of the alluvion is 15-20 m. The pervious 
layer is comprised of gravels and its hydraulic conductivity is in the order of 5x10-3 m/s. The overall thickness 
of the layer ranges between 10 and 15 m, of which 7-8 m are water-bearing. This is currently an unconfined 
aquifer.  

Until the year 2000, the nitrate concentration in the combined water abstracted by multiple wells was in the 
interval from 5 to 15 mg NО3/l. The average monthly rate of abstraction was roughly 150 l/s. Another water 
source, Meminac, near the city limit, was used to abstract groundwater at a rate of 70-90 l/s. Since 2000, after 
the Meminac source was abandoned due to nitrate contamination, the rate of abstraction from the Ključ source 
has increased. The average monthly rate of abstraction from the Ključ source varies from 200 to 280 l/s; the 
annual average is 220 to 250 l/s. The Ključ source is currently comprised of 14 wells, EB-1 though EB-14. 
In September of 2006, due to a high nitrate concentration in the abstracted water, most of the wells had to be 
detached from the public water supply system.  

Over a relatively long period, the water quality delivered by the Ključ source was threatened by polluted 
groundwater originating from the hinterland, which carried an increasingly high nitrate load. In 2000 
and 2007, the nitrates first reached the central portion of the water source. During the 2001-2004 period,  
Wells EB-3/EB-4 and EB-2/EB-1 were consecutively placed offline due to a nitrate content exceeding  
100 mg/l.  Tests conducted in 2001 and 2004 revealed that the nitrates in groundwater generally originated from 
the villages of Lučica, Prugovo, Poljana and Ljubičevo, which have not access to utility services. Fertilization 
of farmland was a lesser contributing factor. Nitrate concentration in the combined water from multiple wells 
at this source continued to range from 30 to 50 mg NО3/l in 2001 (Fig. 1). The upward trend was decelerated 
when the water utility developed additional wells (EB-12, EB-13, and EB-14), which are located closer to the 
river, in an area where the nitrate concentration is lower.  The goal of this undertaking was to urgently provide 
sufficient amounts of good-quality water until a protection system is put in place.
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The threat to the water source increased due to the higher rate of abstraction since 2000, as well as a sustained 
dramatic decline of water levels of the Velika Morava River and groundwater levels in the wider area, by 
about 4 m since the 1980’s, as a direct result of gravel excavation from the river and shortening of its course 
by curve cut-offs. 

Today, in the general area surrounding the water source recorded concentrations range from 100 to 160 mg 
NО3/l (Figure 2). Water source pollution culminated in September of 2006, when the nitrate concentration in 
combined water peaked at 75 mg NО3/l (Figure 1).

Figure 1: Nitrate content (mg NО3/l) in combined water from multiple wells at of the Ključ source

PROTECTION CONCEPT
In order to prevent imminent decommissioning of the Ključ source due to intrusion of nitrate loaded 
groundwater, during the period from 2001 to 2006 technical documentation was prepared, necessary permits 
obtained, and urgent measures implemented to protect the Ključ source.  

The concept of urgent protection measures was based on the creation of a hydraulic barrier which will prevent 
intrusion of polluted groundwater into the zone of the water source.  

These urgent protection measures included:
Infiltration basins - hydraulic barrier (six 100 m x 20 m basins, Figure 3),
Transport pipeline, for the delivery of water to the infiltration basins (1800 m long), and
Six wells near the Velika Morava River, from which groundwater is abstracted for injection purposes 
(these wells constitute a temporary, urgent solution which will ultimately be replaced with a river water 
intake and conventional pretreatment plant),

as well as a monitoring system to support water source operation and protection management.  

•
•
•

Figure 2: Nitrate concentration (mg NО3/l) in groundwater in the Ključ water source area prior to  
commissioning of the protection system (September 2006)
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Figure 3: Infiltration basin of the Ključ water source before and after commissioning

The groundwater abstracted by wells located adjacent to the Velika Morava, 1 km upstream from the water 
source and the Ljubičevo Bridge, is transported to the water source and injected into infiltration basins. Its 
nitrate concentration is low and generally governed by the river. On the way from the basin to the well, a 
distance of more than 160 m, the injected water seeps through a gravelly-sandy porous medium and occupies 
the volume which previously held nitrate loaded groundwater. An increase in groundwater levels along the 
line of the basins prevents further intrusion of nitrate loaded groundwater into the water source area.  

A complex regional hydrodynamic model was generated to study the causes of pollution and analyze alternative 
water source protection concepts. The outcomes of hydrodynamic model analyses clearly identified major 
directions of contaminated groundwater intrusion and the proportions of groundwaters from the wider area, 
with different nitrate levels, in the overall water balance of the source of water supply. (Figure 4).

Figure 4: Hydrodynamic model flow pattern: Proportions of groundwaters from the wider area, with  
different nitrate levels, in the overall water balance of the Ključ source

Even though it faced the threat of decommissioning because it was previously delivering water which did not 
meet health standards (nitrate concentrations higher than 50 mg/l), the Ključ water source currently services 
the public water supply system, as a result of the urgent measures which were undertaken. 

The results of several months of monitoring of groundwater quality improvements in the water source area, 
following the implementation of urgent measures, are discussed below.  

COMMISSIONING TEST RESULTS 
Commissioning tests of the Ključ water source protection system began in mid-September of 2006; this 
coincided with the highest nitrate content on the source’s record (75 mg NО3/l). This pollution level required a 
temporary shutdown of the water source. For more than a month and a half, the citizens of Požarevac obtained 
their water supply via tanker trucks. However, the protection system reduced the nitrate level in the combined 
water from multiple wells at the source to below the prescribed limit of 50 mg NО3/l (Figure 5); the source was 
again placed online at the end of October and continued to service the public water supply system. 
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Figure 5: Nitrate concentration in groundwater abstracted at the Ključ water source

Conditions under which the Ključ protection system has operated included the following:
High upland groundwater levels, caused by heavy precipitation in 2005 and at the beginning of 2006;  
Low water levels of the Velika Morava (below an elevation of 71 m) during an unusually long dry period 
from August 2006 to February 2007; nitrate content generally between 6 and 13 mg  NО3/l, maximum  
22 mg NО3/l,
At the beginning of September 2006, 90% of the water source was occupied by groundwater with a high 
nitrate load, exceeding the maximum allowed concentration (50 mg NО3/l), 
Recorded nitrate concentrations in groundwater: 5-20 mg NО3/l in the vicinity of the Velika Morava River, 
100-160 mg NО3/l or more north of the water source, in the populated area; 20-60 mg NО3/l in the farmland 
area; and 60-100 mg NО3/l at the interface between urban and rural areas;
Average rate of abstraction 200-220 l/s; 
Rate of injection via infiltration basins 140 to 165 l/s, average nitrate concentration approximately 16 mg 
NО3/l (range 15 to 22 mg NО3/l), and a high manganese concentration of more than 0.4 mg/l (Figure 7).

During the course of commissioning, several abstraction well/infiltration basin operating scenarios were 
tested. The effectiveness of the water source protection system, in terms of a reduced nitrite concentration in 
abstracted groundwater, was evident.  Injection reduced the nitrate concentration in the centrally located wells 
from the average original content of 80 mg to between 25 and 35 mg NО3/l after the protection system was 
commissioned (Figure 6). Nitrate content in the combined water delivered to the city was reduced from 75 mg 
NО3/l (recorded during the first few days after the system was first placed online) to a level of about 40 mg 
NО3/l during most of the commissioning test period. 

•
•

•

•

•
•

Figure 6: Recorded nitrate concentrations (mg NО3/l) in groundwater 7 months following commissioning of 
the Ključ protection system (April 2007)

In order to prevent intrusion of contaminated groundwater into the central area of the water source, along the edge of 
its most threatened portion facing Ljubičevo, the outermost well (EB-1) was given a protection function. This well 
is used to abstract and evacuate roughly 20 l/s of water whose nitrate concentration is in the order 150 mg NО3/l.
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It should be pointed out that groundwater originating from the vicinity of the Velika Morava River carries a 
naturally-high manganese load of 0.35-0.50 mg/l (Figure 7, a fact known at the design stage). However, owing 
to effective aeration of the infiltration basins, the manganese is removed and deposited on the bottom of the 
basins (Figure 8). As a result, groundwater in the area of the infiltration basins does not carry a manganese load 
higher than the determined background level of 0.01-0.02 mg/l.

Figure 7: Manganese content at the Ključ water source

Figure 8: Manganese deposition on the bottom of an infiltration basin

CONCLUSION 
The Ključ water source, which services the City of Požarevac, is threatened by contaminated groundwater with 
a high nitrate content. The authors warned of this scenario as far back as 1998. The design for water source 
protection - urgent measures was prepared in 2002. The protection system itself was completed in 2006, much 
later than originally planned. In the meantime, the water source had become almost fully contaminated by 
groundwater with a high nitrate content (80 to 150 mg NO3/l). The protection system was commissioned in 
mid-September of 2006.  

Commissioning tests of the Ključ source protection system, which lasted for 6 months, demonstrated that 
the infiltration-based hydraulic barrier, operated under the above-described conditions, provides efficient 
protection of the water source. The groundwater abstracted by wells in the area for which the protection 
system was designed has an NO3 content of 35 mg/l. A precondition for the management of such a system is, 
of course, sound monitoring, along with continuous analysis and re-assessment of the results.  

The example of the threat to the Ključ water source demonstrates the importance of a comprehensive study 
of the general conditions within the area under consideration, as part of the design of protection zones. Even 
when the wide protection zone of a water source is set at a large distance, pollutants which behave as tracers 
(in this specific case nitrates) will, under unfavorable hydrologic and hydrogeological conditions, unavoidably 
threaten the water source.  
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Abstract    The better the quality of raw water resources, the higher the safety of drinking water supply. In the 
Danube River Basin more than 60% of the population depends on groundwater sources.  Organic micropollutants 
play an important role in quality assessment since they might cause different toxic effects in humans. There are 
two groups of organic micropollutants: regulated and non-regulated. In recent years, a lot of scientific effort 
was made to quantify their risks. Their occurrence is site specific and depends on social and economic factors, 
industry, population density, environmental conditions etc. That is why legislation intervention is required both 
at national and international level. This paper presents a literature review on the presence and fate of organic 
micropollutants that have been recently investigated in numerous projects worldwide. Special attention is paid 
to their mobility and risk for groundwater resources. Data on Serbian groundwater quality is presented for the 
period 2004-2005. In comparison with knowledge in developed countries, one can conclude that there is a 
general lack of data. More data about organic micropollutants presence is required, as well as identification of 
the pressures which lead to quality deterioration. Future quality assessment should be based on evaluated risks 
made considering both experience from developed countries and local conditions.
Keywords  groundwater quality; monitoring; organic micropollutants; priority substances; water treatment 

INTROdUCTION
It is estimated that about 60% of the population in the Danube River Basin depend on groundwater sources. 
Some countries in the Danube River Basin use even up to 95% groundwater sources for public water supply. 
Also, many people use groundwater from private wells for drinking water purposes. In Serbia more than 
50% of the total water abstracted for public water supply is aquifer water. It is well known that the quality 
of groundwater abstracted from alluvial sources is greatly influenced by the quality of river waters and that 
groundwater in the Danube Basin is vulnerable to contamination due to porous and karstic aquifers. According 
to the European Environment Agency Report (2003) 180 different pesticides are analyzed at over 3000 locations 
in Europe at a frequency of 4 to 12 times per year. The herbicides diuron, isoproturon and mecoprop are found. 
However, for groundwater samples, less than 5% exceed 0.1µg/L, while for freshwaters and marine waters, a 
higher percentage are above this level. In recent investigations in Germany 60 different substances from the 
group of plant protection products were detected in groundwater (Sturm and Kiefer, 2006). Most important 
findings were: desethylatrazine, atrazine, 2,6-dichlorbenzamide, simazine, diurone, bentazone, bromacil, 
isoproturon, desisopropylatrazine, mecoprop, hexazinon, propazine, terbutylazine, desethylterbuthylazine, 
1,2-dichlorpropane, chlortoluron, lenacil, metalaxyl, methabenzthiazuron and dichlorprop.

Groundwater quality assessment regarding organic micropollution is a very complex issue that consists of 
several important topics which must be taken into account. First of all is the correct choice of substances which 
should be analyzed. It should be pointed out that bearing in mind the state of instrumental analysis today, one 
can find in water only what one is looking for. This choice is strongly influenced by the purpose for which 
water is used and the corresponding water quality criteria which are developed and revised in accordance with 
the newest scientific results permanently regarding both substance identity and concentration of interest. Also, 
one has to pay attention on river basin specificity regarding the type of pollution which depends on social and 
economic factors, types of industry, population density, etc. A good example of such a complex issue is the 
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case of the large Danube Basin, where for different regions one can expect different types of organic pollutants 
in water. They might differ from country to country, e.g. from region to region. 

In general, we have two groups of organic pollutants: regulated and non-regulated. In recent research and 
monitoring programs it was shown that a large group of non-regulated substances exists, which seems to require 
legislative intervention. Among this group, wide attention is attracted to the endocrine disrupting compounds 
(EDC) and pharmaceuticals as well as personal care products (PPCPs). Before this intervention takes place it 
is necessary to quantify risks and determine predicted environmental concentrations (PEC) as well as predicted 
no-effect concentrations (PNEC). One of the preconditions to quantify the risks is the development of analytical 
standard methods which are still not developed for most of the non-regulated contaminants.

RECENT RESEARCH RESULTS WORLdWIdE
During the last several decades, most of the scientific and monitoring efforts have focused on the conventional 
“priority” pollutants, especially those acutely toxic/carcinogenic pesticides and industrial chemicals. However, 
this is only one part of the larger puzzle in “holistic” risk assessment according to Daughton and Ternes (1999). 
A more wider and diverse group of bioactive chemicals has become important in recent years, including 
pharmaceuticals (human and veterinary) and personal care products (PPCPs), (Ternes, 1998; Hirsch et al., 
1999; Alder et al 2003; Ternes et al., 2005). These compounds and their bioactive metabolites enter the aquatic 
environment as complex mixtures by both treated and untreated sewage. The effects of mixtures at low level 
concentrations (ppt and ppb ranges) are still unknown for the majority of substances. The possibility for 
continual but undetectable or unnoticed effects on aquatic organisms is worrying. In numerous reports one 
can find data about the amounts of drugs used in developed countries. Nearly 3000 different pharmaceutical 
ingredients are used in the EU (Ternes, 2005). In human medicine 30.000 t/year of different substances are 
used in Germany while the use of oral contraceptives is estimated at 50 kg/year (Heberer, 2002a). Personal 
care products in the nineties were used in quantities of 550,000 t/year (Ternes, 2005). In 2003, 86 t/year of 
diclofenac were used, 344 t/year of ibuprofen, 54 t/year sulfamethoxasole, etc (Ternes and Römbke, 2005). 
Besides pharmaceuticals and personal care products, there are numerous reports on different industrial 
chemicals found in waters (Knepper et al., 2005; Friedrich, 2005). Recent investigations in the USA (Kolpin et 
al., 2002) showed that the most frequently detected compounds among pharmaceuticals, hormones and other 
wastewater contaminants in water resources are coprostanol (fecal steroid), cholesterol (plant and animal 
steroid), N,N-diethyltoluamide (insect repellant), caffeine (stimulant), triclosan (antimicrobial disinfectant), 
tri (2-chloroethyl)phosphate (fire retardant) and 4-nonylphenol (nonionic detergent metabolite). The measured 
concentrations were generally low and below US-drinking water standards or aquatic life criteria, but for 
many compounds such guidelines are not established.

Their presence in groundwater is a consequence of penetration both from soil (e.g. accidents, use of pesticides) 
and from polluted surface water (e.g. infiltration, river bank filtration). The finding of such chemicals in recent 
years in groundwater and even tap water raised concern and initiated research activities. In 1993, clofibric acid 
was the first PhAC ever to be detected in tap water, and was found in all tap water samples from the Berlin 
area up to 165 ng/L (Heberer, 2002b). It was found that the polar contaminants concentration in tap water of 
individual Berlin waterworks correlate well with the proportions of groundwater recharge used in drinking 
water production. Places with high proportions of bank-filtered water and located near water ways highly 
contaminated by municipal sewage effluents were in the worst situation. There were also findings of primidone 
and iodinated contrast agents detected in several groundwater samples in Germany. Webb et al. (2003) compared 
reported concentrations of pharmaceuticals in German drinking water and therapeutic dose. Potential daily 
exposure via drinking water was estimated at least three orders of magnitude below therapeutic dose. Drinking 
water examinations during 2003-2004 for antibiotics presence and the presence of iodinated contrast media 
in 55 waterworks within three categories regarding their size showed that in 11 cases out of 55 investigated, 
sulphometoxazol was identified (7-66 ng/L).  Iodinated contrast media were found in concentrations up to  
218 ng/L and carbamazepine up to a concentration of 150 ng/L (Ternes et al., 2005). 

The recently published report “Behavior of selected human and veterinary pharmaceuticals in aquatic 
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compartments and soil” (Ternes and Römbke, 2005) deals with the leaching behavior of six selected 
pharmaceuticals in different soils and four human metabolites presented in high portions (iopromid, diazepam, 
oxazepame, paracetamol, ibuprofen, 2-hydroxyibuprofen, clofibric acid, carbamazepine and 10,11–dihydro-
10,11-dihidrohycarbamazepine). Their potential to contaminate groundwater was evaluated and was low for 
diazepam, ibuprofen, ivermectin and for carbamazepine. The last result was surprising, since carbamazepine is 
often detected in groundwater. This discrepancy is explained by the fact that the leaching tests were performed 
with topsoil, which is not the really the case when groundwater contamination occurs mainly over river 
sediments and subsoils from receiving waters. Clofibric acid and iopromide were assessed as very mobile. 
Based on persistency testing it was concluded that an environmental risk cannot be excluded.

The findings from the European Poseidon Project (Ternes, 2005) are that irrigation and soil passage might lead to 
pollution with iodinated contrast media, carbamazepine and sulfamethoxazole. Moreover, research of infiltration 
into unsaturated soil showed that acidic drugs such as diclofenac, bezafibrate and ibuprofen, which are removed 
easily during wastewater treatment, are subject to additional removal by polishing lagoon, gravel filter or infiltration 
pond. On the other hand, neutral substances such as diazepam and carbamazepine which hardly show any removal 
during wastewater treatment, remain stable during post treatment steps as well as in the groundwater.

A broad study on EDCs in drinking water treatment in the EU (Wenzel et al., 2003) showed that the raw 
water of waterworks can be contaminated by EDCs (especially the case if surface water is used). Data was 
provided from Austria, Denmark, Germany and the Netherlands and information on pesticide concentrations 
in groundwater of the United Kingdom was taken from another source. In groundwater, atrazine exceeded the 
limit for drinking water most frequently, but for diuron and isoproturon, maximal concentrations above 1 µg/L 
were also reported. The detection frequency of diuron, simazine, isoproturon, 3,4-dichloroaniline, lindane and 
linuron was in general below 1 %. For the other pesticides with suspected endocrine activity selected for the 
questionnaire, no data was available. A data survey on tributyltin (TBT) and o-phenylphenol was performed. No 
data on o-phenylphenol in raw water and drinking water was reported. No groundwater data could be retrieved 
from literature and no information about TBT in surface, groundwater and drinking water was given in the 
questionnaires returned from authorities. Data on bisphenol A in groundwater was completely lacking. In the 
questionnaires returned from the waterworks 5 out of 51 waterworks reported determinations of bisphenol A 
in raw waters. Concentrations above the limit of detection were reported from 2 waterworks ranging between 
0.0025 µg/L and 0.009 µg/L. Alkylphenols were frequently detected in surface waters. Nonylphenols occur 
in the µg/L range, octylphenol was detected at lower concentrations in the ng/L range. Based on the presented 
data, a great variation of nonylphenol concentrations in European surface waters can be assumed, due to 
different efficiencies in the purification of sewage treatment plant discharge into rivers. For groundwater and 
drinking water little information is available. The reported concentrations are in the ng/L range. Tap water 
samples analyzed in the case study contained no nonylphenol and no octylphenol. 17β-estradiol can be present 
in surface waters in the lower ng/L range and in groundwater below 1 ng/L.

Recently Sacher (2005) reported  several positive results of pharmaceuticals in groundwater and their 
maximal concentrations: sotalol (560 ng/L), phenazon (25 ng/L), diclofenac (590 ng/L), iopamidol  
(300 ng/L), amidotriazoic acid (1100 ng/L), carbamazepine (900 ng/L), dehydrato-erythromycine (49 ng/L) 
and sulfamethoxazol (410 ng/L). Very important issue related to transport of pollutants from surface water 
to groundwater is their behavior in bank filtration. It is influenced by hydrogeological conditions, dispersion, 
difussion, sorption, degradation, complexation, transport of colloids, as well as substance characteristics 
(e.g. polarity, hydrophobicity, solubility, biodegradability). Investigation of bank filtration at the Rhein, 
Ruhr and Elbe rivers under aerobic, suboxic, anoxic and anaerobic conditions (Schmidt, 2006) showed that 
carbamazepine, sulfamethoxazol, amidotriazoic acid and iopamidol can be removed 70-100% in anoxic 
and anaerobic conditions. In aerobic and suboxic conditions carbamazepine was not removed at all, while 
the removal of the other substances increased from 10% to  50 % (amidotriazoic acid > sulfamethoxazol 
> iopamidol). Findings for EDTA showed that this compound can only be removed in aerobic and suboxic 
conditions. Some of investigated naphthalin-sulfonates had very low removal by bank-filtration regardless of 
redox conditions (e.g. naphthalin-1,5-disulphonate). Most of iodinated contrast media and pharmaceuticals 
had very good removal. It was confirmed that perfluoroctanoat and perfluoroctylsulfonate is not possible to 
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remove by aerobic bank filtration while there is no data for other redox conditions. 

Not only quality of surface water influences groundwater quality. Beside agricultural activities which might 
cause pollution with pesticides directly, one has to take into account possible leakage from sewers in urban 
settlements. Wolf and Gluner (2005) confirmed the significance of several groups of substances related to 
leakages from sewers: iodinated contrast media (most abundant amiditriazoic acid), betablockers (metoprolol 
and sotalol), carbamazepine, clofibric acid, diclofenac and ibuprofen.

CURRENT STATUS OF WATER MANAGEMENT

Danube River Basin 
Referring to organic micropollutants, Annex X of the Water Framework Directive (Council Directive 2000/60/EC) 
contains a Priority pollutant list of 33 substances. Furthermore Dangerous Substance Directive remains in 
force for 13 years from the adoption of WFD and requires the identification of specific pollutants from the List 
II. Recently the European Commission decided to include 8 more substances from the groups of chlorinated 
aliphatic and aromatic components, mono and polyaromatic amines, mono and polyaromatic hydrocarbons, 
pesticides and hormone active substances (Puijker, 2005). According to the “Danube Basin Analysis (WFD 
Roof Report 2004)” (ICPDR, 2005) “pollution loads of hazardous substances are significant although the full 
extent can not be evaluated to date”. There is a general lack of data but concern is also present about several 
substances that are stressed in the report: p, p’-DDT in the lower Danube, lindane, atrazine in some tributaries, 
alkyl phenols and di [2-ethyl-hexyl] phthalate in sediments and suspended solids. Pesticide pollution is present 
as well, both by priority pesticides and other pesticides. In a certain number of water samples, volatile organic 
compounds were detected above interim target values (e.g. chloroform, tetrachloroethylene) in river water. 
Monitoring of organic compounds which are not included in regular monitoring programs showed the presence 
of numerous classes of organic compounds (e.g. phthalates, fatty acids, aliphatic chlorohydrocarbons, sterols, 
hydrocarbons, phenols, hydroxy- and keto-aliphates and aromates, benzothiazoles, organophosphates etc) in 
river water. Regarding pharmaceuticals, it was shown that there are relatively low concentrations in the Danube 
comparing to the tributaries. However in almost all samples low concentrations of isopropylphenazone and 
N-acetyl-4-aminoantipyrine were found (ICPDR, 2002). No data for groundwater is presented. These findings 
are compared to findings at other large river basins. It seems there is a severe lack of data on organic pollutants 
content in Danube river basin at present both for surface and groundwater. All countries within the basin 
have stated that the water quality of many surface and groundwater bodies is not satisfactory. They gave the 
main reasons for the pollution of the water sources: insufficient wastewater collection and treatment on a 
municipal level, insufficient wastewater treatment at industrial enterprises, water pollution caused by intensive 
agriculture and livestock breeding, inappropriate waste disposal sites. Existing and planned measures for 
pollution reduction concentrate on municipal wastewater treatment, but expected development in agriculture 
is that fertilizer and pesticide use will again be a threat to the groundwater resources in the basin. 

Moreover, there is certain number of substances which can not be removed with conventional wastewater 
treatment (Friedrich, 2005). These pressures, in combination with the high vulnerability of some aquifers, 
require the development of groundwater protection strategies. Although a monitoring network on water 
quantity and water quality exists, there is a need for further harmonization of methods at a basin-wide level in 
order to fulfill the demands of the Water Framework Directive for the assessment of the risk of failure to reach 
the environmental objectives, both for groundwater quantity and quality. In accordance with EU developments 
and based on the results of screening at national levels it is expected that ICPDR gives final list of priority 
substances for the Danube Basin in future.

It is well known that the better the quality of raw water resources, the higher the safety of the drinking water 
supply. Organic micropollutants relevant for drinking water treatment  are substances which are persistent 
but possible to remove by activated carbon (e.g. atrazine, tetrachlorethene or carbamazepine). However, high 
relevance for drinking water quality have those substances which are not adsorbable on activated carbon (EDTA, 
MTBE, amidotriazoate) and thus very difficult to remove from water (Brauch, 2006). Those three compounds 
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were frequently found in river water and bank filtrate up to several µg/L (Rhein, Danube, Main, Elbe). The 
most important characteristics relevant for organic micropollutants assessment are human toxicity, ecotoxicity, 
persistence and bioaccumulation. Internationale Arbeitsgemeinschaft der Wasserwerke im Rheineinzugsgebiet 
(IAWR) proposed including more substances on the WFD List: trialkylphosphates, alkylamines, comlpex 
compounds, arylsulphonates, pharmaceuticals, X-ray contrast media, benzine derivatives, pesticides and 
hormone active substances. A statement from this organisation said that monitoring should be done 13 times 
per year and that beside ecotoxicological standards, the drinking water parameters should also be taken into 
account (IAWD and IAWR, 2005). 

State of the art in Serbia
Groundwater quality in Serbia is monitored by the Republic Hydrometeorological Institute once per year 
in 9 regions: at Velika Morava, West Morava, South Morava, Kolubara, Macva, Danube, Backa, Banat and 
Srem (Republic Hydrometeorological Institute of Serbia, 2005, 2006). 53 and 68 groundwater stations were 
evaluated in 2004 and 2005, respectively. The list of organic micropollutants which are used to assess the 
quality of groundwater is identical to the list for surface water with exception that herbicides are evaluated 
in surface waters. This is in accordance with current Serbian legislation which is still not harmonized with 
European legislation in the field of water. Improvement of monitoring program is planned within the activities 
related to the implementation of the WFD in Serbia (Djuric, 2006). Referring to organic micropollutants, in 
2004, the list of monitored parameters consisted of: MPAS, volatile phenols, mineral oils, lindane, heptachlor, 
aldrin, DDE, dieldrin, endrin, DDD, DDT, methoxychlor, hexachlorbenzene, heptachlorepoxide, BHC and 
PAH. In 2005, instead of PAH analysis, analysis of PCBs and triazine herbicides (atrazine, simazine and 
propazine) was made.  

In 2004, among all the determinants, only the presence of volatile phenols was confirmed in the regions of 
Backa, Banat and Srem. Rare findings of mineral oils by IR spectroscopy after liquid-liquid extraction and 
filtration over Al2O3 (6 samples up to 0.021 mg/L), volatile phenols (in 13 stations up to several micrograms 
per liter) and BHC (2 samples up to 6 µg/L) occurred. All other parameters were below detection limits. In 
2005, no organic micropollutants were found except: surface active substances in the regions of Backa and 
Banat (0.02-0.09 mg/L) and in a few samples, mineral oils in the Danube region (0.006 mg/L), Backa region 
(1 piezometer with a value of 0.014 mg/L) and the Banat region (1 piezometer with a value of 0.045 mg/L). 

Besides these measurements of the Hydrometerological Institute of Serbia in the period 2000-2006, the 
Laboratory for Chemical technology and Environmental protection at the Faculty of Sciences of University of 
Novi Sad made numerous investigations of groundwater quality in regions where aquifers were endangered 
due to oil or waste water spillages (Dalmacija et al. 1997; Dalmacija et al 2002; Dalmacija et al., 2003; PMF, 
PCO “Water Supply and Sewerage System” Novi Sad and SDC-Belgrade (2003); PMF, SDC-Belgrade (2003); 
PCO “Water Supply and Sewerage System” Novi Sad and UNEP-UNOPS (2004)). Within these investigations 
the presence of different compounds in groundwater at several locations was confirmed: organochlorine 
compounds (e.g. 1,2-dichlorethane), solvents, benzene and its derivates (BTEX), phthalates, PAHs, mineral 
oils, etc. Concentration ranges for almost all of them were from values below maximum permissible levels 
(MPLs) to the values which were significantly above MPLs, depending on the vicinity of the spillage to 
sampling location, age of pollution, river water influence, different degradation processes, etc. These findings 
at endangered locations confirmed the urgent need for the determination of the quantitative and qualitative 
status of groundwaters, risk assessment and protection measures. However, those projects were mainly oriented 
towards organic pollutants related to accidental oil and gasoline spillage at several locations. No detailed 
studies on the other organic micropolutants in groundwater were performed (e.g. pesticides, pharmaceuticals, 
personal care products, industrial chemicals etc) or in depth study of their fate and behavior.

It is expected that improvements in legislation dealing with water in general will introduce changes in organic 
pollutants monitoring issues in Serbia. In comparison with the list of priority substances, one can conclude 
that the list of parameters which are currently monitored should be significantly revised. It is necessary that 
at least the list of priority substances is taken into consideration concerning to assessment of groundwater 
chemical status. Moreover data about the presence of different classes of compounds is needed, as well as 
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pressure identifications which can lead to groundwater quality deterioration (e.g. data on production, usage 
and emission of relevant chemicals). This means that the state of the art of the current monitoring program 
must be broadened with both surveillance and operational monitoring in accordance to the WFD, in terms of 
frequency, objectives and list of determinants. Data is needed about the presence of organohalogen compounds, 
organophosphorous compounds, organotin compounds, hydrocarbons, biocides and plant protection products 
and different endocrine disruption and carcinogenic agents. In comparison with knowledge in developed 
countries and other river basins, one can conclude that a general lack of data exists, also regarding the new 
class of emerging pollutants. However, before broad analytical work is undertaken, assessment of the type of 
pollutants and their impact should be made for the region. 

FUTURE NEEdS
In recent research and monitoring activities worldwide it was shown that relevant groups of substances for 
groundwater aquifer are: pesticides and their metabolites, complexing agents, MTBE, and some pharmaceuticals 
(e.g. carbamazepine, sulfamethoxazol and iodinated contrast media). Both lack of knowledge referring to 
chemical status of groundwater stressed in ICPDR report and WFD require further intensive activities in this 
field for the Danube basin. In order to assess groundwater quality in Serbia and protect it from deterioration, 
it is necessary to continue with local, regional and international efforts on identification of pressures regarding 
organic micropollution of water bodies, and strengthening both research and institutional capacities which are 
able to do so. Organic micropollutant assessment should be made very carefully by paying attention both to 
local conditions and already gained knowledge in the developed part of the world. According to this two main 
goals should be achieved: firstly monitoring should be established in accordance with the Water Framework 
Directive with a core of priority substances, and furthermore, local risk assessment is needed for all regional 
specific and river basin relevant substances, also bearing in mind the new generation of emerging pollutants 
(EDCs, PhAC, veterinary drugs, industrial chemicals etc) and pesticides currently in use. 
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Natural Bioremediation of the ‘’Ratno Ostrvo’’ drinking Water Supply 
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Abstract    Ratno Ostrvo is the largest and the most well-known water source to the water supply system for 
the town of Novi Sad (Serbia). Next to the source lies the Novi Sad oil refinery, which was heavily damaged 
during the war in 1999. This work aims to investigate the chemical and microbiological quality of the ground 
water at the border zone between the source and the refinery, between August 2002 and February 2006, in 
order to establish whether the groundwater source has autopurification power, and to determine whether or 
not passive bioremediation can effectively remove pollutants. During this period, the functional dependence 
between the concentration of total hydrocarbons and the number of hydrocarbon-oxidising (MSWYE) and 
lipolytic bacteria had a high determination coefficient (0.85-1.00). Similarly, in the groundwater a linear 
dependence was found between the phosphatase activity index (the main indicator of microbiological activity) 
and the concentration of hydrocarbons (r2 > 0.80). Based on the data given in this work, it can be concluded that 
a natural bioremediation process in the groundwater is present at the border zone between the Ratno Ostrvo 
source and the Novi Sad oil refinery. 
Keywords  bacteria, bioremediation, groundwater, hydrocarbons, oil pollution, phosphatase 

INTROdUCTION
In order to remove oil components from groundwater, various remediation techniques based to a certain 
extent on biodegradation processes have been used. The reduction in concentration of pollutants by natural 
processes is known as natural attenuation (natural, passive, intrinsic bioremediation). The natural removal of 
pollutants may be through destructive (aerobic and anaerobic biodegradation, abiotic oxidation, hydrolysis) 
and nondestructive (sorption, dilution -dispersion and infiltration, volatilisation) processes (Sara, 2004). During 
the monitoring of bioremediation processes, it is necessary to prove that the degradation of pollution is carried 
out microbiologically, and not by other processes. In contrast to controlled laboratory experiments (Chang et 
al., 2001; Antizar-Ladislao and Galil, 2003; Rončević et al., 2005), cause and effect relationships are difficult 
to establish on site, and long-term monitoring is required. Despite the fact that many different procedures for 
monitoring natural attenuation exist, there are no standard procedures defining which parameters must be 
followed, nor sampling location or frequency (Mulligan and Yong, 2004). One of the most important indicators 
of natural bioremediation processes is the presence of oil-oxidising and lipolytic bacteria. Natural environments 
in which an increased concentration of hydrocarbons has lead to an increased number of bacteria, especially 
oil-oxidising and lipolytic ones, have good autopurification potential. In such cases, if a reduction in pollutants 
concentration is also observed, it can be supposed that microbiological biodegradation and biotransformation 
is contributing to this reduction. On this basis, it is possible to conclude that in the observed location, there is 
an on-going process of natural bioremediation. 
The ‘’Ratno Ostrvo’’ drinking water supply for the city of Novi Sad (Serbia) is situated in the vicinity of the 
Novi Sad Oil Refinery, which was severely damaged in 1999 (Dalmacija et al., 2003). The contents of total 
hydrocarbons and mineral oils, as well as the counts of some groups of bacteria (organotrophs, facultative 
oligotrophs, lipolytic bacteria, hydrocarbon-oxidising bacteria, bacteria on R2A medium) and phosphatase 
activity in the groundwater were monitored in the period from August 2002 to February 2006. The aim of this 
work was to establish whether the groundwater source has autopurification power, and to determine whether 
or not passive bioremediation can effectively remove pollutants. 
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METHODS
An investigation of the groundwater at the border zone between the Ratno Ostrvo source and the oil refinery 
was carried out (Figure 1). The investigation focused on the upper aquifer, with a depth of 25 m, the top of 
which is near the surface layer. The water quality was monitored at the following locations:

Hydraulic barrier - about 740 m long, on the eastern border of the refinery, including twelve wells (depth 
27 m): Bhz-1 to 12, equipped with pumps, built to stop the eventual passage of pollution from the refinery 
to the source, by pumping contaminated water to the Danube.
Six deep and seven shallow piezometers at the oil refinery - about 100 m from the hydraulic barrier  - deep 
(18 m): Md-6 to 8, Pjc-1, Pjc-5, Pjc-6; shallow (6 m): Mp-5 to 11.

1.

2.

Figure 1: Border area between the Ratno Ostrvo source and Oil Refinery Novi Sad

Samples were taken in glass bottles with the aid of a GRUNDFOS PB-048 pump.
Total hydrocarbon and mineral oil contents in water were determined by standard methods using quantitative 
IR spectrophotometry (Standard methods, 1998). Bacteria count in water was determined by indirect (culture) 
method in solid agar media (Rodina, 1972). Lipolytic bacteria were determined in two different media - 
TWEEN and Tributirine. Hydrocarbon-oxidising bacteria were determined in two different media with the 
addition of paraffin based oil: MSWYE (Walcker et al., 1976) and TAUSON (Rodina, 1972), and by their 
modified forms MSWYE + TTC and Tauson + TTC (2,3,5-triphenyl tetrazolium chloride).The intensity of 
phosphatase activity (IPA - µmol pNP/s/l) was determined as an average value of activity for acidic, neutral and 
alkaline phosphomonoester-hydrolase, at optimal pH and a temperature of 30ºC, based on the transformation 
of para-nitrophenylphosphate to para-nitrophenole (Matavulj, 1986).

RESULTS ANd dISCUSSION
In the majority of monitored locations, the following dependences of the bacterial count on the hydrocarbon 
concentration were obtained: N = N0 e

±kx and N = N0 ± kx (figure 2-5). 

In general, the functional dependence of the bacterial count on hydrocarbon concentration was positive, 
meaning as the concentration of hydrocarbons increased, so did the bacterial count. At different locations, 
both exponential and linear dependences were found for hydrocarbon-oxidising bacteria (MSWYE and  
MSWYE + TTC) (Figure 2), and for lipolytic bacteria, an exponential dependence on hydrocarbon concentration 
was found (Figure 3), with a high coefficient of determination, usually R2 > 0.80 (Table 1, 2).
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Figure 2: Correlation between hydrocarbon-oxidising (HO) bacteria number and concentration of total 
hydrocarbons (x-axis: total hydrocarbons concentration, µg/l)

Figure 3: Correlation between lipolytic (LL) bacteria number and concentration of total hydrocarbons (x-axis: 
total hydrocarbons concentration, µg/l)
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In water from the hydraulic barrier wells, an exponential dependence on hydrocarbon concentration was 
found for bacteria on low-nutrient R2A media (usually R2 > 0.90, figure 4). A dependence of the number of  
organotrophs and facultative oligotrophs on the concentration of hydrocarbons was found at a few locations 
(figure 5), but with a lower coefficient of determination: the high content of natural organic matter in the 
groundwater at Ratno Ostrvo relative to the amount of hydrocarbons, means that they have a more dominant 
influence on the organotrophs and facultative oligotrophs counts, which is the reason behind this lower 
correlation. In some cases, over the same range of hydrocarbon concentrations, an exponential or linear 
decreasing trend in the bacteria count was found with increasing hydrcarbon concentration, with a high 
coefficient of determination (usually > 0.90). It is likely that some other factors are influencing the bacteria 
count in these instances, for example, the presence of toxic compounds alongside the hydrocarbons.

Table 1  Exponential correlation between bacterial count and concentration of hydrocarbons
Loc k N0 R2 Loc k N0 R2 Loc k N0 R2

N = N0 e
kx

Organotrophs Hyd.carb.ox.b.(MSWYE+ttc) Hydrocarbonox.b.(MSWYE)
Bhz-1 0.032 46 0.77 Bhz-1/1 0.41 0.00020 0.86 Bhz-5 0.072 0.28 0.99
Bhz-8 0.047 0.6 0.96 Bhz-2 0.11 2.0 0.88 Bhz-6 0.15 2.5 1
Bhz-10 0.082 19 0.72 Bhz-3 0.24 0.053 0.89 Bhz-7 0.022 58 0.86
Mp-7 0.17 0.003 0.76 Bhz-5 0.014 0.30 0.95 Hydrocarbonox.b.(Tauson)
Mp-8 0.047 7 0.96 Bhz-6 0.060 3.6 0.93 Bhz-2 0.17 0.040 0.91
Md-7 0.024 1.5 0.82 Bhz-8 0.028 2.9 0.93 Bhz-12 0.090 0.35 1

Facultative oligotrophs Bhz-9 0.077 0.30 0.87 Lipolytic b. (TWEEN)
Bhz-1 0.17 5 0.72 Bhz-12 0.096 3.8 0.87 Bhz-1 0.25 0.024 0.90
Bhz-4 0.035 28 0.78 Mp-6 0.040 0.35 0.95 Bhz-2 0.095 5 0.92
Mp-8 0.054 12 0.94 Mp-8 0.077 0.59 0.98 Bhz-4 0.20 0.00005 0.70
Md-7 0.017 13 0.73 Lipolytic b. (tributirine) Bhz-5 0.012 1 0.74

Bacteria on R2A Bhz-2 0.93 2.8 0.75 Bhz-6 0.10 0.82 0.74
Bhz-1 0.16 172 1 Bhz-4 0.045 0.55 0.74 Bhz-7 0.035 0.41 0.89
Bhz-2 0.072 1293 0.92 Bhz-5 0.011 1.6 0.94 Bhz-10 0.042 16 0.72
Bhz-4 0.034 267 0.97 Bhz-6 0.10 1.1 0.87 Bhz-11 0.034 3.7 0.86
Bhz-5 0.016 57 0.89 Bhz-8 0.040 0.1 0.92 Bhz-12 0.073 1.4 0.86
Bhz-6 0.069 431 0.99 Bhz-9 0.050 0.6 0.89 Mp-8 0.066 0.61 0.92
Bhz-7 0.064 11 0.93 Bhz-10 0.077 12 0.86 Md-7 0.0044 7.6 0.94
Bhz-8 0.034 214 0.96 Mp-6 0.019 5 0.78

   Bhz-10 0.059 1490 0.78 Mp-8 0.087 0.35 0.99
Md-7 0.018 1.1 0.82

N = N0 e
-kx

Facultative oligotrophs Hydrocarbonox.b.(Tauson) Lipolytic b. (TWEEN)
Mp-7 0.12 30043 0.99 Bhz-1 0.15 5684 0.99 Bhz-8 0.013 45 0.91
Md-6 0.018 3072 0.86 Bhz-6 0.24 26095 0.99 Bhz-9 0.054 440 0.87

Bacteria on R2A Bhz-7 0.13 21927 0.93 Mp-7 0.081 306 0.93
Bhz-9 0.20 4x106 0.93 Lipolytic b. (tributirine) Md-6 0.017 210 0.95
Bhz-11 0.17 2x106 0.83 Bhz-12 0.054 1020 0.72 Hydrocarbonox.b.(MSWYE)
Bhz-12 0.050 5341 1 Mp-7 0.11 3440 0.80 Bhz-1 0.11 12602 0.99
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Figure 4: Correlation between bacteria (R2A media) number and concentration of total hydrocarbons (x-axis: 
total hydrocarbons concentration, µg/l)

Table 2  Linear correlation between bacterial count (and IPA) and concentration of hydrocarbons  
Loc k N0 R2 Loc k N0 R2

N = N0 + kx
Organotrophs Hyd.carb.ox.b.(MSWYE+ttc)

Bhz-6 15 -179 0.84 Bhz-1/2 2.8 -1.2 0.84
Bhz-11 19 -315 0.71 Bhz-4 0.94 -25 0.93
Md-6 1.1 -46 0.93 Bhz-10 6.7 -16 0.92

Facultative oligotrophs Bhz-11 4.7 -111 0.95
Bhz-7 10 322 0.99 Md-6 0.093 1.8 1
Bhz-11 35 -101 0.85 IPA   

Lipolytic b. (TWEEN) Bhz-3 0.055 5.0 0.74
Bhz-3 4.6 -102 0.96 Bhz-4 0.21 -8.7 0.81

Hydrocarbonox.b.(MSWYE) Bhz-6 0.064 3.6 0.87
Bhz-2 14 -525 1 Bhz-7 0.027 3.3 0.77
Bhz-3 2.0 -27 1 Bhz-8 0.028 4.2 0.94
Bhz-4 4.9 28 0.96 Bhz-9 0.031 6.9 0.72
Bhz-10 11 -61 0.80 Bhz-12 0.022 5.3 0.81
Bhz-12 1.3 97 0.98 Mp-6 0.028 0.54 0.90

Lipolytic b. (tributirine) Mp-8 0.033 2.0 0.98
Md-6 0.35 -18 0.96 Md-7 0.0091 7.1 0.98

Bacteria on R2A
   

Md-6 48 -2273 0.92
N = N0 - kx   

Hydrocarbonox.b.(Tauson) Hyd.carb.ox.b.(MSWYE+ttc)
Bhz-10 8.4 360 1 Bhz-7 0.34 74 0.79

Bacteria on R2A IPA
Mp-6 12 2372 0.99 Mp-7 0.12 10 0.79



310

Figure 5: Correlation between bacteria number (ORG = organotrophs, FO = facultative oligotrophs) and 
concentration of total hydrocarbons (x-axis: total hydrocarbons concentration, µg/l)

In groundwater, a linear dependence (usually R2 > 0.80) between the index of phosphatase activity (as a main 
indicator of pollution biodegradability) and hydrocarbon concentration was observed (Figure 6).

Figure 6: Correlation between phosphatase activity and concentration of total hydrocarbons

CONCLUSIONS
It can be concluded that the groundwater at the border area between the Ratno Ostrvo water source and 
the Novi Sad oil refinery is undergoing a process of passive bioremediation, and that the presence of 
hydrocarbons pollution in the water increases the number of bacteria - in particular, the hydrocarbon-oxidising 
bacteria, which during the degradation of hydrocarbons, creates substrate for lipolytic bacteria. Bacterial 
enzymatic activity is also increased. Bacterial growth correlates with total hydrocarbon concentration at  
concentrations < 400 µg/l (most often < 200 µg/l).
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Preservation of the Karst Aquifer System in Nepričava Area by Artificial 
Recharge from Surface Waters of the Kolubara River

B. Mijatović*,V. Tomić*

* Geological Instutute of Serbia; borismij@eunet.yu; vojatom@beotel.yu

Abstract    The groundwater source in the Nepricava area provides water supply to the cities of Lazarevac 
and Lajkovac. Twenty-five years of abstraction have caused a general drawdown in the aquifer. This fact is 
proof of over-abstraction of groundwater, which threatens the normal functioning of the water supply system. 
An effective solution to this problem would be artificial recharge of the karst aquifer system by surface 
water from the Kolubara River. The geotectonic relationships of the groundwater source are characterized 
by two dominant structures: an upfolded Middle Triassic limestone block in the Slovac area and the Neogene 
graben of Lajkovac; the karst aquifer system is developed between them and is partially covered by Neogene 
and Quaternary deposits. The concept of artificial recharge by surface water is based on realistic boundary 
conditions of the karstic terrain where the limestones and dolomites are exposed on the land surface around the 
Kolubara River and its tributaries in the Slovac karstic bank.
Keywords  artificial recharge, groundwater source, karst reservoir

BACKGROUNd OF THE NEPRICAVA GROUNdWATER SOURCE
The major reason for the hydrogeological research in the Kolubara Tertiary Basin were paleokarstic outcrops 
of Middle Triassic limestones (Figure 1), including the successful tapping of groundwater bodies in the 
Slovac-Nepricava area, to provide water supply for the cities Lazarevac and Lajkovac. However, continuous 
groundwater abstraction for 25 years at a capacity of 120-150 l/s (Figures 2, 3, and 4), caused a general 
drawdown in the aquifer system of about 50-60 m or more (Figure 2), which threatens the normal functioning 
of the water supply system.

Figure 1: Hydrogeological map with disposition of exploatation objects
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Figure 2: Evolution of piezometric levels related to total exploitation capacity in Nepricava source for pe-
riod 1981 -1993

Under such circumstances, artificial recharge of the aquifer system by surface water from the Kolubara River 
and its tributaries in the Slovac karstic bank, is the only possible and feasible solution (Castany, 1970).

Figure 3: Piezometric levels in nepricava source for period 01.02. 2001. - 18.02. 2002.
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Figure 4: Average monthly and annual capacity of Nepricava source for period 1981 - 2000.

The concept is based on the construction of 10 injection wells, ahead of which will be a presedimentation 
pond (Figure 10). This system will operate during high flows of the Kolubara River (generally the January-
May period, Figures 8 and 9 ), when high turbidity is expected. The capacity proposed for this system is 
250 l/s, twice the current capacity but lower than the inflow through the wells. As a result, the groundwater 
level will increase over time and the new drawdown level in the aquifer will be 20 – 25 m or less (Mijatović, 
Radenković, Nikolić, 2001).

Geodynamic context of the karst reservoir in the light of structural behavior. Boundary conditions
Groundwater recharge of the karst reservoir by surface water from the Kolubara River will be very efficient 
because the concentrated water flux readily infiltrates through the fractures and fissures which intersect the 
land surface of the Slovac karstic bank.

Figure 5: HG profiles across Nepricava area

This portion of the karst reservoir is open toward the karstic terrain of the Mionica region (Toplica River 
Valley), thereby allowing for significant groundwater recharge of the karst reservoir. However, between Jaz 
and Rubribreza, some landscapes, considered to be karst terrain, do not have carbonate sediments on the 
land surface and Quaternary surficial deposits overlie carbonate rocks, resulting in a “mantled” karst terrain 
(Figures 1, 5, 6 and 7) (Mijatović,1980, 1994).
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Figure 6: Schemathic display of relations between different aquifer blocks

Furthermore, a Neogene graben structure, which represents the NE-SW impervious boundary, plays an 
important role in geodynamic relationships. Consequently, the karst reservoir from the Slovac bank and the 
Nepricava mantled karst reservoir are interrupted by the Lajkovac graben structure towards the southeast. The 
karst aquifer system is developed only between the catchment area of the Slovac karstic bank and the Lajkovac 
graben structure. Because of these circumstances, artificial recharge by surface water from the Kolubara River 
is a reasonable and sustainable solution.

Geological and hydrogeological conditions
Figure 7 shows the geological and hydrogeological context of the wider area of the Nepricava source, along 
with a layout of observation and abstraction wells.

Figure 7: geological and hydrogeological context of the wider area of the Nepricava source

Stratigraphic units in the alluvial valley of the Kolubara River, its peripheral parts and its major tributaries 
in the study area (Slovac-Lajkovac) consist of Paleozoic, Mesozoic and Cenozoic (Tertiary and Quaternary ) 
rocks (Mijatović, 1980):

Paleozoic formation, represented by Devonian, Carbonian and Permian clastic sediments and Upper •
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Permian carbonate rocks;
Triassic sediments in the lower part (Lower Triassic), consisting of thin-bedded limestones, sandstones and 
clayey shales.  Middle Triassic sediments represent massive and thick-bedded limestones and dolomites, 
which also constitute the main karst aquifer system;
Neogene with Miocene (Tortonian, Sarmatian and Pannonian) and  Pliocene sediments; and
Quaternary sediments with limnic, alluvial and diluvial deposits.

Main confined water bodies are formed in Middle Triassic massive and thick-bedded limestones. Underlying 
formations and the western rim of the study area consist of impermeable Lower Triassic and Paleozoic 
formations. The elevations and the eastern rim of the study area are comprised of semi-permeable and 
impermeable Neogene sediments.

Estimated hydrodynamic parameters, hydraulic conductivity and transmissivity, based on preliminary long-
term pumping tests, vary in the range from 10-2 – 10-3 m2/s. The results of an artificial recharge test at 
well BLa-9, with simultaneous monitoring of borehole La-9 and well BLa-9/1, demonstrate that recharge is 
feasible for the catchment area of the Slovac karstic bank. The results confirm that the Slovac karstic bank is 
very well suited for an intake area.

CONCLUSION
According to the basic concept of groundwater recharge in the Slovac karstic bank, the intake of 1 m3/s of 
surface water must be distributed evenly across the system of 10 wells (100 l/s by a single well) during a  
120-day period (January to May); under such conditions, a total quantity of 10,368,000 m3 of surface water 
could be stored in the aquifer system of the Slovac karstic bank, an area with good hydrodynamic characteristics 
(transmissivity range T=10-2 – 10-3 m2/s).

•

•
•

Figure 8: River Kolubara flow rate at hydrological station Slovac near nepricava for period 1999 - 2004.
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Figure 9: River Kolubara water levels at hydrological station Slovac near nepricava for period 1999 - 2004.

At a projected rate of abstraction of 250 l/s from the Nepricava source, it is evident that groundwater discharge 
(total abstraction capacity of the aquifer system) will be less than artificial recharge and, as a result, the general 
water level will rise and the new well drawdown will generally be 20-25 m or less.

Figure 10: Schemathic sketch of the possible technical solution

Annex. Karst reservoir dimensions on the basis of exploratory boreholes (across Profiles 1 and 2) in the 
Nepricava Valley.

Figure 11: Cross-section 1 - 1’ of Nepricava groundwater source
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Figure 12: Cross-section 2 - 2’ of Nepricava groundwater source
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Impact of Contaminant Mass Reduction in Residuum Sediments on 
dissolved Concentrations in Underlying Aquifer
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Abstract    Contamination of aquifers in many cases occurs because of the downward migration of 
contaminants from the land surface through the vadose zone, including through residuum sediments in case 
of fractured or karst aquifers. It is therefore critically important to characterize and model fate and transport 
of contaminants in both the vadose zone/residuum and the underlying saturated zone as part of remedial 
design for aquifer restoration. Residuum sediments usually contain a significant fraction of clay minerals 
and fluid flow is often predominantly in vertical direction. Groundwater modeling is useful when evaluating 
alternatives of contaminant mass removal in the vadose zone/residuum and their impact on the downgradient 
dissolved concentrations in the underlying aquifer. Two case studies illustrate applicability of such modeling. 
The first study includes modeling of the expected natural longevity of a residual DNAPL mass accumulation 
in the saturated residuum, and its comparison to the effects of remedial DNAPL mass removal. The second 
study includes modeling contaminant transport from a residual DNAPL source within the vadose zone to the 
saturated zone in the residuum and the underlying bedrock aquifer.  The natural longevity of the unsaturated 
DNAPL source is modeled, focusing on resulting down-gradient concentrations in the residuum and bedrock 
aquifer.  For comparison, two remedial actions are simulated; 90% mass removal and soil flushing.
Keywords  Groundwater modeling; remediation; DNAPL, vadose zone, residuum

MOdELING REMOVAL OF RESIdUAL dNAPL IN SATURATEd RESIdUUM
Due to inevitable residuum heterogeneities caused by selective weathering of different minerals, presence 
of preserved parent-rock structures (e.g., fractures, bedding planes), and various soil-zone processes, 
characterization of the contaminant fate and transport requires substantial effort and data collection on both 
micro and macro scales. In addition to various physical and chemical parameters of the residuum, a successful 
remedial characterization must include analysis of contaminant distribution and properties in the field, and fate 
and transport modeling. 

Based on the conceptual site model of a facility (Site) with historic production of munitions constituents, 
groundwater flows from contaminated source areas in the residuum downward into the bedrock groundwater 
flow system. A predominately vertical direction of groundwater flow in the residuum is the result of higher 
values of vertical hydraulic conductivity (Kv) relative to horizontal hydraulic conductivity (Kh), and a 
significant vertical hydraulic gradient. Once in the bedrock, groundwater flows slowly through fractures in 
low to moderate hydraulic conductivity zones, but converges on high conductivity flow zone including karst 
dissolution features in the bedrock along Central Valley of the groundwater basin. The high-conductivity 
flow zone with karst features is connected to and discharges at springs located along a large perennial base 
stream. Current numerous source zones in the saturated residuum at the Site are of limited extent (shaped like 
“donuts”) and are separated by areas with low concentrations (less than 2 µg/L) of nitroaromatic explosives 
compounds (NECs). Due to production technology including overheating, the NECs, which were historically 
disposed of at the land surface in several localized areas, have migrated downward as dense non aqueous 
phase liquids (DNAPLs). Presently, several decades after disposal at the land surface, they are found at 
varying depths within the saturated residuum, in residual DNAPL zones. Dissolved concentrations indicative 
of DNAPL are present along the vertical groundwater flow path at most source locations. Dissolution of 
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the DNAPL generates dissolved concentrations that may be high enough to inhibit biodegradation along the 
predominant (vertical) flow path. Thus, natural attenuation processes may play a larger role in mitigating plume 
mobility in the horizontal direction, and these processes operate as a mass-loss mechanism. The assumption 
that biodegradation, in addition to the predominant vertical migration (Kv > Kh), is controlling lateral plume 
mobility in the residuum, is based on the following three factors: 1) lower pH and oxygen levels inside than 
outside of the “donut” plumes, 2) demonstrated presence of DNT degrading bacteria in areas of neutral pH, 
and 3) trend analysis at residuum monitoring wells outside immediate DNAPL source areas. Both concepts 
(biodegradation and strong vertical migration), as demonstrated by the numeric model and the field data, 
achieve the same outcome: plumes remain close to release areas and do not coalesce in the residuum, except 
when sources are very close to each other (Figure 1). Since there is an ongoing debate whether bedrock 
regions with confirmed high flow velocities (e.g., > 50 ft/day) can support microbial populations capable of 
effective natural attenuation, the numeric model did not simulate biodegradation in such areas. However, as 
the microorganisms responsible for NECs biodegradation are present in the residuum, it is more than likely 
that they are also present in the low flow zones in the underlying bedrock. The numeric model therefore 
utilized NECs degradation in such bedrock zones in several sensitivity runs.
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Figure 1: Numeric model setup showing “donut” plumes in the residuum and particle tracking from one of 
the source zones. Model domain of the map view is approximately 5040 by 5760 feet; thickness of the cross 
section is approximately 200 feet

Recharge rates through the residuum were estimated from the groundwater age dating using 3H/3He method and 
the Darcy’s flux analysis using field-determined hydraulic conductivities. The combination of the two methods 
yielded varying values for individual monitoring wells with the average of 5.26 inches per year (0.134 m/y), 
which is approximately 10 percent of the average annual precipitation in the area. The variability of point data 
shows that the residuum is highly heterogeneous porous medium and no attempt was made to exactly match the 
hydraulic conductivity and travel times at any particular location in the aquifer. Horizontal and vertical hydraulic 
conductivities of three residuum model layers are 0.22 feet per day and 0.4 feet per day respectively, and are 
constant throughout the model domain. These values were selected after testing a range of values to allow for 
predominantly vertical flow within the saturated residuum column and to generally match the groundwater flow 
velocities in the residuum estimated from groundwater age dating. Figure 2 shows a model cross section in one 
source zone with particle tracks and corresponding travel times. First three model layers are in the residuum, 
and layers 4 and 5 are in the bedrock. DNAPL source zone is within layer 2 of the saturated residuum.
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Figure 2: Cross-sectional view of particle tracking results for one of the DNAPL source zones. Particles are 
released at the water table (WT) and reach the source zone after 10-11 years, and the bedrock layer after 24 
years

Similarly to the residuum, but even more extreme, is the heterogeneity of the hydraulic conductivity in the 
bedrock karstic aquifer: it ranges between 0.0001 ft/day and > 1,000 ft/day as determined in the field by 
various methods. Bedrock is simulated with two layers—shallow bedrock (layer 4) and deeper bedrock 
(layer 5). Although this division is somewhat arbitrary, it is based on the available field information which 
indicates that the majority of groundwater flow in the bedrock occurs within approximately the top 30 feet of 
rock (layer 4). Consistent with an equivalent porous medium (EPM) approach, the model does not attempt 
to simulate possible presence of fractures, karst conduits and channels in the bedrock in any way. This 
simplifying assumption is the main limitation of the model. Recognizing that development of a calibrated 
and predictive groundwater model may never be feasible in a karst environment, the Site EPM model is used 
as a tool for relative comparison of remedial alternatives: the model analyses of all alternatives start with the 
same assumptions regarding the general nature of groundwater flow at the Site and the same baseline flow 
model. In addition, the model does adequately represent generalized potentiometric surfaces and the observed 
groundwater flow directions in the residuum and the bedrock. The United States Geological Survey (USGS) 
groundwater flow modeling program Modflow (Harbaugh and McDonals, 1996), and the Department of 
Defense fate and transport program MT3DMS (Zheng and Wang, 1999) were used for the modeling analyses. 
Processing of model input and output was performed with Processing Modflow ProTM (Chiang, 2005).

Simulation of dNAPL source zones
Each confirmed DNAPL zone was represented in the model with a volume of width (W), length (L), and 
depth selected to match actual field information as close as possible. DNAPL mass was estimated from the 
field sampling data. Using a fixed value of 5.26 inches for the amount of annual rainfall that infiltrates the 
subsurface and reaches the saturated zone, a volumetric flow rate was calculated to estimate the volume 
of water entering the top of the saturated zone (soil column) and the volume leaving the bottom (namely,  
Q = L x W x 5.26 in.). This approach is valid for strictly vertical flow through saturated soil (residuum) 
column, an assumption applicable to the observed field conditions.

Dissolution rate. The influence of DNAPL dissolution rate (DR) upon the reaching of equilibrium solubility 
was initially investigated by relating the Surface Area (SA) and the mass of the contaminant to calculate the 
time to reach the maximum solubility. For the analysis, the subsurface conditions assumed ideal distribution 
of residual DNAPL DNT in form of perfect spheres of uniform radius. The radius was varied for different 
cases for comparison. The total SA of the DNT was calculated as follows: 1) calculate the volume and SA of a 
sphere of chosen radius; 2) divide the total volume of DNT by the volume of an individual sphere to calculate 
the number of spheres; and, 3) multiply the number of spheres by the SA of the individual sphere of chosen 
radius. The DR is presented in terms of mass removed per unit SA and time. The time can be calculated by first 
multiplying the DR by the total SA to produce a rate of mass removed per unit time. The total mass of DNT 
is then divided by this mass removal rate to calculate the time to reach maximum solubility. Using the DR for 
TNT as a surrogate (dissolution rate for DNT was not readily available and could not be found during literature 
search), one calculates times of less than 5 days for all tested sphere sizes between 0.5 and 2 cm. This suggests 
that the scale of time for reaching maximum solubility is insignificant when compared to the residence time of 
the water passing through the zone each year. 
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Table 1  Calculation of natural DNAPL removal using assumed effective solubility of 10% (25 mg/L) and 1% 
(2.5 mg/L)

Source DNAPL   
Mass (kg)

Area 
(m2)

Annual water 
infiltration 

(liters)

Annual mass 
removed (kg)

Time to   
remove mass 

(years)

Annual mass 
removed (kg)

Time to      
remove mass 

(years)
Seff = 25 mg/L Seff = 2.5 mg/L

No. 1 80.6 363 48417 1.21 67 0.12 666
No. 2 123 3084 411745 10.29 12 1.03 119
No. 3 1096 323 43060 1.08 1018 0.11 10179

Effective residual DNAPL solubility. The annual amount of DNT leaving the zone can be estimated using the 
“effective solubility” of DNT in the subsurface, simply multiplying the annual volume leaving the zone by this 
“effective dissolution”. The maximum bulk solubility of DNT is assumed to be 250 mg/L at 22ºC (2,4-DNT 
solubility is 270 mg/L, and 2,6-DNT solubility is 208 mg/L). Solubility levels close to the maximum solubility 
can be expected at the local contact surfaces between the DNT and water. However, general subsurface 
conditions hinder the solution reaching this value in groundwater beyond the immediate contact because 
of non-ideal soil properties and flow conditions promoting inefficient contact time. To bound the system, 
one can calculate the theoretical upper-limit DNAPL mass removal time ideal case by using the maximum 
solubility; however, using an “effective solubility” of 10% and 1% is a common practice to compensate for 
the inefficient mixing and contact conditions in the subsurface. To calculate the time (in years) to remove 
all the DNT one simply divides the total mass present in the DNAPL zone by the mass removed each year 
by the newly introduced water. The time increases by an order of magnitude as the “effective solubility” is 
decreased by the same order of magnitude. Table 1 shows calculations of these removal times for the two 
different solubilities (25 mg/L and 2.5 mg/L) for several DNAPL source zones. Table 2 shows calculations for 
the dissolved concentrations of total DNT actually measured (sampled) in the saturated residuum immediately 
below the DNAPL source zones. As can be seen, these sampled concentrations are all higher than the assumed 
10% effective solubility of 25 mg/L. The corresponding times needed to completely dissolve DNAPL are 
given in the last column in Table 1 and have been used in the fate and transport model to simulate dissolution 
of DNAPL in the residuum by the newly infiltrating (percolating) water. This was accomplished by keeping 
the dissolved concentrations in the corresponding cells in the 2nd model layer (where the DNAPL source 
zones are located) constant for the period of time needed to complete dissolve DNAPL. For example, model 
cells representing the Source No.1 (first row in Table 2) had constant dissolved source concentration of total 
DNT of 43.4 mg/L for 40 years (value rounded from 38.4 years). The constant source parameter in the model 
was then turned off and the concentration in these cells was calculated by the model for the remainder of the 
modeling time (typically ending after additional 100 years).

One of the main limitations of the above-described approach to simulating dissolution of DNAPL phase in a 
single-porosity, dissolved-phase fate and transport model, is the assumption that water entering the DNAPL 
source zone continues to dissolve DNAPL at a constant rate for the entire duration of the model simulations. 
In addition, the model does not simulate numerous physical processes and porous media characteristics that 
influence transfer of DNAPL to the dissolved phase, such as the actual surface contact between DNAPL and 
groundwater, heterogeneity of the hydraulic conductivity in all three dimensions, and relationship between 
primary, secondary, matrix and effective porosities in the residuum, to name just a few. However, all remedial 
scenarios were simulated using the same “surrogate” mechanism of DNAPL dissolution, thus providing for an 
unbiased comparison of the relationship between the relative time and the dissolved concentrations at various 
locations within the model domain and at the northern Site (model) boundary.
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Table 2  Calculation of natural DNAPL removal using measured effective solubility

Source DNAPL   
Mass (kg) Area (m2)

Annual water 
infiltration 

(liters)

Measured    
Seff (mg/L)

Annual mass 
removed (kg)

Time to   
remove mass 

(years)
No. 1 80.6 363 48417 43.4 2.10 38.4
No. 2 123 3084 411745 71.0 29.23 4.2
No. 3 1096 323 43060 176.5 7.60 144.2

Modeled remedial alternatives
The main remedial scenarios modeled include: (a) 90% removal of both DNAPL and dissolved phase DNT 
everywhere in the saturated residuum, with and without biodegradation; (b) 90% removal of DNAPL coupled 
with 60% removal of the dissolved phase in the areas restricted to the confirmed DNAPL locations, with and 
without degradation; (c) Loading of dissolved DNT from the residuum sources (both DNAPL and dissolved-
phases) assuming no dissolved DNT is present in the bedrock. The percent removal of DNAPL mass was 
modeled by decreasing the time needed for natural dissolution of all residual DNAPL as discussed earlier. 
For example, 90% mass removal equates to one tenth of the original (natural) complete dissolution time. 
Additionally, sensitivity and trial runs were performed to assess impact of varying effective porosity and 
biodegradation rates in the high-conductivity zones in the bedrock. No potential DNAPL sources were modeled 
in the bedrock aquifer for the reasons of consistency when using available field information. Namely, no visual 
observations or laboratory determinations of DNAPL presence in the bedrock were made, as opposed to such 
locations in the saturated residuum. However, based on the comparably high dissolved-phase concentrations 
in the deep residuum (right above the bedrock) at locations other than the currently identified DNAPL source 
zones, and similar groundwater concentrations in the excess of 10% DNT solubility (> 25 mg/L) at several 
locations within the bedrock, it is likely that other potential sources of DNAPL exist in the residuum and 
importantly, in the bedrock as well. The impact of just one such location in the bedrock (field-observed  
concentration > 62 mg/L or >10% solubility) on the longevity of the bedrock plume appears to be equally 
significant. The percent removal of DNAPL mass was modeled by decreasing the time needed for natural 
dissolution of all residual DNAPL as discussed earlier. For example, 90% mass removal equates to one tenth 
of the original natural complete dissolution time.

A B C

>50
>100
>1000

Figure 3:  Predicted dissolved plume in the shallow bedrock. A: initial plume. B: after 100 years with natural 
dissolution of DNAPL sources in the residuum and with no biodegradation. C: after 100 years with 90% 
reduction of initial DNAPL mass in the residuum and with biodegradation. Concentrations are in micrograms 
per liter (parts per billion)
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Numeric Model Results
Figures 3 shows results of some of the modeled scenarios. Even for the most favorable option (removal of 90% 
DNAPL mass in the residuum, and the anticipated related decrease of dissolved concentrations in the residuum 
source zones by 90%), the modeled plume in the shallow bedrock persists at significant concentrations for more 
than 100 years. Impact of some of the smaller sources in the residuum decreases or goes away as all DNAPL is 
dissolved, while impact of stronger sources persists, including development of new high-concentration areas 
in the bedrock. This is mainly due to the slow constant migration of the dissolved constituents through the 
residuum, at concentrations that are still very high, even after mass reduction. In addition, some of the initial 
source zones in the residuum have dissolved concentrations of more than 100 thousands parts per billion 
(micrograms per liter).

In summary, all model runs indicate that the saturated residuum sources of DNT loading to the bedrock (both 
as currently estimated and as reduced per the simulations listed earlier) will continue to result in the shallow 
and deeper bedrock DNT concentrations leaving the site boundary at levels greater than 0.09 µg/L (current 
regulatory level) for hundreds of years. It is important to emphasize again that both the flow model and the 
fate and transport model cannot be evaluated in a “classic” manner applicable to intergrannular porous media 
because of the karstic nature of the bedrock aquifer at the site. However, given that the fate and transport runs 
do process in the same numerical flow regime, they can be used to evaluate the relative impacts of the various 
remedial scenarios.

Modeling Removal of Residual dNAPL in UNSaturated Residuum
In case of a residual DNAPL source area in the vadose zone, an integrated saturated-unsaturated model is used 
to assess the viability of remedial alternatives. Flow in variably-saturated media adds a layer of complexity 
which often causes industry practitioners to neglect vadose zone modeling altogether. Unjustifiable and 
inaccurate assumptions regarding saturated zone concentrations below the source area inevitably result from 
this exclusion. For example, modelers often assume a constant, uniform concentration to instantaneously 
result over the entire thickness of the aquifer in question. Such a methodology ignores the dependence of 
aquifer concentrations on groundwater recharge and contaminant flux from the (always heterogeneous) vadose 
zone. Furthermore, key questions regarding the longevity of the vadose zone source area usually remain 
unanswered.
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Figure 4: Comparison of modeled downgradient concentrations in the saturated zone for the three remedial 
alternatives of residual DNAPL source in the vadose zone

The public-domain computer program VS2DTI version 1.3 by the USGS (Healy, 1990; Hsieh et al., 1999) 
was used to simulate the effects of DNAPL remediation in unsaturated residuum. The two-dimensional model 
employs the van Genuchten (1980) solution of the equations for fluid flow in variably-saturated media. All 
van Genuchten flow parameters were estimated from site-specific information. The designed model domain is 
approximately 262 feet wide and 65 feet deep, with the top of the model representing the depth in the vadose 
zone at which the DNAPL source area resides. The source area occupies a 31 foot width on this boundary. 
Constant, gravity-driven drainage is assumed to occur at this depth (i.e. the vadose zone is sufficiently deep 
to create a constant-flux zone with little variance in matric head with respect to depth). Contaminant mass 
enters the model domain at an effective residual DNAPL solubility concentration of 25 mg/L for the estimated 
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duration of the source (calculated using the same methodology outlined earlier for the saturated zone model). 
The water table lies in the residuum approximately 42 feet below the source zone, and 4 feet above the bedrock 
aquifer.

To assess the impacts of the vadose zone DNAPL source area, the model was first run without any remedial 
measures. The 25 mg/L source lasts for 19.7 years, and is subsequently exposed to clean groundwater recharge. 
To simulate a 90% mass removal action, the duration of the 25 mg/L source is reduced to two years. Key to this 
model is the assumption of a constant solubilization rate independent of mass. More attention to real DNAPL 
dissolution chemistry in the field may lead to variable recharge concentrations and improved model accuracy, 
but it does not serve the proof-of-concept nature of this evaluation. The flushing alternative is modeled as a 
1000 % increase in groundwater recharge accomplished through a small infiltration basin at the ground surface 
operating for a total of ten years.

Results and Discussion
The results of each scenario are compared using average concentrations over the first 10 feet of aquifer 
thickness at a compliance distance 150 feet downgradient of the source area. As shown in Figure 4, there 
is a distinct trade-off between plume duration and intensity when comparing remedial options. The natural 
longevity, or “no action” alternative, results in a steady state concentration of approximately 740 μg/L (ppb) 
that is reached after 13 years, lasting for approximately 10 years. Concentrations remain above non-detect 
(ND) levels (> 1 ppb) until year 34, demonstrating that the aquifer is adversely impacted more than 10 
years after all DNAPL has dissolved from the vadose zone. Flushing is an attractive alternative, although it 
creates an intense pulse of contaminant that moves rapidly through the residuum and bedrock. Peak average 
concentrations at the downgradient location are much higher, reaching 5,500 ppb after 3 years of flushing. This 
high-concentration plume may impact production wells further downgradient. However, the plume is short-
lived, and concentrations approach ND levels (< 1 ppb) after only 9 years. The 90 % removal action results in 
a peak concentration just over 400 ppb after 7 years. Concentrations fall below 1 ppb after 17 years.

Natural
dissolution
13 years

Natural
dissolution
26 years

Residuum

Bedrock

WT

Mass removal
10 years

Mass removal
7 years

Flushing
1 year

Flushing
4 years

Figure 5: Comparison of modeled plumes in the vadose and saturated zones for three remedial alternatives of 
residual DNAPL source in the vadose zone. Note the influence of the capillary fringe above the water table on 
contaminant transport.
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Selecting the optimal remedial procedure requires evaluation of regulatory requirements and life-cycle costs. 
Coupled with a plume-containment and treatment mechanism (i.e. pump and treat), flushing can significantly 
reduce the time required for groundwater remediation. However, in semi-arid/arid environments, the cost of 
water may restrict the flushing option, and the containment system must be designed to account for increased 
hydraulic gradients due to the recharge mound. A 90 % removal action may be limited by the significant depth 
to the residual DNAPL source in the vadose zone. Model screen shots for the analyzed alternatives are shown 
in Figure 5.
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Abstract     This study developed a field method of single-well natural gradient drift test (SWNGDT) assessing 
in situ aerobic cometabolism of trichloroethylene (TCE) and analyzing microbial community changes. The 
SWNGDT was performed in a monitoring well installed in an aquifer that is mainly contaminated with TCE 
(~ 1.2 mg/L). One natural gradient drift biostimulation test (NGDBT) was performed by injecting 4,830-L 
groundwater containing dissolved solutes [bromide (a tracer), toluene (a growth substrate), ethylene (a non-
toxic surrogate substrate to probe for TCE transformation activity), dissolved oxygen (DO, an electron acceptor) 
and nitrate (nutrient)] into the aquifer. Temporal groundwater samples were obtained from the same well under 
natural gradient “drift” conditions. The utilization rates of toluene and DO were greater than the dilution rate 
of bromide, and production of CO2 was highly correlated with the simultaneous uptakes of toluene and DO. 
The results demonstrated the SWNGDT method is useful for assessing the biostimulation of toluene-oxidizing 
microorganisms. One natural gradient drift surrogate test (NGDST) was then performed using the same 
procedures as the biostimulation test except that test solution contained ethylene. Simultaneous utilization of 
toluene, DO and ethylene was observed with the production of ethylene oxide, a monooxygenase-catalyzed 
cometabolic by-product of ethylene transformation. In addition, cometabolic TCE transformation was indirectly 
confirmed by the retardation of a breakthrough curve for background TCE, compared to that for bromide. Push-
pull blocking test (PPBT) was performed to confirm that the monooxygenase of toluene-oxidizers that is known 
to effectively transform TCE is involved in the toluene degradation and transformation of ethylene. 2-hexyne 
is known to inactivate the toluene monooxygenase. Degradation of toluene and DO uptake were observed, 
while little transformation of ethylene and no detection of ethylene oxide were observed. These results suggest 
that the stimulated toluene-oxidizing mocroorganisms may express toluene monooxygenase that is probably 
responsible for the transformation of ethylene and TCE. The 16S rDNA sequences of approximately 200 
clones of two samples from the indigenous source amplified using universal primers were screened for unique 
sequences based on the restriction fragment length polymorphism (RFLP) patterns observed by restriction 
digest. The neighbour joining dendogram showing phylogenetic relationships was drawn with these sequences 
and 16S rDNA sequences of known microorganisms that is capable of aerobically cometabolizing TCE. This 
analysis indicates that: (1) the microbial community shifts; and (2) microbes capable of transforming TCE 
are stimulated after injecting test solution containing toluene. Evidences that toluene and oxygen additions in 
these field tests stimulated indigenous toluene-utilizers with having ability to aerobically cometabolize TCE 
are: (1) the observed simultaneous utilization of toluene and DO; (2) the transformation of ethylene to ethylene 
oxide; and (3) the transformation of TCE. The simple, low-cost SWNGDT provides an effective method for 
conducting rapid field assessments and pilot testing of aerobic cometabolism, and evaluating the microbial 
community change during in situ bioremediation of a TCE-contaminated aquifer.
Keywords  single well natural gradient drift test, TCE, toluene, aerobic cometabolism, 2-hexyne, in situ zero-
order degradation rates, RFLP

INTROdUCTION
In previous studies performed at the former McClellan AFB, single well push-pull test (SWPPT) was developed 
and adapted to evaluate in situ aerobic cometabolism of trichloroethylene (TCE) using propane as a growth 
substrate (Kim et al., 2004, 2006). Transformation of cis-1,2-dichloroethylene (c-DCE) was confirmed from 
the results of a series of SWPPTs, while significant TCE transformation was not detected. The results are 
consistent with microcosm laboratory tests using groundwater and soil cores from the former McClellan AFB 
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that showed c-DCE was cometabolized more rapidly than TCE (Timmins et al., 2001) by propane-grown 
microorganisms. Results of a large scale propane cometabolic sparging demonstration conducted at the same 
test site (Tovanabootr et al., 2001; Connon et al., 2005) also showed that c-DCE was transformed at a faster 
rate than TCE. Thus, field results from SWPPTs were consistent with both the microcosm and sparging tests. 
If TCE transformation was occurring it was likely at a rate that could not be detected during the time scale 
of the SWPPTs with a reaction period of less than 24-h. To overcome the limitations of SWPPT method, this 
study adapts the single-well natural gradient drift test (SWNGDT) under natural gradient conditions that may 
allow us to increase a reaction period and confirm TCE transformation.
This study develops and evaluates the method of SWNGDT for use in conducting rapid, low-cost feasibility 
assessments for in situ enhanced aerobic cometabolism of TCE, and analyses the indigenous microbial 
community changes during the field test.
For each SWNGDT, a prepared solution containing a tracer (bromide), dissolved oxygen, a growth substrate 
(toluene), and a surrogate probing for TCE-degradation activity (ethylene) was injected into an existing 
monitoring well and allowed to drift down gradient with regional groundwater flow. By monitoring the 
composition of the test solution/groundwater mixture in the same well over time it was possible to detect 
substrate utilization and contaminant transformation under defined conditions.

MATERIALS ANd METHOdS

Site description
Field tests were performed in Wonju, Korea. The aquifer consists primarily of alluvial deposits, and is 
unconfined with a water table depth ranging from 5 to 6 m below ground surface. The aquifer at this site is 
mainly contaminated with TCE (920 – 1200 µg/L), and is aerobic (~ 5 mg/L dissolved oxygen). The tests were 
conducted in a monitoring well constructed of 7.6 cm polyvinyl chloride casing with a 6-m long screen.

Field tests
Single well push-pull transport test (PPTT) was conducted in a monitoring well. The test was followed by 
one single well natural gradient drift biostimulation test (NGDBT), and one single-well natural gradient drift 
surrogate test (NGDST), and one single well push-pull blocking test (PPBT). Field equipment consisted of two 
carboys (800 L and 20 L) to prepare test solutions, two peristaltic pumps to inject the prepared test solutions 
into the well, and a submersible pump to extract groundwater from the same well. Site groundwater was used 
to prepare two solutions: 1) one test solution with known concentrations of bromide (KBr, Spectrum Chemical 
Mfg. Corp. Gardena, CA, USA) to serve as a nonreactive tracer, nitrate (NaNO3, Mallinckrodt Chemical, Inc. 
Paris, KY, USA) as a nutrient, and oxygen as an electron acceptor; and 2) another test solution with known 
concentrations of toluene, ethylene, and/or 2-hexyne [toluene (>99%), ethylene (>99%), 2-hexyne (99%)] 
to probe for microbial activity. The contents of the two carboys were combined to obtain the desired solute 
concentrations using calibrated two peristaltic pumps, and injected into the well. The composition of the test 
solution was monitored during the injection phase by collecting samples from a sampling valve.

Table 1  Injected and extracted volume and concentrations of injected solutes during the tests (average 
concentration ± 95% confidence interval)

Test type Injected 
vol. (L)

Extracted 
vol. (L)

Toluene 
(mg/L)

Ethylene 
(mg/L) DO (mg/L) Nitrate  

(mg N/L)
Bromide 
(mg/L)

PPTT 280 570 4.4 ± 0.3 0.54 ± 0.02 31 ± 0.78 12 ± 0.31 77 ± 3.9
NGDBT 4,830 84 7.8 ± 0.8 aN.I. 37 ± 2.9 13 ± 0.79 85 ± 4.3
NGDST 890 36 8.2 ± 0.5 6.1 ± 0.7 37 ± 2.7 7.4 ± 0.44 98 ± 3.0
PPBT 429 800 4.4 ± 0.3 4.0 ± 0.5 39 ± 0.7 14 ± 0.5 121 ± 4.3

aN.I indicates not injected
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PPTT (push-pull transport test)
One PPTT was conducted to compare the relative mobility of toluene, dissolved ethylene, DO, bromide, and 
nitrate in the aquifer prior to subsequent tests. Two hundred eighty liters of test solution (Table 1) were injected 
at 2 L/min (push). After a 1-hr rest phase with no pumping (rest), the test solution/ground water mixture was 
extracted from the same well at a rate of 2.5 L/min (pull). Samples collected during the extraction phase were 
analyzed and used to prepare breakthrough curves for each injected solute. Detailed procedures for the PPTT 
are presented in the previous study (Kim et al., 2004, 2006).

NGdBT (natural gradient drift biostimulation test) 
During the biostimulation test, one addition of toluene and oxygen were performed in the monitoring well 
to stimulate the activity of indigenous toluene-oxidizing bacteria. Test solutions were prepared and injected 
as described above, and contained known concentrations of bromide, toluene, oxygen, and nitrate (Table 1). 
Periodic sampling of the test solution/groundwater mixture was used to evaluate toluene and oxygen utilization 
and the transformation of TCE.

NGdST (natural gradient drift surrogate test)
The NGDST was conducted using the same procedures as NGDBT, except that dissolved ethylene was included 
in the test solution injected (Table 1).

PPBT (push-pull blocking test)
The PPBT was conducted using the same procedures as PPTT, except that dissolved 2-hexyne (99%, Sigma-
Aldrich Co., Milwaukee, WI, USA) was included in the injected test solution to evaluate the effect of 2-hexyne 
on the activity of toluene-oxidizing microbes to degrade toluene and ethylene (Table 1).

dNA extraction from groundwater
Genomic DNA extractions from groundwater before and after the experiment from a TCE contaminated site 
were performed using a modification of the method of Lee et al. (1996).  The modified step involved extraction 
of the lysate with an equal volume of phenol–chloroform–isoamyl alcohol (25:24:1) and chloroform–isoamyl 
alcohol (24:1). The quality of extracted DNA was checked by standard agarose electrophoresis. DNA 
concentrations were measured by absorbance at 260 nm.

dNA preparation, sequencing and analysis of 16S rdNA sequence data 
Amplifications of 16S rDNA from indigenous chromosomal DNA were carried out in a DNA thermal cycler 
model 480 (Perkin-Elmer, Norwalk, CT, USA) with universal bacterial primers, 27F (5’-AGAGTTTGATCMTG 
CTCAG-3’) and 1492R (5’-GGTTACCTTTGTTACGACTT-3’) (Brosius et al., 1978). The PCR amplification 
program consisted of an initial 4-min denaturation step at 94°C followed by 30 cycles of 94°C for 1 min, 57°C 
for 1 min and 72°C for 1 min; and a final 8-min extension step at 72°C. The PCR products were purified with 
a QIAquick PCR purification kit (Qiagen, Germany), cloned into pGEM-T Easy vector system according to 
the manufacturer’s instruction (Promega, Madison, WI, USA). Clones containing appropriate-sized inserts 
were identified by agarose gel (1 %) electrophoresis of PCR products obtained from host lysates with primers 
complementary to the vector’s flanking insertion sites. Unique clones were identified by restriction fragment 
length polymorphism (RFLP) analysis of the insert (Braker et al., 2000).  The nucleotide sequences of the 
cloned products were determined from plasmid DNA preparations using the ABI Prism BigDye Terminator 
Cycle Sequencing Ready Reaction kit (Perkin-Elmer, Norwalk, CT, USA) and ABI310 Sequencer (Applied 
Biosystems, Foster City, CA, USA) according to the manufacturer’s instructions. Vector primers T7 and 
SP6 were used for the sequencing reactions. Sequences obtained from 16S rDNA libraries were checked for 
chimeras with the CHECK-CHIMERA software of the Ribosomal Database Project (Maidak et al., 1999) and 
compared to the GenBank database by the BLAST and FASTA programs (Wisconsin Package version 9.1 of 
the Genetics Computer Group). 
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RESULTS ANd dISCUSSIONS

PPTT
To evaluate relative mobility of the solutes used in this study, one PPTT was conducted and the results of the 
test are presented in Figure 1. Extraction phase breakthrough curves for all injected solutes were similar during 
the tests indicating conservative transport of all injected solutes prior to biostimulation test. Mass balance 
calculations were performed by integrating measured solute concentrations and injection and extraction 
volumes (Istok et al., 1997).  Mass balance showed approximately 98% of the injected bromide was recovered, 
and the recoveries of other solutes were comparable to bromide. The transport tests showed that bromide could 
be used as a conservative tracer for biological activity tests, and that little loss of the substrates occurred prior 
to biostimulation of the aquifer.

Figure 1: Dilution-adjusted concentrations of the solutes during the extraction phase of the transport test

NGdBT
One NGDBT was performed to stimulate indigenous toluene-utilizers. Dilution-adjusted concentrations of 
bromide decreased after addition as the injected test solution gradually drifted down gradient with the regional 
groundwater flow (Figure 2). Identical dilution behaviour of nitrate was also observed. Dilution-adjusted 
concentrations of toluene and oxygen decreased more rapidly than bromide. Within 2 days after the test solution 
injection, carbon dioxide concentration rapidly increased by a factor of 3, compared to the injected average 
concentration of carbon dioxide (12 ± 2.7 mg/L), and its production was highly correlated with simultaneous 
decrease of both toluene and oxygen concentrations. These results suggest that indigenous toluene-utilizers be 
stimulated by addition of toluene and oxygen.
It is of interest to evaluate if the toluene-utilizers stimulated have ability to cometabolize TCE. Values for 
1-C* were used to detect transformation of TCE (Figure 3). This calculation is performed to facilitate the 
comparison of bromide and TCE breakthrough curves. Without transformation of TCE, the breakthrough 
curve for TCE under natural gradient conditions should be identical with that for bromide. With transformation 
of the TCE, breakthrough curve for the TCE should be retarded, compared with that for bromide. Values for  
1-C* for bromide and nitrate were very similar, suggesting that nitrate consumption be minimal.  Rapid increase 
of values for 1-C* for both toluene and oxygen to 1 indicates that significant degradation of both toluene and 
oxygen occurred over the period of two days after injection. Values for 1-C* for TCE were substantially 
smaller than those for bromide (Figure 3), indicating that TCE may be cometabolically transformed by toluene-
oxidizers stimulated.    
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Figure 2: Dilution-adjusted concentrations of toluene, DO, nitrate, and bromide and carbon dioxide 
concentrations over the period of the natural gradient drift biostimulation test

Figure 3: 1-C* values for toluene, DO, nitrate, bromide and TCE over the period of the natural gradient drift 
biostimulation test

NGdST
After in situ toluene utilization had been stimulated, one NGDST was performed to evaluate if toluene 
monooxygenase expressed by toluene-oxidizing bacteria is involved in the transformation of TCE. Toluene 
monooxygenase is known to have higher capacity to transform TCE than toluene dioxygenase (Semprini, 
1997), thus it would be of interest to assess if the stimulated toluene-utilizers express toluene monooxygenase. 
Ethylene was used as a surrogate. Ethylene is known to be transformed to produce ethylene oxide by toluene 
monooxygenase that transforms TCE (Yeager et al., 2002). Toluene utilization, ethylene transformation, and 
oxygen uptake occurred simultaneously without any significant lag period (data not presented). Only trace 
concentrations of ethylene oxide were detected, and its production was highly correlated with the decrease of 
ethylene concentration. These results suggest that the stimulated toluene-utilizers have ability to cometabolize 
ethylene and the toluene-utilizers stimulated probably express a toluene monooxygenase that may involve in 
the transformation of TCE.
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PPBT
PPBT was performed to confirm that the monooxygenase of toluene-oxidizers stimulated is involved in the 
toluene degradation and transformation of ethylene. 2-hexyne is known to inactivate the toluene monooxygenase 
that initiates toluene degradation and ethylene transformation. Degradation of toluene and DO uptake were 
observed, while little transformation of ethylene and no detection of ethylene oxide were observed.
Based on the mass balance on the solutes, zero-order reaction rates for toluene degradation and ethylene 
transformation in the presence of 2-hexyne were 3.0 μmol/L/hr and 3.3 μmol/L/hr, respectively. In the presence 
of 2-hexyne the rates of toluene degradation and ethylene transformation decreased by a factor of 0.77 and 
0.35, respectively, compared with those in the absence of 2-hexyne (data not shown). Consequently, 2-hexyne 
more greatly affects on the transformation of ethylene than toluene degradation. These results suggest that 
the stimulated toluene-oxidizing mocroorganisms express not only toluene monooxygenase but also the other 
enzymes such as toluene dioxygenase.

RFLP and phylogenetic analysis
In order to specifically identify the important RFLP band profiles before and after the NGDBT, the 16S rDNA 
sequences (about 1500bp) were analyzed by using Blast of GenBank database. Six unique RFLP patterns 
were found in the site clone libraries before conducting the NGDBT, and they belong to 2 recognized phyla:  
β–Proteobacteria, uncultured bacteria. In the site clone libraries after conducting the test, 5 unique RFLP 
patterns were found, and they belong to 3 recognized phyla: β–Proteobacteria, δ–Proteobacteria, and  
α–Proteobacteria. These results suggest that the microbial community in the aquifer be shifted by the injection 
of dissolved toluene and DO into the aquifer.
The closest cultured relatives of the indigenous microbial community before conducting the NGDBT were 
mainly uncultured bacteria, which were frequently detected in PCE or TCE contaminated sites yet have not 
found their explicit functional explanations. Following the stimulation of the indigenous toluene-oxidizing 
microorganisms, Pseudomonas putida strain MM1 (mono or dioxygenase) that is the same strain as a well-
known denitrifier as well as uncultured bacteria that were frequently found in PCE or TCE contaminated sites 
was the closest match with the 16S rDNA sequences of group. Thus it is plausible that the change in the microbial 
community might be attributed to TCE transformation through single-well natural gradient drift tests.

CONCLUSION
This study demonstrated that single-well, “Drift” tests under natural gradient conditions can be used to assess 
the potential for stimulating in situ aerobic cometabolism of TCE using existing monitoring wells. Evidences 
that toluene and oxygen additions in these field tests stimulated indigenous toluene-utilizers with having ability 
to aerobically cometabolize TCE are:(1) the observed simultaneous utilization of toluene and oxygen during 
the biostimulation period, (2) the observed production of carbon dioxide with being very highly correlated 
with simultaneous utilization of toluene and oxygen, (3) the transformation of ethylene to ethylene oxide 
during the surrogate test, and (4) the transformation of TCE during the biostimulation test.
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the Feasibility for In Situ Bioremediation of a Petroleum Hydrocarbon-
Contaminated Fractured-Rock Aquifer

N. H. Kim*, K. P. Hong*, E. J. Kim**, B. H. Son***, S. Y. Kwon***, H. W. Park****,  
S. O. Ko*****, S. J. Choi******, Y. Kim*

*  Dept. of Environmental Engineering, Korea University, Korea
**  Gyeonggi-do Office, Korea Rural Community & Agriculture Corporation, Korea
***  Dept. of Environmental Health, Korea National Open University, Korea
****  Greentech Environmental Consulting Co. Ltd., Korea
***** Dept. of Civil and Environmental Engineering, Kyunghee University, Korea
****** Prevention & Reclamation Mine Hazard Division, Mine Reclamation Corp.,  
  Korea

Abstract    In situ single well push-pull tests (SWPPTs) and well-to-well natural gradient drift tests (WWNGDTs) 
were conducted to evaluate the feasibility for in situ bioremediation of a petroleum hydrocarbon-contaminated 
fractured rock aquifer. SWPPT was conducted at four monitoring wells (BH-1, 2, 4, and 8) in order to determine 
the degradation rates of both electron acceptor and petroleum hydrocarbon through aerobic respiration and 
denitrification. Aerobic degradation rate was determined in the shallow test intervals of each monitoring well, 
while the rate of denitrification was evaluated in the deep test intervals of the wells. The method consists of the 
controlled injection of a prepared test solution (“push”) into an aquifer followed by the extraction of the test 
solution/ground water mixture (“pull”) from the same location. The injected test solution consists of ground 
water containing a nonreactive tracer (bromide) and biologically reactive solutes (dissolved oxygen or nitrate). 
The results showed that denitrification activity was higher than aerobic degradation activity. The range of 
denitrification rate was 0.11 ~ 0.23 mmol/L/hr, and the range of petroleum hydrocarbon degradation rate through 
denitrification was 0.011 ~ 0.019 mmol/L/hr. Two WWNGDTs were conducted at two monitoring wells, BH-4 
and BH-8. 1200-L of test solution containing tracer (bromide) and nitrate was injected into the BH-8 well. The 
concentrations of the solutes injected and biodegradation by-products such as nitrite, nitrous oxide, and carbon 
dioxide were monitored at BH-4 and BH-8 wells. During the tests we observed several results confirming the 
stimulation of biological heterotrophic denitrification of nitrate at both wells:1) production of denitrification 
by-products, nitrite and nitrous oxide; 2) production of carbon dioxide resulting in higher carbon dioxide 
concentration at BH-4 than background concentration; and 3) lower normalized concentration of nitrate than 
bromide at both BH-4 and BH-8. These results suggest that in situ bioremediation technology injecting nitrate 
be feasible to remediate a petroleum-contaminated fractured-rock aquifer, and special variability in in-situ 
aerobic respiration and denitrification rates in a petroleum hydrocarbon-contaminated fractured-rock aquifer 
were successfully estimated by adapting a single well push-pull test method.
Keywords  single well push-pull test, well-to-well drift test, fractured rock aquifer, petroleum hydrocarbon, 
biological denitrification, in situ zero-order degradation rates

INTROdUCTION
Push-pull tests have been previously used to obtain quantitative information on a variety of physical, chemical, 
and microbiological aquifer characteristics (Istok et al., 1997; Schroth et al., 1998; Istok et al., 1999; Schroth 
et al., 2001; Hageman et al., 2001, Kim et al., 2004, 2006). In an alluvial aquifer many studies showed that 
push-pull tests well-to-well drift tests are suitable for evaluating the feasibility for in situ bioremediation of a 
variety of contaminants. In this study, to evaluate the feasibility for in situ bioremediation of BTEX- and total 
petroleum hydrocarbon (TPH)-contaminated fractured rock formation, we adapted the push-pull test method 
and well-to-well drift test method. It would be of interest if both methods would be useful for fractured rock 
formation where fractures are randomly distributed. 
The objectives of this study are: 1) evaluate the feasibility of a push-pull test method for a contaminated 
fractured rock aquifer; and 2) estimate in situ degradation rates of BTEX or TPH through aerobic respiration 
and denitrification. 
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MATERIALS ANd METHOdS

Site Characterization
This study was conducted in the area near the U.S. Army Base gas station in Seoul, Korea. The surface soil lies 
with 2 to 5 m in depth, overlying a thin layer of weathered zone of bedrock. Biotite gneiss presents as bedrock 
in the area. Geological structure, in general, shows foliations and joints at the site.
After installing eight monitoring wells at the site, fracture analysis was performed through optical televiewer 
survey in the wells. The results shows that the main trend of fractures has a strike of N52°E dipping 30°SE. 
Average hydraulic conductivity of the aquifer was approximately 10-4 cm/sec. Four monitoring wells were 
used for this study, and the characteristics of an aquifer and the degree of contamination are shown in Table 1. 
Two separated inflatable rubber packers were used to isolate 1 m long test intervals within the fractured 
portion of the wells presented in Table 1. 

Table 1  Characteristics of an aquifer tested and the degree of BTEX and TPH contamination

Well Fracture 
depth (m)

Fracture 
thickness (mm)

Lugeon (L/m/
min) k (cm/sec) Maximum  BTEX 

conc. (mg/L)
Maximum TPH 

conc. (mg/L)
Well depth 

(m)

BH-1
13.6~13.7 3.0 2.2 2.81x10-5

8.1 6.2 29.7 
18.6~18.9 18 0.2 3.50 x10-6

BH-2
14.2~14.6 34 5.0 3.51 x10-5

17.5 15.6 29.6 
25.0~30.0 ~ 1.5 5.3 5.22 x10-5

BH-4
12.0~17.0 ~ 1.5 28.2 3.64 x10-4

6.8 42.8 25
23.6~24.2 48 23.5 3.24 x10-4

BH-8
13.0~18.0 ~ 1.5 3.7 6.23 x10-5

9.6 5.8 39.8
26.1~26.2 1.8 9.8 1.64 x10-5

Push-pull tests 
A push-pull test consists of the controlled injection (“push”) of a prepared test solution into an aquifer 
followed by the extraction (“pull”) of the test solution/groundwater mixture from the same location. The 
injected test solution consists of water containing bromide as a tracer (i.e., nonreactive) and DO or nitrate as 
an electron acceptor (i.e., reactive solutes) for the degradation of BTEX or TPH. Tests were performed at four 
monitoring wells (BH-1, 2, 4, and 8) and two test intervals (shallow and deep) of each well. In the shallow 
test intervals, aerobic respiration of BTEX or TPH by injecting a test solution containing DO into a shallow 
aquifer was evaluated, and in the deep test intervals, BTEX or TPH degradation through denitrification by 
injecting nitrate-dissolved test solution into a deep aquifer was evaluated (Table 1 and 2). During the injection 
phase, the test solution is injected into the aquifer. During the extraction phase, flow is reversed and the test 
solution/groundwater mixture is pumped from the same location and concentrations of tracer, reactive solutes, 
and possible reaction products such as CO2, nitrite and nitrous oxide are measured as a function of time. Tracer 
concentrations are used to adjust concentrations of reactive solutes and reaction products for dilution. Detailed 
information for push-pull tests are presented in Table 2.

Table 2  Test solution volume injected and extracted, composition of test solution, and mean residence time 
of test solution in the aquifer

Well 
tested Microbial process

Test solution 
vol. injected 

(L)

Solution vol. 
extracted (L)

DO 
concentration

(mg/L)

Nitrate 
concentration

(mg N/L)

Bromide 
concentration

(mg/L)

bResidence 
time

(t*, hr)

BH-1
aerobic respiration 98.8 211 34 ± 3.3 - 117 ± 5.1 5.1

denitrification 99.4 211 - 35 ± 2.1 102 ± 4.2 6.2

BH-2
aerobic respiration 98.8 211 30 ± 4.6 - 108 ± 1.8 5.2

denitrification 99.4 211 - 38 ± 2.1 104 ± 5.5 4.1

BH-4
aerobic respiration 98.8 211 21 ± 4.9 - 109 ± 0.3 5.9

denitrification 99.4 211 - 33 ± 1.0 100 ± 3.3 5.1

BH-8
aaerobic respiration - - - - - -

denitrification 98.4 211 - 32 ± 0.4 99 ± 1.6 5.3
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a Push-pull test for evaluating aerobic respiration at a BH-4 monitoring well was not performed, since a lot of 
reddish precipitates were produced after ground water obtained from the well being purged with pure oxygen gas. 
b t* is the mean residence time defined as the elapsed time from the midpoint of the injection phase to the 
centroid of the conservative tracer breakthrough curve during the extraction phase.

Well-to-well drift tests
A well-to-well drift test consists of the controlled injection of a 1200-L prepared test solution into an aquifer 
followed by temporal sampling of the test solution/groundwater mixture from the same location and from 
a monitoring well placed down gradient. The composition of injected test solution is the same as that for 
push-pull tests shown in Table 2 except that nitrate and bromide concentration were by a factor of 5 and 10, 
respectively, greater than those for the push-pull tests.

Data analysis
Mass balance calculations were performed by integrating measured solute concentrations and injection and 
extraction volumes. For plotting purposes, normalized concentrations, C*, were computed using

C* = [(C – CBG) / (Co – CBG)]          (1)

where C is a measured concentration in an extraction sample, Co is average injected concentration, and CBG 
is the background (pre-injection) concentration of the same solute. Overall zero-order reaction rates (r) for 
injected solutes were calculated using the method of Istok et al. (1997):

r =   
Minj – {Mext/Rtracer}

  _____________ (Vinj)(t*)               (2)

where Minj is total mass of solute injected, Mext is the total mass of the solute extracted or produced in the aquifer 
and extracted, Vinj is volume of injected test solution (L), Rtracer is the mass recovery fraction of the conservative 
tracer (extracted tracer mass divided by injected mass) and t* is the mean residence time defined as the elapsed 
time from the midpoint of the injection phase to the centroid of the conservative tracer breakthrough curve 
during the extraction phase. Additional details of this calculation are provided by Istok et al. (1997) and 
Haggerty et al. (1998).

RESULTS ANd dISCUSSIONS

Push-pull tests
Three tests for evaluating aerobic respiration and four tests for evaluating denitrification were performed 
at the monitorings, BH-1, 2, 4, and 8. Figure 1 shows one of the denitrification-experiment results obtained 
from a BH-1 monitoring well in the deep test interval. During the extraction phase normalized concentration 
for nitrate more rapidly decreased than for bromide, and the production of denitrification by-product, nitrous 
oxide, was observed. These results suggest that nitrate was biologically degraded. Among three monitoring 
wells tested aerobic respiration activity was observed from one monitoring well, BH-2, while denitrification 
activity was observed from all four monitoring wells. Thus it is plausible that biological denitrification activity 
is greater than aerobic repiration at the site tested.  
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Figure 1: Normalized concentration of bromide and nitrate, carbon dioxide (A), and nitrous oxide concentration 
during the extraction phase at a BH-1 monitoring well

Based on mass balance on DO, nitrate, and bromide, zero-order degradation rates for aerobic respiration (DO) 
and denitrification (nitrate) were estimated using equation 2 (Table 3). The range of denitrification rate was 
0.04 ~ 0.23 mmol/L/hr. The rate is by a factor of 2.5 to 5 greater than aerobic degradation rate observed from 
BH-2.

Table 3  Mass injected and extracted, mass recovery percentage, and zero-order uptake rate for DO and nitrate 
Well Microbial Process Parameter DO or Nitrate Bromide

BH-1
aerobic respiration

% recovery 80.4 73.4
rate (mmol/L/hr) ~ 0.00 -

denitrification
% recovery 53.2 72.1

rate (mmol/L/hr) 0.11 -

BH-2
aerobic respiration

% recovery 50.2 62.8
rate (mmol/L/hr) 0.04 -

denitrification
% recovery 15.0 12.7

rate (mmol/L/hr) ~ 0.00 -

BH-4 denitrification
% recovery 35.8 51.1

rate (mmol/L/hr) 0.14 -

BH-8
aerobic respiration

% recovery 68.4 56.6
rate (mmol/L/hr) ~ 0.00 -

denitrification
% recovery 19.3 40.8

rate (mmol/L/hr) 0.23 -

It is of interest to estimate petroleum hydrocarbon degradation rate. We correlated the electron acceptor (DO 
and nitrate) degradation rates with hydrocarbon degradation rates using theoretical stoichiometry ratios between 
electron acceptor and electron donor (Table 4). Model compound for the calculation was selected based on BTEX 
and TPH concentration at each well. If BTEX concentration is greater than TPH, one of the BTEX compounds 
showing the greatest concentration was selected. If TPH is greater, decane showing the greatest concentration 
in the LNAPL was selected. The range of hydrocarbon degradation rate was 0.011~0.019 mmol/L/hr.

Table 4  Stoichiometry zero-order uptake rate for model hydrocarbon estimated from the rates for DO or nitrate

Well Model 
compound

Stoichiometry ratio  
(mmol /mole O2 or NO3--N)

caerobic process  
(mmol/L/hr)

dDenitrification process 
(mmol/L/hr)

DO Hydrocarbon Nitarte Hydrocarbon
BH-1 Toluene a0.11 b0.14 ~ 0.00 ~ 0.00 0.11 0.015
BH-2 Decane a0.07 b0.08 0.04 0.003 ~ 0.00 ~ 0.00
BH-4 Decane a0.07 b0.08 - - 0.14 0.011
BH-8 Decane a0.07 b0.08 ~ 0.00 ~ 0.00 0.23 0.019



341

a mmol hydrocarbon/mole O2; 
b mmol hydrocarbon/NO3--N; 
c,d We assume that all DO or nitrate are consumed for the biological degradation of hydrocarbon.

Well-to-well drift tests
Single-well push-pull tests allow us to estimate activity in a small area ranging from 0.30 to 0.50 m radius 
from a well. So it would be of interest to evaluate biological activity in a wider range of area, since fractures 
are randomly present in the rock formation. Two wells (BH-4 and BH-8) apart 8 m were used for well-to-well 
drift tests. In our previous study of site characterization, ground water flows from BH-8 to BH-4 monitoring 
well. So test solution was injected into BH-8, and temporal ground water sampling was then taken from BH-8 
and BH-4 under natural gradient conditions.
At the injection well (BH-8), normalized concentrations of bromide and nitrate similarly decreased during 
the first one day, and nitrate concentration more rapidly decreased after 2 days of injection (Figure 2A). After 
1 day of injection denitrification by-products, nitrite and nitrous oxide were observed (Figure 2B). These 
results suggest that denitrifying microorganisms successfully be stimulated by injecting nitrate-dissolved test 
solution.

Figure 2: Temporal concentrations for nitrate, bromide (A), carbon dioxide, or denitrification by-products (B) 
at BH-8

At the monitoring well of BH-4 breakthrough curve patterns for bromide and nitrate were similar (Figure 2C), 
but normalized concentrations for bromide were grater than nitrate, and the difference between the normalized 
concentrations for two compounds increased as time proceeded. In addition nitrite and nitrous oxide were 
detected after 1 and 3 days of injection, respectively. These results suggest that well-to-well test also showed 
biological denitrification of nitrate.

Figure 3: Temporal concentrations for nitrate, bromide (A), carbon dioxide, or denitrification by-products (B) 
at the BH-4.
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CONCLUSION
Special variability in in-situ aerobic respiration and denitrification rates in a petroleum hydrocarbon-
contaminated fractured-rock aquifer were successfully estimated by adapting both single well push-pull test 
and well-to-well drift test.
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ABSTRACT
Toxic substances present in soil and groundwater at contaminated sites represent sources of continuing threats 
to water quality in aquifers used as a source of municipal water supply. In the US, the dominant remedial 
strategy at many contaminated sites has included the use of so-called “pump and treat” technologies. For 
the past decade, it has been clearly demonstrated, however, that this technology, while capable of hydraulic 
containment of groundwater contaminants, is not capable of achieving drinking water standards at many sites, 
particularly those sites impacted by organic liquids such as trichloroethylene (TCE) or perchloroethylene 
(PCE). The organic liquids, knows as dense non-aqueous phase liquids (DNAPLs), are extremely difficult 
to locate and remediate once released to the subsurface. In addition to water quality threats from DNAPL 
sites, other contaminants associated with petroleum releases from underground storage tanks, such as methyl-
tertiary butyl ether (MTBE),  and those associated with rocket fuel and fireworks production (e.g., perchlorate) 
also represent on-going threats to groundwater supplies due to their resistance to biological degradation in 
groundwater.  

One of the major challenges facing those responsible for these contaminated sites is deciding the level of effort 
that should be invested in removing the source(s) of these contaminants. While hydraulic containment, or 
containment through the use of permeable reactive barriers may be effective at protecting groundwater quality 
at the point of abstraction for a water supply, long term effectiveness is uncertain, and thus, these sources 
represent a long term risk to water quality. Furthermore, in certain geologic settings, (karst systems, fractured 
rock, deep alluvial systems), sufficient removal by existing technologies to meet drinking water standards is 
often not technically feasible. 

This paper will illustrate, through several case studies in the US, the technical and institutional challenges 
faced by parties responsible for site contamination and the managers of groundwater municipal water sources 
in finding an optimum balance between source removal, containment, and design of groundwater treatment 
systems in vulnerable groundwater basins. 
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Abstract    Phenols are especially suitable for defining the mechanism of their degradation in groundwater. 
Phenols, for the most part, do not sorb on clastic aquifer material. This allows for a comparison of their relative 
concentrations in groundwater to the concentrations of a tracer, and leads to conclusions which can be drawn 
about the kinetics of phenol degradation. We have had an opportunity to monitor, in detail, the degradation 
of phenols at three locations. All three cases involved gravelly and sandy aquifers and aerobic conditions. A 
summary of the analytical methods applied, and basic results obtained. This paper presents a short overview 
of the flow and results of the monitoring and five tests which were conducted at three locations over a period 
of several years. We believe that the results are indicative of the behavior of phenols in aerobic intergranular 
aquifers.
Keywords  aquifer, phenol, biodegradation, bio-oxidation, degradation, sorption. 

BASIC FEATURES OF THE MONITORING ANd “IN SITU” TESTS 

Phenol bio-oxidation pathways under aerobic conditions 
It is well-known that phenols degrade rapidly in surface water, under appropriate conditions (Borighem et al., 
1979, Kostyaev, 1975). Furthermore, their degradability in groundwater has been cited (Bekins et al., 1993, 
Dimkić et al., 2003, Nielsen, 1994, Thornton, et al, 2001).

Hydrocarbon degradation processes favor aerobic conditions. As a rule, bio-oxidation and degradation 
processes strive to deliver their end products, CO2 and H2O. Figure 1 shows the initial stage of biochemical 
phenol degradation. 

Figure 1: Initial bio-oxidation phase in which the phenol ring is opened

The basic prerequisites for such degradation of phenols are aerobic conditions and the presence of phenol-
active micro-organisms. 
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Overview of basic monitoring and test features, applied analytical methods and results
The locations where the investigations were conducted are shown in Figure 2. Location 1 included a protection 
system against a D-2 diesel oil spill, in the immediate vicinity of the source of water supply for the City of 
Požega, Serbia. The oil spill occurred when a train derailed. A portion of the protection system was comprised 
of infiltration basins into which river water was injected (Fig. 3). It acted as a hydraulic barrier and did not 
permit pollution of the groundwater source by dissolved oil. Phenols were one of the quality parameters which 
were monitored. The effectiveness of the system was monitored over a period of six years. (1984-1989), [11]. 

Figure 2: Global position of artificial infiltration groundwater sources in Pozega, Niš and Kraljevo (Serbia)

Location 2 was the source of water supply for the City of Kraljevo. This groundwater source is found in 
alluvial sediments of the Ibar River. In 1986 and 1987, frequent pollution accidents contaminated the river 
with phenols. Artificial recharge was examined as one of the possible methods of protecting this groundwater 
source, whereby dissolved phenols would degrade along a sufficiently long distance of seepage between the 
infiltration basin and the abstraction well. Three tests were conducted to define the behavior of phenols in 
groundwater, [12], [13], [14].

The first test (T2) and the third test (T4), (Table 1), were entirely successful, while the second test (T3) was 
only partially successful as a result of insufficient accuracy of the analytical methods which were applied. 
Only the successful tests will be presented here (T2 and T4).
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Location 3 was the artificially-recharged groundwater source „Mediana“ in the City of Niš. At this location, 
a phenol and tracer injection test was conducted to assess the possibility of degradation of this potential 
pollutant on its way from the infiltration basin to the abstraction well. The test was required for the design of a 
protection system for the groundwater source, that is, for the determination of the travel distance and residence 
time between the infiltration basin and the abstraction wells, (Dimkić et al., 1997), [15].

LOCATION 1: GROUNdWATER SOURCE IN THE CITY OF POŽEGA 
From 1984 to 1989, this groundwater source was protected from a large amount of D-2 diesel oil spilled at the 
nearby train station (Figure 3), [11].

Figure 3: Hydrogeological section through the alluvion of Požega’s groundwater source

Protection was implemented via artificial recharge, whereby river water was injected into two infiltration 
basins (Figure 4). The increased potential „forced“ the dissolved oil away from the groundwater source area. 

Figure 4: Layout of test conducted at the Požega groundwater source
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Percolation from the infiltration basins to the drainage gallery lasted from 3 to 15 days. More than 90% 
of the water in the gallery originated from the infiltration basins and the river. The monitoring resulted in 
very inspiring diagrams of the concentrations of various solutes and water quality indicators. Figure 5 shows 
the ratios of phenol concentrations in infiltration basins to those in the drainage gallery of this groundwater 
source. 

Figure 5: Comparative diagram showing recorded phenol concentrations in raw water and in water collected 
by the drainage gallery of the Požega groundwater source [11]

LOCATION 2: THE ŽIČKO POLJE GROUNdWATER SOURCE IN THE CITY OF KRALJEVO
A layout of the Žičko Polje groundwater source and of Tests T2 and T4 is shown in Figure 6. This groundwater 
source was threatened by very high concentrations of phenols in the Ibar River. The purpose of the tests was 
to determine the behavior of phenols in groundwater (sorption, degradation). The intent was to ensure that 
the distance of travel from the point of injection to the point of abstraction of groundwater is long enough to 
eliminate phenols through a series of biodegradation processes. 

Figure 6: Т2 and Т4 test sites, Žičko Polje
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Figure 7: Hydrogeological sections through T2 and T4 test sites at Žičko Polje

“In situ” phenol transport test (T2, 1986)
The first test was conducted in the area of Well ŽPB-20/82 (Figure 6), in order to estimate the sorption and 
dispersion parameters of the aquifer. The objective of the test was to „measure“ the rate of phenol migration in 
groundwater, that is, to show that it is not lower than the rate of migration of the chloride ion, as well as that 
no sorption of phenols occurs on aquifer material. 

The well was located at a distance of approximately 22 m from the infiltration basin, co-linear to the direction 
of groundwater flow (Figure 8). Phenol and chloride solutions in water were injected simultaneously into the 
infiltration basin. Input concentrations were monitored at Piezometer N1, and output concentrations were 
monitored at Well ŽPB-20/82. Water was abstracted from the well at a constant rate of Q = 8.5 l/s.

The tracer test was conducted through the injection of 200 kg of kitchen salt and 40 g of phenols into the 
infiltration pit, and the parallel abstraction of water from Well ŽPB-20/82 (Figure 8).

Figure 8: Layout of short test at Žičko Polje, conducted in 1986
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The interpretation of the results of chemical analyses of samples taken from Piezometer N1 and Well ZPB-
20/82 is shown in Fig. 9 in the form of C/C0 = f(t) , where:
C/C0  - the relative concentration of the tracer;
C - the recorded concentration of the tracer, C = C(t);
C0 - the “initial” concentration of the tracer, recorded at Piezometer N1 four hours following the beginning of 
injection, C0(phenol) =1530 mg/l , C0(Cl) = 76048 mg/l, and
t - time.

The figure shows that the C/C0 = f(t) ratio is virtually the same for phenols and the chloride ion Cl-. Output 
integration indicated that the amount of phenols which appeared at Well ŽPB-20/82 was approximately 
equal to the amount of phenols injected (the output was 38.5 g). Mathematical model calibration showed that 
virtually no sorption and no degradation of phenols were registered (the duration of the test was not sufficient 
for a notable occurrence of degradation, in view of the low phenol concentrations). 

Figure 9: Relative phenol and chloride ion concentrations over time, recorded during a short test at Žičko 
Polje in 1986

In situ phenol transport test (T4)

Description. This test was based on the established fact, with regard to sorption on aquifer material, that the 
phenol solution in water and the tracer solution (chloride ion Cl-) behaved similarly. This means that virtually 
no sorption had occurred. 

A closed re-circulating groundwater flow was established and over a relatively long period of time (about 
30 days), we could monitor the decline of phenol concentration in groundwater relative to the chloride ion 
concentration. The ratios allowed us to draw relevant conclusions relating to the quantification of phenol 
molecule degradation in groundwater. The layout of the test is shown in Figure 10.

The test was conducted in the area of Well B-3, in order to estimate the rate of phenol degradation in  
groundwater. The test lasted from 20 June to 20 July 1990. 

The objective of the test was to determine, under natural conditions, the basic parameters of pollutant (phenol) 
transport. Chloride (tracer) and phenol solutions were injected into an infiltration basin and monitored at 
various check points. 

The test was extremely complex, but it is presented here in summary form due to the nature of this paper. 
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The test included re-circulating flow in the form of a dipole (abstraction from Well B-3 and injection of the 
abstracted water into Infiltration Basin IJ), as shown in Figure 10. In view of the relatively long residence 
time of phenols injected into the aquifer, the primary intent was to conduct the test in order to determine the 
degradation of phenols and define the dispersion characteristics of the aquifer material. The chloride ion, Cl-, 
was used as a tracer.

Figure 10: Layout of test conducted at Žičko Polje in 1990

The test concept called for the system to be closed, that is, for no significant losses of water and the pollutant 
from the re-circulation ellipse. Under such conditions, it is possible to monitor the degradation of the pollutant 
in a relevant manner. 
The well was operated for 24 hour before pollutant injection began. This established a nearly steady-state flow 
between the infiltration basin and Well B-3. Programmed and systematic monitoring of groundwater levels 
was initiated at this stage and later continued through the main portion of the test. 
The main stage of the test began with the injection of the following amounts of pollutants into the infiltration 
basin (or the alluvial aquifer): 1.5 kg of phenols, and - 300 kg of NaCl.
Injection lasted for two hours. Throughout this period, the rate of abstraction from the well and the rate of 
injection into the infiltration basin were equal (Q = 8.1 l/s). Such re-circulation was maintained over the first 
25 days of the test. After the  25    

th  day, the water from the well was piped into the Ibar River. 
Chemical analyses were conducted for ammonia, nitrites, nitrates, chloride, KMnO4 demand, electrical 
conductivity, and phenols. The O2 content and pH value of the water were determined occasionally. The 
phenol content was analyzed applying the gas chromatography method. 
In addition, standard groups of micro-organisms (to determine compliance with drinking water standards) and 
the count of bacteria which cause the transformation of phenols and nitrogen compounds, were monitored. 

“In situ” conditions 
Extensive investigations were conducted, including:

Exploratory boring and mapping (Figure 11),
Analyses of grain-size, petrologic, mineral, and chemical compositions of the sediments, and
Biochemical analyses of the water. 

•
•
•

Figure 11: Arrangement of dedicated boreholes used to determine the geological make-up of the ground in 
the area of the T4 test site
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In general, a complex of underlying clays was found at depths ranging from 6 m to 9 m below the ground 
surface. The water-bearing layer is heterogeneous and includes thin interlayers and lenses of sands, clayey 
silty sands, or series of clayey debris up to 60 mm.
The thickness of the water-bearing layer varies between 3 m and 8 m; the dominant layer is 4 m to 6 m thick 
(or 5 m on average). Hydraulic conductivities vary, and their average value is around 1∙10-3 m/s. The thickness 
of the overlying stratum is between 0.3 m and 2.0 m.
During the “in situ” test, recorded oxygen concentrations in water were generally 5 – 6 mg/l. Groundwater 
temperature was about 10ºC - 11ºC at all times.
The bacterial content in water was within the limits shown in Table 2. 

Table 2  Bacterial content in the Žičko Polje aquifer during the 1990 test
Location Total bacteria (N/l) Phenol-active bacteria (N/l)

Ibar River 104 - 107  ~2 x 104

Groundwater in the area of the 
test

Roughly 50% of the concentration 
in the Ibar River ~104

T4 test results 
Analyses of test results revealed that the loss of tracer from the closed elliptical flow was insignificant. The 
phenol-to-chloride concentration ratio suggests the kinetics of phenol degradation. This relationship, for Well 
B3 and Piezometers Pn-1 and Pn-3, is shown in Figure 12.

Figure 12: Variation in phenol concentration (relative to ion chloride concentration) during the test

Figure 13: Measured vs. calculated phenol concentrations in water at Piezometer Pn-3
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Figure 13 is an indication of the match between measured and calculated phenol concentrations for one of the 
monitored piezometers. 

Measurements and calculations indicate that the half-life of phenols which were present in the water was not 
longer than T = 3 - 5 days (2 - 5 days). It was also apparent that the half-life of phenols in water was initially 
(at higher concentrations) longer than at the conclusion of the “in situ” test.

“In situ” Test T5: The Mediana groundwater source in the City of Niš 
This test was conducted in 1995 to verify the results of Test T4. Namely, this aquifer, too, is highly aerobic  
(5 - 8 mgO2/l), while the material is coarse and very permeable (K~10-3m/s).

Some 700 kg of chloride and 8 g of phenols were injected into Infiltration Basin NJ (Figure 14).  

Figure 14: Test T5 at the Mediana source: Layout of infiltration basin, abstraction wells, injection wells, and 
monitoring piezometers

Since gas chromatography and mass spectroscopy methods were used to analyze concentrations in water, 
it was possible to detect a very rapid occurrence of a phenol degradation intermediate (pyrocatechol) at the 
piezometers which were very close to the point if injection of the phenol solution (Figure 15). 

Figure 15: Concentrations of phenolic substances in groundwater at monitoring point Pt-2, close to the point 
of phenol injection (NJ)
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CONCLUSIONS
The degradation of phenols in groundwater was monitored at several locations over a relatively long period 
of time (1984-1995). 
The tests were conduced in aerobic aquifers, where temperatures generally ranged from 10-15ºC and the 
permeability was high (in the order of 10-3 m/s). It was determined that sorption of phenols on relatively 
coarse material of the aquifer was virtually insignificant, while the biodegradation of phenols was evident and 
relatively rapid.
During the complex and relatively long test (T4), which was conducted at the groundwater source in the City 
of Kraljevo, it was determined that the half-life of phenols at concentrations of 0-100 μg/l was generally t = 2 
(or 3) to 5 days. The half-life was longer at higher phenol concentrations in groundwater. 
During Test T5 at the Mediana groundwater source in the City of Niš, a significant occurrence of a phenol 
degradation intermediate (pyrocatechol) was detected only several hours after injection of phenols into the 
groundwater. 
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Abstract    Based on extensive investigations and practical applications, analyses of solute transport in 
groundwater require the introduction of a variable coefficient of dispersion. It has been established that 
dispersion is affected by the homogeneity/heterogeneity and isotropy/anisotropy of the respective medium, the 
distribution and magnitude of flow velocity, and the size of the area in which the transport of a substance occurs. 
It has also been determined that an increasing travel distance increases the value of the coefficient of dispersion 
in the model/calculation being applied. Horizontal heterogeneity and vertical layering of an aquifer make the 
definition of dispersion more difficult. This is particularly true of alluvial sediments, where sedimentation 
occurs under varying conditions and results in layering within a single lithofacial unit. Extensive layering and 
the occurrence of large and small lenses with different seepage characteristics are a result of the deposition 
of sediments with different grain-size compositions, with sudden changes in plan view and even more so 
across the depth of the aquifer. We have mathematically substituted an aquifer, made up of several different 
but homogeneous layers, by a „hydraulically-equivalent homogeneous aquifer“, and introduced an equivalent 
(pore) velocity of the flow. When groundwater flow is horizontal, for the equivalent homogeneous aquifer and 
equal discharge, calculations yield the same piezometric level gradient as for the layered aquifer from which 
it was derived. The concept of a „coefficient of equivalent geometric dispersivity“ was introduced in order to 
apply the conventional dispersion equation in the analysis of substance migration through a layered aquifer, 
using a model of the hydraulically-equivalent homogeneous aquifer. It is defined as the coefficient of geometric 
dispersivity which allows us, in analyses of tracer migration in a hydraulically-equivalent homogeneous 
aquifer, to obtain a concentration field which is closest to that obtained in analyses of multi-layered aquifers. In 
effect, this procedure is often used in practice. This paper further clarifies such an approach, by introducing the 
concepts of the equivalent aquifer and the coefficient of equivalent geometric dispersivity. Calculation results 
indicate that if a real layered aquifer is substituted in this manner by an equivalent homogeneous aquifer, it 
is necessary to increase dispersivity with increasing model size, in order to achieve calibration. However, the 
viability of this approach needs to be assessed in each specific case. Based on experience gained in the field, 
the authors have found that layering (or variation in hydraulic conductivity in the vertical direction) does not 
always justify the above procedure. For example, during an experiment conducted at the groundwater source 
(“Žičko Polje”) in the City of Kraljevo, it was determined that the establishment of a mathematical model of 
chloride transport in groundwater, under the hydrogeologic conditions which exist in that particular aquifer, 
was not possible without the application of a multi-layered (three-layer) medium. This example showed the 
importance of applying a multi-layered model, even under conditions when it appears that the aquifer can 
be modeled as a single-layer medium. The importance of transverse dispersion to the applicability of an 
equivalent homogeneous aquifer model under such conditions is, therefore, emphasized. The conclusion which 
was drawn is that increasing transverse dispersion in a layered medium increases the possibility of an effective 
substitution of a real multi-layered aquifer by an equivalent homogeneous aquifer. The applicability of one or 
the other model depends on the magnitude of the coefficient of transverse dispersion. 
Keywords  dispersion, equivalent homogeneous aquifer, coefficient of equivalent geometric dispersivity, 
groundwater transport model

INTROdUCTION
Excavations, especially in alluvions of small and medium rivers, allow us to gain insight into outflow processes 
which take place in such media. A visual inspection of excavations in such aquifers indicates that water is 
discharged from certain layers in the form of small jets, while from others it seeps out slowly or only wets 
the layers. Groundwater flow generally adheres to Darcy’s law; streamlines are consistent with nature and the 
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features of the pore volume, and velocities vary. 
An important point is the effect of aquifer layering on the nature of groundwater flow dispersion. In this paper, 
variations in the characteristics of seepage through a vertically-layered aquifer have been identified as having 
the greatest effect on the coefficient of dispersion. 
Researchers have been actively involved in shedding light on and defining the concept of dispersion, viewing 
this parameter with respect to the relationship which exists between diffusion and dispersion, as well as on 
the basis of results of laboratory experiments, in order to arrive at macro- and mega- heterogeneity problems. 
Within this process, consideration and priority are generally given to heterogeneity in the horizontal plane. We 
have prepared this paper keeping in mind the media which are frequently found in hydrogeologic practice; that 
is, extensively layered media. This type of layering motivated the investigation of its effect on the definition 
and quantification of dispersivity, using the experiment conducted at the Žičko Polje groundwater source as 
an example. 

SUMMARY OF GROUNdWATER dISPERSION STUdIES
The simulation of pollutant transport in groundwater is generally based on equations which include constant 
coefficients of dispersion (Ogata, A., and Banks, R. B., 1961), even though it is well known that, in general, 
dispersivity increases with increasing distance of transport in groundwater (Molz et al., 1983; Domenico and 
Robbins, 1984; Gelhar et al., 1992; Rajaram and Gelhar, 1993, Pang, L. and Hunt, B., 2001).

The constant dispersion model provides a good match with experimental data for a single travel distance. 
When such a model is applied under hydrogeologic conditions in the analyses of several locations, the results 
often under-estimate, or over-estimate, experimental data (Sinton et al., 2000).

Relatively few researchers have addressed the development of analytical solutions for dispersion, which are 
dependent on travel distance, and they have usually done so for one-dimensional flow. 

Yates (1990, 1992) suggested one-dimensional expressions for uniform flow and continuous injection, with a 
constant concentration, or constant flux, and a coefficient of dispersion whose increase is linear or exponential. 
Huang et al. (1996) introduced the assumption that the increase in dispersivity is linear, up to a certain distance, 
after which it reaches its asymptotic value. Logan (1996) derived an analytical equation for one-dimensional 
flow, which includes sorption, limited by velocity, and first-order decay, which vary as a function of time, 
and assumed that the coefficient of dispersion increases exponentially. However, the equations proposed by 
Yates (1990, 1992), Huang et al. (1996) and Logan (1996) are extremely complex and it is very difficult to 
assess how realistic they are. These authors also take into account molecular diffusion, which further increases 
the complexity of their equations. It is, however, believed that in many problems involving groundwater 
transport this additional complexity is unnecessary, since molecular diffusion is generally very low. Serrano 
(1996) revised the pollutant transport equation, such that transport parameters depend on regional hydrologic 
features and hydraulic properties of the aquifer. He compared theoretical results to data obtained in the field, 
and proposed generalization of the method of unsteady dispersion in a three-dimensional medium. Aral and 
Liao (1996) developed analytical solutions to the two-dimensional advection-dispersion equation, where the 
coefficient of dispersion is a function of time. Hant (1998) disregarded molecular diffusion and developed 
one-, two- and three-dimensional analytical solutions to the equation with a dispersion variable for unsteady 
flow and an instant source, and for steady flow and a continuous source. However, these equations are intended 
for infinite model domains, which are not always applicable to nature. Moreover, Hant’s proposal addresses 
only a conservative substance solution. 

However, the majority of these studies did not compare analytical solutions to experimental data. 
In principle, the variable dispersion model provides a satisfactory forecast of concentrations at all sampling 
points, and a different coefficient of dispersion is used for each location (e.g. Ptak and Teutsch, 1994; Zhang 
et al., 1994; Pang and Close, 1999). 
Pang, L. and Hunt, B. (2001) checked theoretical results against laboratory tests and proposed relatively 
simple equations for continuous and intermittent sources in a semi-infinite domain. Molecular diffusion was 
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disregarded and mechanical dispersion was found to increase in a linear manner with increasing travel distance. 
According to these researchers, the dispersion parameter varies as a function of travel distance and tends to 
become constant at relatively large distances. The intermittent source equation was confirmed by comparing 
model simulations to actual experimental data for a non-sorbable and non-degradable tracer. 

Researchers also took other approaches to the variable dispersion problem using, for example, numerical 
solutions (Pickens and Grisak, 1981a; Jayawardena and Lui, 1984; Mishra and Parker, 1989) and stochastic 
analyses (Wheatcraft and Tyler, 1988; Roco et al., 1989; Zhang et al., 1994). 

The dispersivity-to-distance ratio of around 0.1 under field conditions is mentioned in several studies 
(Lallemand-Barres and Peaudecerf, 1978; De Marsily, 1986; Pickens and Grisak, 1981a,b). Pickens and Grisak 
(1981) adopt variable dispersivity as a function of the average distance of travel. Molz et al. (1983) claim that 
if local transverse dispersivity is equal to zero, then the convective component of longitudinal dispersivity 
increases indefinitely with increasing distance. Jayawardena and Lui (1984) developed a similar numerical 
model, where the coefficient of dispersion is a function of time. Wheatcraft and Tyler (1988) developed such 
a Lagrange model of dispersion, where for a set of fractals, dispersivity can be proportional to the distance. 
Mishra and Parker (1989) applied variable dispersion in their model. Jury and Roth (1990) expressed a 
stochastic convection-dispersion equation, in which a distance-dependent coefficient of dispersion is defined. 
Singh and Kanwar (1991) and later Li and Ghodrati (1995) show how dispersivity generally increases with 
increasing heterogeneity of the medium. 

Using a well-known diagram, Gelhar et al. (1992) showed that longitudinal dispersivities vary from  
10-2 to 104 m for travel distances between 10-1 and 105 m. However, longitudinal dispersivity values can vary 
by two to three orders of magnitude. Feter (1993) provided the standard explanation of variable dispersion 
in a heterogeneous medium. According to this author, as the travel distance increases, groundwater flow 
encounters increasing variations in the seepage characteristics of the medium. Dispersivity will reach its 
maximum at sufficiently large distances, when it encounters all possible variations of seepage characteristics. 
Zhang et al. (1994) also use a stochastic convection-dispersion equation, based on travel time probability 
density functions.

Several studies explain the cause of variable dispersion in a homogeneous medium (e.g. Zhang et al. (1994)) 
by means of laboratory experiments using columns filled with sandy material. Since the previously mentioned 
explanation does not include variable dispersivity in a homogeneous medium, where variations in hydraulic 
conductivity and porosity are low, the value of asymptotic dispersivity at large distances is possibly non-
existent in such a system. Hunt (1999) attempted to explain variable dispersion in a homogeneous medium. If 
his claim is correct, then the coefficient of dispersivity increases indefinitely with increasing distance, and the 
limiting asymptotic value proposed by Feter (1993) will never be reached. 

Schulze-Makuch (2005) analyzed longitudinal dispersivity (α) data collected from 109 different authors for 
different types of geological media. This author attempted to, but could not find, a significant difference 
between the values of dispersivity in different media, nor straightforward evidence of the existence of an upper 
limit (or asymptotic behavior) for any of the analyzed media. Several authors have studied the importance and 
effect of various types of privileged pathways within the flow field on the shape of the pollution body and the 
timing of the arrival of the pollution front (e.g. Scheibe, Т., Yabusaki, S., 1998; De Wayn et al., 2000). 

Based on field tests, Dimkić et al. (2003, 2006) studied the applicability of various hydrogeologic models 
to extensively layered shallow alluvial aquifers. Results suggest that it is sometimes possible to substitute a 
layered aquifer by an equivalent homogeneous aquifer, by introducing the concept of equivalent geometric 
dispersivity. 
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THEORETICAL APPROACH TO THE QUANTIFICATON OF dISPERSION 
The continuity equation for the travel of a substance within an aquifer may be expressed as:

∇D/∇C – ∇CU – nW1C – W2(1 –n)S = n   ∂C ___ ∂t   + (1 – n)   ∂S __ ∂t         (1)

where: C is the concentration of the substance in water, [ML-3]; S is the concentration of the 
substance on soil particles, [MM-1]; D/ is the coefficient of dispersion [L2T-1]; n is rock porosity,  
[-]; W1, W2 is the rate of degradation of the substance, [T-1]; and ∇ is Hamilton’s operator.
It is necessary to define the sorption equilibrium equation:

S = S (C)              (2)

as well as the sorption rate equation:

  ∂S __ ∂t   = f (S,C)              (3)

Equation (1) includes the following terms:

∇D/ ∇C - diffusion and dispersion (the so-called dispersion term);
∇CU - convection;
nW1C - degradation of a substance in the liquid phase (biochemical degradation, chemical degradation),
(1 – n)W2S - biochemical or chemical degradation of a substance on the solid phase;
n   ∂C ___ ∂t   - change in the concentration in the liquid phase. This can be the result of processes described by previous 
terms; and
(1 – n)   ∂S __ ∂t   - result of synergy between the processes described by the above terms.

Figure 1: Schematic representation of various transfer and degradation processes: (1) Transfer of a solute 
by convection, dispersion and diffusion; (2) Transfer of a substance from the solid phase into solution by 
desorption, dissolution of rock grains, or transfer of an undissolved substance into solution; (3) Transfer of 
substance from the liquid phase to aquifer material by physical sorption, chemisorption or sedimentation; 
(4) Degradation of a substance through biodegradation, radioactive decay or non-biodegrading oxidation-
reduction processes; and (5) Evaporation. 
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Processes described by Equation (1) are much more diverse and complicated in nature than the equation 
suggests. However, this equation has been widely accepted for the description of selective transport processes 
which take place during seepage through a porous medium. The equation certainly assumes a very simplified 
model of what actually occurs in nature. 

If the solute is a tracer, Equation (1) becomes the so-called dispersion (or tracer) equation for groundwater 
flow: 

∇D/∇C – ∇CU = n   ∂C ___ ∂t               (4)

Diffusion and dispersion are included in a single term. However, in nature, dispersion is a more intense process 
than diffusion by several orders of magnitude, and the model used to express it (the Diffusion Law) need not 
necessarily reflect what is actually occurring.

D = α · v              (5)

where: D is the coefficient of hydraulic dispersion, α is the coefficient of dispersivity, and v is the pore velocity, 
real (average) seepage velocity. 

Many authors examined the issue of defining a unique coefficient of dispersivity for porous media. Problems 
appear to be different on micro-, macro- and mega scale. A number of authors underline the need to increase 
the coefficient of dispersivity as a function of length, when calibrating the model of substance transport in 
groundwater. The well-known Gelhar diagram shows the relationship between this coefficient and the travel 
distance.

EQUIVALENT HOMOGENEOUS AQUIFER ANd COEFFICIENT OF EQUIVALENT 
dISPERSIVITY 
It appears that the coefficient of dispersion is not a parameter uniquely defined by a given porous medium. 
In effect, it depends on a number of factors, other than boundary conditions. Several authors state that it is 
necessary to increase the value of this parameter with increasing travel distance (as mentioned above), when 
we calibrate the model of solute transport in a porous medium. 
In principle, practical problems involving the transport of a substance in groundwater are macro-scale problems. 
The dispersion of a non-reactive tracer during transport in groundwater, on macro-scale, depends not only on 
the macro-heterogeneity in the horizontal plane (x, y), but also, and to a large extent, on distinct layering in 
the vertical plane (x, z).

Figure 2: Heterogeneity of a porous medium in vertical and horizontal planes

Kz1y ≠ Kz2y ≠ Kz3y
Heterogeneity due to layering (stratification)
Kx1y ≠ Kx2y
Heterogeneity in the horizontal plane (“fingering”)



362

Layering is the result of the deposition of sediments whose grain compositions (mineral content, weight, size) 
vary. These sediments can create series or packages of layers, with different prevailing grain-sizes, which 
include both semi-pervious (more or less clayey) and cemented sediments. 

In many cases in practice, a vertically-layered aquifer is treated as a homogeneous instead of a multi-layered 
aquifer. This is often the result of insufficient investigations and leads to various problems in mathematical 
definition of dissolved tracer transport processes in groundwater. 

We are faced with a problem when we attempt to represent an actual, highly-layered aquifer (including 
interlayers of different characteristics) as a vertically-homogeneous aquifer. The problem becomes even greater 
when we analyze substance migration in groundwater, contrary to the conventional hydrodynamic analysis. 

If an aquifer is composed of several different but homogeneous layers, it can mathematically be replaced 
with the so-called hydraulically-equivalent homogeneous aquifer, by introducing the equivalent (pore)  
velocity, veq: 

veq =   1 __ h    
h
 
 
 ∫   

0
  vpdh             (6)

When groundwater flow is horizontal, for the equivalent homogeneous aquifer and the same discharge, 
calculations will provide the piezometric level gradient which is equal to that of the layered aquifer from 
which it was derived. 

The example shown below (Figure 3) demonstrates how an aquifer comprised of several homogeneous layers 
can mathematically be substituted by an equivalent homogeneous aquifer. Figure 3 is a specific example of the 
substitution of a three-layer aquifer by a hydraulically-equivalent homogeneous aquifer.

Figure 3: Characteristics of a three-layer aquifer, with different permeabilities, and its equivalent homogeneous 
aquifer. v1, v2, v3 - horizontal component of pore velocity in layer 1, 2 and 3; veq - equivalent pore velocity, 
obtained by averaging horizontal pore velocity components for the entire aquifer; α1, α2, α3 - coefficient 
of (longitudinal) dispersivity for layers 1, 2 and 3; αeq - coefficient of equivalent longitudinal dispersivity;  
and h - total thickness of the aquifer. 

In many cases involving horizontal flow, the model of a hydraulically equivalent homogeneous aquifer can 
adequately replace the model of a multi-layered aquifer. However, when we analyze the transport of a solute 
in groundwater, the situation changes. Namely, here we monitor the distribution of tracer concentrations, as 
opposed to parameters which are considered in purely hydrodynamic analyses. 

In order to examine the transport of a substance in a layered aquifer using the model of a hydraulically-equivalent 
homogeneous aquifer, it is necessary to introduce the coefficient of equivalent geometric dispersivity, which 
is defined as the coefficient of geometric dispersivity which, in analyses of tracer travel in a hydraulically-
equivalent homogeneous aquifer, allows us to obtain a concentration field which is closest to that which would 
be obtained through the analysis of a multi-layered aquifer (the assumption is that calculations are made 
applying the conventional dispersion equation). 

The measure of the least deviation of results obtained by calculations using the equivalent homogeneous 
aquifer can be, for example, the least-square deviation of concentrations. 
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In order to fulfill this criterion, the value of the equivalent coefficient of geometric dispersivity has to be 
calibrated. It becomes a function of several parameters:

αeq = αeq (αl,   
αT __ αL

   , x, ku, G, vp, t…)          (7)

where:
αeq - the coefficient of equivalent geometric dispersivity relative to the entire aquifer, which has been modeled 
as vertically homogeneous, whereby aquifer layering is disregarded; 
αl - the coefficient of geometric dispersivity of a single layer;
  
αT

 
__

 αL
   - the ratio of the coefficient of transverse-to-longitudinal geometric dispersivity;

ku - the nature of aquifer layering;
G - stands for the boundary and initial conditions of tracer injection; 
vp - the mean pore (real) velocity of groundwater flow; and
t - time.

Therefore, the equivalent homogeneous aquifer discussed above is defined as a hydraulically-equivalent 
homogeneous aquifer which encompasses the coefficient of equivalent geometric dispersivity. 

TRACER TEST CONdUCTEd AT THE ŽIČKO POLJE GROUNdWATER SOURCE IN THE CITY 
OF KRALJEVO, SERBIA 
A tracer test, conducted at the Žičko Polje groundwater source in the City of Kraljevo, uncovered several 
interpretation and simulation problems (Dimkić et al., 2003, 2006), especially with regard to the definition 
and quantification of the dispersion term in the groundwater transport equation. Geological investigations 
indicated three aquifer sedimentation cycles, whose seepage characteristics differed.
Based on analyses of lithologic members of sediments which make up the Žičko Polje aquifer, three sediments 
entities were identified up to an average depth of about 9 m (Figure 4). 

Underlying sandy and gravelly entity; 
Water-bearing layer, an entity comprised of gravels, sands and clayey gravels, including clayey debris in 
its lower portion; and 
Surface humified clayey/sandy, or sandy/clayey, entity, occasionally only sandy or partially gravelly. 

These sedimentologically-distinct entities are the product of, relatively speaking, three independent alluvial 
sedimentation processes over time, which are characterized by differing directions of incoming material, 
resulting in differences in petrogenic and mineral compositions. 

The concept of an equivalent homogeneous aquifer was introduced to support the analysis. It is defined by 
a hydraulically-equivalent homogeneous aquifer which includes the coefficient of equivalent geometric 
dispersivity.

•
•

•

Figure 4: Section through alluvial sediments in the test area: macro-component content (a), lithologic section 
(b), and grain-size composition, fractions d10 and d50 (c)
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However, during the course of model calibration, a three-layer model produced much better results. Varying 
seepage characteristics of the aquifer along the vertical are identified here as having a major influence on the 
coefficient of dispersivity.

The example showed the importance of using a multi-layer model, even under conditions when it appears that 
the aquifer may be modeled as a single-layer aquifer. Numerical tests were also undertaken to determine how 
layering might affect the definition of, and variation in, the coefficient of dispersivity.

RESULTS 
For instant injection, the results of calculations were interpreted in the form of changes in the concentration of 
the solute along the flow, 10 days following the beginning of injection, as shown in Figure 5 (the same figure 
includes the results obtained for both the multi-layered aquifer and the equivalent aquifer).

Figure 5: Tracer concentration 10 days following the beginning of injection, multi-layered aquifer and 
equivalent homogeneous aquifer: excluding transverse dispersion (a) and including transverse dispersion (b)

It is be difficult (or impossible) to replace the results of an analysis of a multi-layered aquifer with those 
obtained for the equivalent homogeneous aquifer, if the process of transverse dispersion is not taken into 
consideration (or if its intensity is low). 

It was interesting to compare these results with the results of calculations involving continuous tracer injection, 
with and without transverse dispersion, for the equivalent homogeneous aquifer. The comparison is shown in 
parallel with the results obtained by Gelhar (1992). It is evident that the coefficient of equivalent dispersivity 
increases much more rapidly when transverse dispersivity is not included (Curve (a) in Figure 6). 

Figure 6: Coefficient of geometric dispersivity as a function of experiment scale, excluding (a) and including 
transverse dispersion (b), for an equivalent homogeneous aquifer, in parallel with results obtained by Gelhar, 1992.
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CONCLUSIONS
1. As a rule, conditions under which alluvial sediments were formed result in extensive layering of the 
formations, including frequent horizontal and vertical interlayers whose seepage characteristics differ. 
2. In practice, it is often impossible to conduct sufficient investigations in order to become adequately familiar 
with the aquifer, from the perspective of the mathematical definition of hydrodynamic dispersion. For this reason 
significant approximations have to be made to properly model a medium which is, in effect, heterogeneous. 
3. Two concepts have been defined: equivalent homogeneous aquifer and coefficient of equivalent geometric 
dispersivity. They imply that calculations are made applying the conventional dispersion equation. Least-
square deviation was selected as a measure of the least difference between the two concentration fields obtained 
in this manner. 
4. In the case study presented, calculations were made for a three-layer medium and its equivalent homogeneous 
medium, with instant tracer injection. Two options were analyzed: with and without transverse dispersion. 
5. The results of calculations indicate that:

the coefficient of equivalent geometric dispersivity becomes a function of several parameters;
a low level of transverse dispersion requires a significant increase in the coefficient of equivalent geometric 
dispersivity, and in some cases can even render the tracer transport analysis inappropriate; and 
a higher level of transverse dispersion justifies the modeling of substance transport in groundwater by 
treating a multi-layered aquifer as an equivalent homogeneous aquifer. 

6. It is obvious that the relationship between the travel distance and the coefficient of dispersivity, obtained 
by means of mathematical modeling (Gelhar, 1992), can be attributed to the effect of layering of the water-
bearing medium. 
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Abstract    Long-term exposure to low arsenic concentrations in drinking water causes different diseases 
including cancer. Hundreds of millions of people worldwide are exposed to arsenic in drinking water. Within 
Europe, Hungary, Serbia and Croatia are likely most affected. Elevated arsenic concentration has been found in 
several wells used by Water Supply Company in Makó, Hungary. Groundwater in southern Hungary typically 
contains also ammonia, methane, some iron and manganese. Situation is very similar in several other surrounding 
countries. There are intensive efforts to find affordable approach for treatment of such complex arsenic 
contaminated groundwater. UNESCO-IHE has been developing an innovative arsenic removal technology 
(IHE ADART), based on adsorption on iron oxide coated sand (IOCS) and an in-situ regeneration of exhausted 
adsorbent. The paper presents results from field-testing of the IHE-ADART technology in Southern Hungary. 
Two pilot plants have been operated at several arsenic contaminated wells with arsenic concentrations from 
20 to 260 µg/l. Very consistent arsenic removal below 10 µg/l was achieved at all testing wells and throughout 
the 18 months of continuous testing. In addition methane, ammonia, iron and manganese were removed highly 
effectively. Life cycle cost analysis showed that overall treatment costs would be below 0.10 Euro/m3.
Keywords  arsenic removal, adsorption, filtration, iron oxide coated sand

INTROdUCTION
Acute arsenic toxicity is known for centuries. It was relatively recently recognized that long-term exposure to 
low arsenic concentrations in drinking water causes variety of serious diseases including different internal and 
external cancers (NRC, 2000; UN, 2001; WHO, 2001). The first visible symptoms caused by exposure to low 
arsenic concentrations in drinking water are abnormal black-brown skin pigmentation (melanosis), hardening 
of palms and soles (keratosis) and skin de-pigmentation that looks like raindrops (leuko-melanosis). Palms 
and soles further thicken and painful cracks emerge (hyperkeratosis) that can lead on to skin cancer (WHO 
2001). Other cancers (e.g. the urinary bladder, lung and kidney) are also caused by long-term exposure to 
arsenic in drinking water (IARC, 2004; Chen et al. 1992; Smith et al., 1998).

Today, hundreds of millions of people worldwide are exposed to high levels of arsenic in their drinking 
water. In Europe, the arsenic problem is most alarming in Hungary, Serbia and Croatia. An inventory of 
groundwater quality conducted in Hungary (Csalagovits 1999) demonstrated that drinking water for almost 
400 towns and villages in the Great Hungarian Plain has arsenic concentrations several times higher the 
WHO and EC guidelines. Recent legislation directs water supply companies in Hungary to meet the EC 
Drinking Water Directives, including ensuring that arsenic concentration is below 10 µg/L, by 2009. Fulfilling 
this requirement will be a major challenge for the water supply companies in this country. It was relatively 
recently recognized that a large part of northern Serbia contains an unacceptably high arsenic concentration 
in drinking water supplied to consumers, probably affecting more than half a million people. The full extent 
of the problem in Serbia is not yet known. Similar situation is expected in North-Eastern part of Croatia and 
South-West of Romania. In addition to arsenic groundwater in this part of Europe typically contains ammonia, 
methane, some iron and manganese. Therefore there are intensive efforts to find an effective and affordable 
approach for treatment of such complex arsenic contaminated groundwater. 
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Technologies most commonly considered for removing arsenic include:
Precipitation processes, including coagulation followed by floc separation, 
Adsorptive processes, including adsorption onto activated alumina, and iron/manganese oxide based or 
coated filter media, and 
Membrane filtration, including nano-filtration (NF) and reverse osmosis (RO).

Precipitation process involving coagulation with hydrolysing metals such as Al3+ and Fe3+ is the most commonly 
used treatment technique for removing arsenic (Hering et al. 1997; Gregor 2001; Meng et al. 2001). The 
precipitate formed after coagulation or in situ oxidation of iron and manganese present in groundwater could 
be removed by sedimentation followed by rapid sand filtration or direct filtration or microfiltration (Ghurye 
et al. 2004). Pre-oxidation with chlorine or potassium permanganate is however required to achieve efficient 
removal of arsenic present in As(III) form (USEPA 2000a & b). Systems using precipitation require skilled 
operators and are consequently more cost-effective at large scale. In addition precipitation based arsenic 
removal processes require high dosages of chemicals and consequently produce large volumes of toxic (liquid) 
waste.

Membrane processes can remove arsenic through filtration, electric repulsion, and adsorption of arsenic-
bearing compounds. Both NF and RO are capable of removing significant portions of the dissolved arsenic 
compounds in natural waters. RO is a technology proven through several bench- and pilot-scale studies, and 
is very effective in removing dissolved constituents. Including arsenic removal from groundwater (AWWARF 
2000; Shih 2005). Membrane filtration is more effective in removing As(V) than and As(III) species. As 
a consequence pre-oxidation could be required when arsenic is present in As(III) form. The effectiveness 
of membrane filtration for arsenic removal is sensitive to a variety of untreated water contaminants and 
characteristics (Brandhuber and Amy, 1998). It also produces a larger volume of liquid toxic residuals and 
tends to be more expensive than other arsenic treatment technologies. It is therefore used less frequently than 
precipitation and adsorption (USEPA 2002).

Adsorption involves the use of granular adsorptive media for the selective removal of arsenic from water 
with or without pH adjustment and with or without spent media regeneration. Several granular adsorptive 
filter media have shown high effectiveness in arsenic removal from water. These include activated alumina, 
activated carbon, iron oxide coated or based filter media including some commercial media like Aqua-Bind 
MP, ArsenX, Bayoxide E33 ferric oxide, Granular Ferrichydroxide (GFH), MEDIA G2, manganese greensand 
etc. These technologies are consistently capable of removing arsenic to below the required standard level 
(Huang and Vane 1989; Driehaus et al. 1998; Petrusevski et al. 2000 and 2002; USEPA 2000b; USEPA 2002). 
The effectiveness of adsorption for arsenic treatment is more likely than precipitation processes to be affected 
by characteristics and contaminants other than arsenic. Small capacity systems using these technologies tend 
to have lower operating and maintenance costs and require less operator expertise. Adsorption therefore tend 
to be used more often when arsenic is the only contaminant to be treated, for relatively smaller systems, and 
as an auxiliary process for treating effluent from larger systems.  

UNESCO-IHE Institute for Water Education, in co-operation with SELOR (environmental technology) and 
VITENS (the largest Dutch water supply company), has been developing an innovative arsenic removal 
technology based on adsorption on Iron Oxide Coated  Sand (IOCS) that originates from Dutch groundwater 
treatment plants. As a part of their regular drinking water production Dutch groundwater treatment plants 
produce, as a by-product, large volumes of this adsorbent. Highly efficient arsenic removal through adsorption 
on IOCS, irrespective of its speciation and groundwater quality matrix, has been demonstrated under both 
laboratory and field conditions (Greece and Bangladesh). In order to increase life time of IOCS an in-situ 
procedure has been developed for regeneration of exhausted adsorbent. Arsenic adsorption capacity of 
exhausted IOCS is restored with help of iron salts introduced in the feed water that allow creation of new 
active adsorption layer on the IOCS. This technology is named IHE-ADART (Adsorptive Dutch Arsenic 
Removal Technology) and is protected by the patent (pending).  The specific objective of this paper is to 
present results from several years of field-testing of the IHE-ADART technology for treatment of arsenic 
contaminated groundwater in the MTV system in Southern Hungary.

•
•

•
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MATERIALS ANd METHOdS

Arsenic removal pilot plants
Two pilot plants employing IHE-ADART have been operated at several arsenic contaminated wells of the 
MTV water supply system in Southern Hungary. The first, small pilot (capacity of 14 m3/day), was provided 
for screening experiments aimed at preliminary assessment of the suitability of the technology for groundwater 
quality prevailing in Southern Hungary. The plant consisted of three PVC pressure filters of 0.6 m in diameter, 
installed in series, each filled with 0.80 m of IOCS. Anoxic groundwater from two arsenic contaminated 
wells in the village Maroslele was directly filtered (filtration rate of approximately 2 m/h) without any pre-
treatment. Subsequently the demonstration pilot plant was developed and put in operation in Mako in March 
2005. The process scheme of the plant is based on the standard groundwater treatment scheme as applied in 
the Netherlands, namely aeration-rapid sand filtration, upgraded with the UNESCO-IHE arsenic removal 
technology (Figure 1). 

Figure 1: Process scheme of the demonstration groundwater treatment plant installed in the MTV system in 
Mako, Hungary.

The plant operated at constant capacity of 2.3 m3/h (55 m3/day) till September 2006 and treated more than 
30.000 m3 of arsenic contaminated groundwater. The plant mainly consists of a plate aeration unit and three 
pressure steel filters (an external diameter of 0,80 m and height of 4 m); the 1st filter filled with 2 m of quartz 
sand and 2nd and 3rd filters filled with 2 m of IOCS (both quartz sand and IOCS originating from groundwater 
treatment plants of VITENS). The filters were operating in series at constant filtration rate of approximately  
5 m/h. The plant is mobile (placed in 2 sea containers) and operated semi automatically (the backwashing and 
regeneration cycles should be initiated by the operator). 

Groundwater quality
Groundwater in production wells included in the study was characterized by:

low to high arsenic concentration (20-295 µg/L),
alkaline pH (8.0-8.4) and high bicarbonate concentration (200-415 mg/L),
presence of ammonia (1.0-2.2 mg/L) and methane (≤5.3 mg/L)
low concentrations of iron (≤0.3 mg/L)  and manganese (<0.05 mg/L)
medium to high concentration of organic matter in some wells (1.7-4.2 mg/L) 

Water quality analysis
Regular weekly control of treated water quality was done at UNESCO-IHE laboratory in Delft, The Netherlands 
using standard Dutch methods for analysis of arsenic, iron, manganese and ammonia. Occasionally water 
quality of treated water was done by VITENS laboratory in Leeuwarden, The Netherlands (certified laboratory 
of largest Dutch water supply company). During the technology certification period large number of 

•
•
•
•
•
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physical, chemical and microbiological water quality parameters were monitored by two certified Hungarian 
laboratories.
 
  
RESULTS ANd dISCUSSION

Treatment efficiency
Very consistent arsenic removal bellow 10 µg/l was achieved at all testing wells and throughout the 18 months 
of continuous testing at the main MTV groundwater production field irrespective of arsenic concentration and 
speciation (Figures 2, 3 and 4). 

Regenerations of adsorptive filters were done once in 30 to 40 days (Figure 4). The regeneration comprised 
addition of the regenerant solution (inorganic iron compounds approved for the use in drinking water treatment) 
in the feed water during 30-60 minutes, followed by filters backwashing with treated water. Quality of treated 
water during the regeneration cycle fulfilled the drinking water quality standards and it was consequently not 
required to take the plant out of production during the regeneration cycles.  

Figure 2:  Arsenic removal with pilot plant in Maroslele (well A); Groundwater quality: 
As ≤ 285 µg/l,  pH = 8.3, HCO3 = 420 mg/L, NH4 = 1.25 mg/l, Fe ≤ 0.3 mg/L, Mn ≤ 0.04 mg/L; 

Figure 3: Arsenic removal with pilot plant in Maroslele (well B); Groundwater quality:  
As ≤ 40 µg/l, pH = 8.3, HCO3 = 350 mg/L, NH4 = 1mg/l , Fe ≤ 0.2 mg/L, Mn ≤ 0.06 mg/L
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Figure 4: Arsenic concentration in influent and filtrate of the pilot plant in Mako, Hungary; Groundwater 
quality: As ≤ 55 µg/l, pH = 8.0 - 8.3, HCO3 = 310 - 350 mg/L, NH4 ≤ 2.1mg/l , Fe ≤ 0.30 mg/L,  
Mn ≤ 0.40 mg/L; vertical lines represents regeneration cycles

In addition to arsenic, highly effective removal of methane was achieved, predominantly in the aeration unit. 
Ammonia was consistently removed to values below EU directives after initial ripening period of approximately 
two weeks required to develop Nitrosomonas and Nitrobacter biomass on filter media (Figure 5). These results 
are in agreement with the common practice of Dutch water supply companies that apply the same ammonia 
removal process on more than hundred drinking water production plants. Ammonia removal sand filter was 
weekly backwashed with water and air. Occasional cleaning of the plate aerator (once in 2-3 months) appeared 
to be required and comprised removal of biomass formed on the perforated plate followed by disinfection of 
the unit with chlorine. Lack of maintenance of the aeration unit during a few months resulted in development of 
Pseudomonas aeroginosa in the aeration unit. This bacteria was, however, not found in treated water reservoir. 
Problems with the presence of Pseudomonas aeroginosa disappeared after detailed cleaning of the aeration 
unit.

Iron concentration in treated water was typically below 0.05 mg/L and only occasionally (e.g. at the beginning 
and end of some filter runs) between 0.05 and 0.10 mg/L. Manganese levels in treated water were also found 
to be consistently below the EU guideline values.  

Figure 5: Ammonia concentrations in influent and treated water at pilot plant in Mako, Hungary. 
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Waste generation
Application of the IHE ADART technology for treatment of arsenic contaminated in principle results in 
generation of liquid waste – filter backwashwater and solid waste – arsenic saturated adsorbent – IOCS. No 
solid waste was, however, produced during 18 months of the continuous operation of the pilot plant (arsenic 
adsorption capacity of IOCS was not yet exhausted at the end of the pilot plant operation in Mako). Earlier 
tests conducted at the UNESCO-IHE laboratory in Delft demonstrated that arsenic is strongly bounded to 
IOCS and that arsenic saturated material can be classified as non hazardous waste, and possibly even as inter 
waste, based on the latest EU legislation pertaining to the disposal of solid waste (the Council Directive 
1999/31/EC of 26 April 1999).

Liquid waste was limited to backwash water from filters. The filter 1 was backwash weekly, producing 
approximately 4 m3 of backwash water per backwashing cycle. Filter 2 and 3 were backwashed only after 
monthly regeneration cycles producing approximately 4 m3 and 1.5 m3 per backwashing cycle respectively. 
In total liquid wastewater production during first 12 months of operation was limited to less than 1% of 
produced drinking water. Produced backwash water contained some iron, arsenic and manganese. All filter 
backwash water produced during the first year of the plant operation was allowed to settle in a backwash 
water storage tank till the next backwashing cycle. Settled backwash water contained low arsenic (13-34 µg 
As/L), manganese (0.12-0.76 mg/L) and iron concentration (0.16-5.8 mg/L). Very small volume of sludge was 
generated during 12 months of continuous monitoring (< 1 m3 sludge per 20.000 m3 of drinking water produced). 
Sludge produced was mainly composed of iron and manganese while the concentration of arsenic was low  
(0.3-10 mg/Kg of wet sludge). This confirms that the arsenic was predominantly removed through adsorption 
on IOCS, and was not released during the regeneration or backwashing of the adsorptive filters 

Treatment cost
Detailed life cycle cost analysis was made to calculate investment, operational and unit treatment costs  
(Euro/m3 produced water) associated with the application of IHE ADART technology for treatment of arsenic, 
ammonia, methane, iron, and manganese containing groundwater. Investment costs for equipment were based 
on high quality materials and standards as used by Dutch water supply companies. Following operational costs 
were taken into account: maintenance of equipment and civil structures, personnel costs, energy, chemicals 
(regenerant, chlorine, chemicals for pH corrections), replacement of adsorbent, discharge and disposal of 
solid and liquid waste (saturated adsorbent and sludge from filter backwash water). Calculations were made 
for treatment plants with capacities from 200 to 12000 m3/day (Figure 6). Unit treatment costs (Euro/m3) 
were calculated for: (a) complete groundwater treatment (removal of arsenic, ammonia, methane iron and 
manganese and treated water chlorination), (b) removal of arsenic only and (c) total groundwater treatment as 
under (a) however excluding investment costs.  As expected the size of the treatment plant has strong effect on 
the overall treatment costs with unit treatment costs decreasing with increasing capacity of the plant.  

Figure 6: Unit treatment costs associated with application of IHE ADART treatment of  groundwater in MTV 
system as  a function of testament plant capacity.
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Overall treatment costs for treatment plans with capacity ≥ 8000 m3/day for total groundwater treatment of 
typical groundwater prevailing in Southern Hungary are expecting to be below 0.10 Euro/m3.  

CONCLUSIONS
Long-term field experiments conducted with arsenic-contaminated groundwater from different production 
wells demonstrated that IHE ADART technology can achieve highly effective removal of arsenic from 
complex ground waters prevailing in Southern Hungary. The IHE ADART treatment technology proved to 
be robust under field conditions, easy to run with no significant operational problems and very consistent 
arsenic levels in treated water < 10 µg/L.    
Simple pre-treatment including aeration and rapid sand filtration can highly effectively remove methane, 
ammonia iron and manganese from wells with groundwater composition as covered in this study (e.g. 
ammonia <2.0 mg/L).
Application of IHE ADART technology during 18 months of field operation of demonstration pilot plant 
resulted in production of only marginal volumes of waste (sludge from filter backwash water). 
Overall unit treatments costs associated with the application of IHE ADART technology with pre-treatment 
(aeration and rapid sand filtration) are expected to be < 0.10 Euro/m3 for treatment plants with capacity ≥ 
8000 m3/day. 
In 2006, IHE ADART technology obtained the approval for commercial applications in Hungary. 
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ABSTRACT
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous hydrophobic organic contaminants in the environment. 
These compounds have caused serious attention, due to their considerable environmental persistence, toxic 
potential, high levels of bioaccumulation and harmful biological effects, including narcosis, genetic mutations, 
cancer and phototoxicy. Natural sources include volcanoes and forest fire, while the man-made sources come 
from wood burning, automobile exhaust, industrial power generators, incinerators, production of coal tar, 
coke, asphalt and petroleum, incomplete combustion of coal, oil, gas, garbage, tobacco and charbroiled meat. 
Once released into the environment, PAHs can partition between air, water, soil or sediments. In the aquatic 
environment, due to their hydrophobic nature, PAHs can strongly sorb to non-aquatic phases and accumulate 
in sediments/soils as the result of rain, flood and river discharge.

This study was carried out at Mosel River, Germany. It rises at the Col de Bussang in France and joins the 
Rhine River at Koblenz after 520 km. Approximately 242 km of the river is located in Germany, with several 
tributaries flowing into the river, including the Saar River. Saar River is an important tributary of the Mosel. 
It rises at Donon/France in the Vogues Mountains and flows through Lorraine in France and the Saarland in 
Germany, where it ends at Mosel River. Both regions, Lorraine and Saarland, are well known for coal mining. 
Coal mining was an important industrial sector in the Saarland. The first coal mined in Saarland can be dated 
back to the third century B.C. Increases in coal mining since the 16th century, resulted in coal, coke and soot 
etc. being transported along the Saar River and Mosel River.

Twenty seven sampling sites were investigated along the Mosel river floodplain. Eleven sampling sites showed 
PAH concentrations up to 81 mg kg-1 of 19 PAHs. Thus, the distribution of the PAH contamination is a 
widespread problem at the Mosel River and Saar River and not linked to distinct “point sources” contamination. 
Coal particles observed in the soil correlated well with the PAHs concentrations.

The majority of the PAH contamination in the soils was linked to coal mining activities in the Saar region. 
Density and grain size separation showed a similar PAH distribution pattern in all of the fractions, indicating 
a uniform origin of PAHs. Together with coal petrography a good correlation between TOC and PAHs 
concentration the impact of former coal mining activity on the PAHs distribution in study area could be 
elucidated. Coal is known to be a source of PAH , but also a sink due to its high sorption capacity. 
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Abstract     A comparative study in between two arsenic affected areas of the Bengal Delta was conducted 
to investigate the common features of groundwater (hydro)chemistry and redox status to relate governing 
biogeochemical processes. The study reveals that (hydro)chemistry of both the area is almost alike with varying 
concentration of arsenic (up to 1059 µg/l) and the release is largely depend on local deltaic environment. 
Dissolved arsenic spans over four order of magnitude (> 5- 1059 µg/l) and frequently exceeding both WHO 
guide lines values (10 µg/l) and National standards (50 µg/l) of both India and Bangladesh. Groundwater 
is generally Ca-Mg-HCO3 type and fresh (conductivity up to 1028 µs cm-1). HCO3 is the major anion (up 
to 515mg/l) followed by Ca (> 102mg/l), Mg (>28mg/l), Cl (>65mg/l) with high redox sensitive species 
of Fe, Mn and As. Affected aquifers are usually anoxic in nature [low to very low NO3

-, low Eh, DO below 
detection limit with high Fe (II), Mn (II) and NH4

+].Variation of dissolved arsenic and iron(II) at low redox 
potential demonstrates that the reductive dissolution of As bearing iron minerals(mostly micas) where As 
has been hosted on their surfaces (As traps).Mutual competition between anions and oxyanions for sorption 
sites on mica(weathered /reworked) under neutral PH  (6.4-7.5) may also have enhance their mobility and 
there by enrichment in the low permeability areas(fine grained sediments) where deltaic environment is more 
complex and sediments package are interfingering in nature. The large-scale groundwater development further 
aggravates the local hydrogeological situation and biogeochemical of As is noted during intensive sediment-
water interaction.

INTROdUCTION   
Bengal Delta Plain (BDP) is currently confronted with largest groundwater arsenic (As) calamity in the history 
of human kind (Chatterjee et al. 2005). About one third (~ 35 million) inhabitants of BDP (West Bengal and 
Bangladesh) are being slowly exposed to arsenic poisoning (RGNDWM 2002; Bhattacharyya et al. 2003a). 
Concentrations of arsenic in drinking water wells contains elevated level of arsenic and often exceeding WHO 
provisional guideline value as well as European maximum admissible concentration (10 µg/L) and National 
safe drinking water limit (50 µg/L) of both India and Bangladesh for arsenic in drinking water (RGNDWM 
2002; Chatterjee et al. 2003). Several millions of people are estimated to be at risk and leads to various 
types of skin disorders including hyper/hypo pigmentation, keratosis and melanosis (Guha Mazumdar et al. 
1988; Bhattacharyya et al. 2003b). The spatial distribution pattern of arsenic in BDP is patchy and there are 
numerous hotspots of arsenic in the semi-confined shallow Holocene aquifer and these hotspots and mainly 
concentrated along with Hooghly river course, the main tributary of river Ganga (Bhattacharya et al. 1997;  
Nath et al. 2005).
In West Bengal, the source of arsenic concentrations in groundwater are reported from Gangetic flood plains 
(Bhagirathi-Hooghly and Ganga-Padma interfluve) covering eight districts (Malda, Murshidabad, Nadia, 
North and South 24 Parganas, Howrah, Hooghly and Bardwan) and includes 75 affected blocks with arsenic 
contamination exceeding 50 µg/L (Bhattacharya et al. 1997; Chatterjee et al. 2005). The arsenic affected 
areas of West Bengal extends (23,000 km2) in a NNW-SSE direction on the eastern bank of the Hooghly river 
channel (RGNDM 2002). The aquifer sediments are mainly consists of upward fining sequences dominated 
by silty clay, fine to medium sand with occasional clay layer (Bhattacharya et al. 1997; Nath et al. 2005). 
Mineralogy of the sediment and the governing geochemical processes are mainly responsible for release of 
arsenic from sediment to groundwater. The process is driven microbial metabolism of organic matter present 
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in the aquifer sands and also in the overlying clay rich horizons (Bhattacharyya et al. 2003a).
The research on quantification of geochemical processes that control groundwater chemistry in BDP (West 
Bengal part) is limited (Bhattacharyya et al. 2003). However, there is a need for considerable approach and 
reliable data bank in the complete spectrum of groundwater chemistry to understand the exact sequences of 
geochemical process that is responsible for release of redox sensitive species in groundwater. Evaluation of 
groundwater chemistry and related parameters is essential to ensure the sequence of redox processes that have 
an important control on the translocation of As from sediment to groundwater. Recent investigation shows that 
anaerobic metal-reducing bacteria can play a key role in the mobilization of arsenic and the release took place 
after Fe(III) reduction, rather than occurring simultaneously (Islam et al. 2005).
In the present study, attempts have been made to investigate the occurrence and mechanism of arsenic release 
to groundwater in alluvial aquifers of BDP. Groundwaters are sampled from two different areas (Chakdaha in 
Nadia and Baruipur in South 24 Pargana, districts of West Bengal). The paper also deals with (hydro)chemistry  
of groundwater of both the areas and then tried to compare the governing geochemical processes leading 
towards high arsenic release into the groundwater.

MATERIALS ANd METHOdS

Study area
The study area is an integral part of Ganga-Brahmaputra-Meghna (GBM) river system and is located in the 
eastern bank of Hooghly river (Chakdaha, Nadia District) and the southern extreme of the GBM river system 
(Baruipur, South 24 Pargana) (Figure 1). The lithology of the study area is mainly dominated by sand and 
silt sized fractions, and occasional clay lenses with aquifer of semi-confined in nature. The mineralogy of the 
aquifer sediment is dominated by quartz, feldspar, calcite, muscovite and with clay minerals mainly chlorite 
and kaolinite.

Figure 1: Map of the study area marked with red circle

Sampling and analytical techniques
Field investigations were carried out to collect groundwater samples from Chakdaha block (n=21) of Nadia 
district and Baruipur block (n = 25) of South 24 Pargana district in West Bengal. The groundwater samples 
are representing both domestic and irrigation wells at shallow depth (Chakdaha - 5 to 46 m; Baruipur - 14 to  
74 m ; Table 1 and 2). However, few wells from deeper level are also sampled to observe the chemical variation 
between deep and  shallow level. At each sampling site, pH, and electrical conductivity (EC) are measured. 
Collected groundwater samples have been divided into two groups, filtered for major anion analyses and 
filtered-acidified with suprapure HNO3 for cations and other trace element analyses including arsenic. The 
anions are measured with a Dionex 120 Ion Chromatograph and the major and trace metals are measured with 
an ICP-MS (Perkin Elmer, ELAN 6000).  Dissolved organic carbon (DOC) in groundwater is also analyzed  
(Schimatzu 5000 TOC analyzer). Attempts are also being made to understand the role of redox chemistry 
using multivariate statistical methods. In this method, factor analysis is made to investigate the relationships 
of variables to extract the most important factors responsible for the association of As with other elements. 
To facilitate the interpretation of the factor loadings, the factor axis was rotated by the normalized varimax 
method, i.e., the extracted factors are rotated in such a way that the variance of the factor loading is becoming 
maximum.
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RESULTS

Hydrochemical characteristics of the aquifer
 According to the relative molar proportion of the dissolved ionic species (Table 1 and 2) the groundwaters 
from both areas are of Ca-Mg-HCO3 type (Figure 2a and 2b). The characteristic chemical features of 
the groundwater are with high values of alkalinity (average: 415 and 515 mg/L), Mn (average: 0.41 and  
0.53 mg/L), Ca (average: 102 and 102 mg/L), Mg (average: 24 and 28 mg/L), Cl (average: 34 and  
65 mg/L), low concentrations of SO4 (average: 2.3 and 2.9 mg/L), NO3 (average: 5.0, two wells having higher 
values and 6.7 mg/L) and with nearly neutral pH (average: 6.4 and 7.5), with electrical conductivity (average: 
692 and 1028 µS/cm), respectively for Chakdaha and Baruipur areas. Similarly, the observed groundwater 
characteristics are also in accordance with the earlier reported groundwater quality from various part of BDP 
(RGNDWM, 2002; Bhattacharyya et al. 2003a; Gualt et al., 2005). Based on the analysis of groundwater 
samples in the study area, the highest As concentrations of 267 and 1059 µg/L are detected in tube well waters, 
with average concentrations (121 µg/L, ± 77 1 σ and 351 µg/L, ± 342 1 σ, respectively for Chakdaha and 
Baruipur areas) exceeding both WHO (10 µg/L) and Bureau of Indian Standards (BIS) (50 µg/L) drinking 
water safe limits. The Fe concentrations (average: 5.2 and 4.4 mg/ L) also show similar trends and exceeding 
drinking water regulation.
Among the measured trace element compositions Al, Ba, Sr and Zn shows higher concentration range with 
an average of 207 and 65 µg/L; 264 and 199µg/L; 361 and 384 µg/L; 123 and 616 µg/L, respectively for 
Chakdaha and Baruipur areas. The rests are generally in the lesser concentration ranges in an average, including 
Chalcophile elements like Cu, Ni and Co. Therefore, the characteristic feature of the groundwater of the study 
area (high concentration of As, Fe, Mn, and with low NO3, SO4, low trace element concentrations of Ni, Pb, 
Co, and nearly neutral pH) typically indicates the anoxic nature of the aquifer.

Table 1  Groundwater chemistry (pH, EC, major ions and DOC) of the well waters in the study area from 
Chakdaha and Baruipur areas
Chakdaha
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Table 2  Distribution of As and other selected trace elements in groundwater in the analyzed well waters in the 
study area from Chakdaha and Baruipur areas
Chakdaha

Baruipur
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Baruipur

Figure 2: Piper diagram illustrating the main hydrochemical features of the groundwaters: a) Chakdaha and 
b) Baruipur areas.
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distribution and correlation of arsenic, iron, manganese and dOC 
Groundwater As (average: 121 and 351 µg/L), Fe (5.2 and 4.4 mg/L) and Mn (0.41 and 0.53 mg/L) are 
varying with depth. In most of the wells (both in Chakdaha and Baruipur) As concentrations are above the 
WHO drinking water guideline (Table 2) and it is noteworthy to mention that As concentration of deeper 
wells of Baruipur locating more towards sea and  is well within the safe drinking water limit (0.8 to  
2.7 µg/L) prescribed by both WHO as well as the BIS. Similarly, Fe and Mn concentrations are also in the 
lower concentration ranges. Dissolved organic carbon is relatively high (average: 3.6 and 4.1 mg/L) shallow 
wells, whereas, the DOC levels of deeper wells are relatively low from the surveyed region. However, the DOC 
concentration shows overall negative correlation with As and Fe concentrations in both areas. The correlation 
between As and Fe, Mn in both areas are found to be weak, however the concentrations of As are generally 
higher in Baruipur (maximum: 1059 µg/L) as compared to Chakdaha area (maximum: 267 µg/L) (Table 2).
The correlation of HCO3 with As is weak and shows an axial intercept of 160 and 179 mg/L of HCO3, respectively 
for Chakdaha and Baruipur areas. Therefore, HCO3 concentration is representing the local baseline alkalinity 
that results from mineral weathering, O2 consumption and NO3 reduction. Similarly, the correlation of As with 
SO4 is only weak, and the concentrations of SO4 are generally low to very low in groundwater from both areas 
(Tables 1 and 2). Phosphate concentration shows moderate correlation with both As and Fe in Baruipur and 
Chakdaha areas, however two wells in Baruipur shows considerably higher concentration (Tables 1 and 2) 
possible due to interconnectivity with degraded eco-system/pit-latrine.

Statistical evaluation of the data
The multivariate statistical analysis was carried out by means of factor analysis on a cumulative data set of 
the results of the groundwater analysis from Chakdaha and Baruipur areas. This helps us to provide insights 
into the relationship of As contamination with other elemental composition and to identify different elemental 
associations. The principles of multivariate statistical methods were used here, with reference to applications 
in geosciences, presented in several textbooks (Davis, 1986; Rock, 1988) and were performed using the 
statistical software package “STATISTICA” (StatSoft, Europe).

The factor analysis could be indicative of the processes that lead to the hydrochemical evolution of groundwaters 
and specifically that of As. The analysis serves for the determination of basic and independent dimensions of 
variables. With the help of linear combinations large number of variables can be reduced to a few factors and 
are interpreted in terms of new variables. The analysis provides four dominant factors for both areas and is 
expressed by the data matrix variance of 70 and 68%, respectively (Tables 3a and 3b). 

Chakdaha groundwater
Factor-I (27% of the variance), includes high loadings of conductivity, HCO3, DOC, Na, Mg, Ca, Cl and the 
trace elements Al, Ba, Ga and Sr. Therefore, this factor represents the main dissolved load of the groundwaters, 
and is enriched during sediment-water interaction. 
Factor-II (21% of the variance) includes high loadings of the components like pH, NO3, Cu, Mo, Pb, V and Zn, 
with negative loading of HCO3. These trace elements are typical constituents of phyllosilicates (clay minerals 
like chlorites), typically adsorbed on them, and can be released into groundwater under oxidizing conditions 
(Factor ‘oxidation’). However, the high loading of NO3 and pH within this factor is helping to maintain the 
present aquifer condition, which is in reduced state.
Factor-III (15% of the variance), includes high loadings of Mn, Co, V and U. Cobalt and V are generally 
associated with Mn-oxides and these elements are generally high in reducing conditions. Therefore,  
Mn-reduction could take place, facilitating release of the above in groundwater. The association of U (uranyl-
carbonate species) in aqueous phase is preferentially mobilised at higher pH, as it is indicated by the very low 
concentration in groundwater. 
Factor-IV (7% of the variance), includes high loadings of PO4, K, As, Fe and Cr. The association of PO4 and 
As within this factor perhaps indicates that the competitive exchange between phosphate and arsenate for the 
sorption sites does not influence arsenic concentration in groundwater. This is in accordance with positive 
correlation between PO4 and As in groundwater. As such, this factor generally concludes the main dissolved 
load of groundwater. 
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Table 3  Factor loadings of the different chemical parameters of groundwater from study area (loadings > ±0.5 
marked in bold), a) Chakdaha and b) Baruipur areas.
a) Chakdaha

b) Baruipur
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Baruipur groundwater
Factor-I (23% of the variance), includes high loadings of As, Ba, Co, Fe, Ga, Mo, Ni and with negative 
loading of pH. Molybdenum can be removed from water by adsorption to Mn-oxides in oxic sedimentary 
environments via scavenging Mo-oxythiomolybdates in sulphidic settings, and subsequently released 
during low redox condition. Cobalt, As, Ba, Fe, Ga and Ni are normally associated with either Fe-oxides or  
Mn-oxides and these elements are generally higher in reducing conditions. Therefore, this factor is representing 
the reducing condition of the aquifer, corresponds with higher concentration in the groundwater. The negative 
association of pH (range: 7.3 to 8.0) within this factor is indicative of near-neutral condition of groundwater.
Factor-II (19% of the variance), includes high loadings of the components like Al, Cr, Pb, Ni, Zn and DOC. 
These trace elements (except DOC) are the typical constituents of phyllosilicates (clay minerals like chlorites), 
typically adsorbed on them, and can be released into groundwater under oxidizing conditions (Factor 
‘oxidation’). Therefore, this factor clearly suggests that the groundwater in the study area are in reducing 
condition, and is supported by the characteristic trace element compositions (lower values of Ni, Pb, Cr etc.) 
in groundwater (Table 2). 
Factor-III (13% of the variance), includes high loadings of conductivity, Mg, Ca, Cl, SO4 and the trace elements 
Sr. Therefore, this factor could represent the main dissolved load of the groundwaters, corresponding to the 
high/low concentrations in groundwater of the study area, which is enriched during sediment-water interaction 
with the minerals of the aquifer and the rocks from the catchment area, respectively. 
Factor-IV (13% of the variance), includes high loadings of HCO3, DOC and V, while Ca and Mn shows 
negative loadings. High bicarbonate level generally indicates weathering of carbonate as well as degradation 
of organic matter under local reducing condition; therefore both HCO3 and DOC co-exist together. However, 
Ca and Mn are showing negative loading and also showing negative correlation between HCO3 and Ca, Mn.

dISCUSSION 
The association of As in pyrite, presence of pyrite in the aquifer sediments (Das et al. 1996; Nickson et al. 
2000) have been suggested by several authors and support the idea that As is released into groundwater through 
pyrite oxidation (oxidation model). The pyrite oxidation occurs primarily due to lowering of water level, as 
a result of intense agricultural activity leading to excessive groundwater abstraction (Mallick & Rajagopal 
1996; Das et al. 1996; Mandal et al. 1998). However, several factors are not in agreement with this model 
and have already been documented by several authors ( Bhattacharyya et al. 2003a; Chatterjee et al. 2003; 
Nath, 2006; Charlet et al.2007). More recently, another hypothesis, competitive exchange model (exchange 
between PO4

3- and AsO4
3-) was proposed to explain the high levels of As in groundwater from BDP (Acharyya 

et al. 1999, 2000). Later, several groups of researchers (CGWB 1999; RGNDWM 2002; Bhattacharyya et al. 
2003a) examined and rejected the mechanism due to several reasons. The water quality survey in our study 
area reveals that phosphate had moderate to good correlation with As content in the groundwater. Therefore, 
this is reverse to what is expected, if phosphates have been sourced from soil leaching following application 
of fertilizers. In addition to that, areas with high phosphorous in groundwater are also arsenical and vice versa.
So, if competitive exchange between PO4

-3 and AsO4
-3 is responsible for increased As concentration, then a 

negative correlation between As and phosphate would be expected (Bhattacharyya et al. 2003a). The high 
HCO3 concentration is also a feature of groundwater from BDP (Chatterjee 2005). The correlation of As with 
HCO3 in our study area shows that local baseline alkalinity of 160 and 179 mg/L (in Chakdaha and Baruipur, 
respectively) needs to be achieved before phosphorous, As and iron should be available in significant amounts. 
Groundwaters with low bicarbonate are the youngest and least evolved, and would contain most phosphorus 
(and so As). Therefore, phosphate, which has very similar adsorptive capacity as arsenate, cannot effectively 
knock As from adsorption sites. On the contrary, dissolution of iron rich As traps under local reducing 
condition could release adsorbed As and phosphate in groundwater (McArthur et al. 2001; RGNDWM, 2002). 
Therefore, similar to findings of McArthur et al. (2001), our study confirms that competitive anion exchange 
between phosphate and arsenate may not be a direct mechanism for As release in groundwater. The hypothesis 
that As associated with Fe-oxyhydroxides, following release during reducing conditions, which was initially 
accepted for As-enriched groundwaters in the BDP by a group of researchers (Bhattacharya et al. 1997) and 
later adopted and developed by several others ( McArthur et al. 2001; Bhattacharyya et al. 2003a) could play 
an important role in mobility of arsenic in our study area.
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Multivariate statistical analysis demonstrates the importance of redox condition of the aquifer in both the 
areas, where we observed reduction of Fe- and Mn- phases. Therefore, the release of As through reduction of 
Fe-phases generally needs to indicate a good correlation between the As and Fe in groundwater, but in reality 
it shows only weak correlation if all the available data are considered. However, concentration of As and Fe 
has a strong correlation in aquifer sediments (Nath et al. 2005; Gualt et al. 2005).  The reason for the above 
correlation could be due to complex pattern of sub-surface distribution of redox potential, which is controlled 
in part by local litho-geochemical conditions, leading to the development of vertical and horizontal redox 
zoning. In addition to that, many authors have already mentioned several possibilities: i) arsenic and iron 
may be sequested differentially into diagenetic pyrite (Moore et al. 1988; Rittle et al. 1995); ii) dissolved iron 
may be derived from weathering of biotite (McArthur et al. 2001); and/or iii) arsenic, originally sorbed to 
Mn-oxides but released during reduction, must be resorbed to FeOOH (or residual Mn oxides) rather than be 
released to groundwater (Chatterjee et al. 2004).

Limited sediment analysis (bulk and core) demonstrates that non-magnetic/eebly magnetic minerals are 
generally revealed to be As free. On the other hand, Fe-rich clastic and authogenic minerals (illite, biotite, 
chlorite, Fe-coated sand and muscovite) are also encountered in the sediments for As traps. Desorption and 
heterogeneous reduction of As at the phyllosilicate- water interface are major pathways leading the release of 
As into groundwater, The study suggests that deltaic micas environment (weathered and/or reworked ) may 
have playing an important role in BDP As cycling where high As with  high/low iron and low Eh groundwater 
are common. Biogeochemical cycling of As is another critical factor in shallow aquifers where natural organic 
matters are abundant. Deep aquifers content high Ca, Mn, Al, Sr ,Zn and Ba with high As which means that 
incursion of marine environment may played important role in arsenic sourcing in deeper aquifers. 

So far, SE Asian Holocene deltas are extensively contaminated with As where as no other delta’s of comparable 
geological setting has been identified with As contamination. Bengal delta plain (BDP) has unusually dense 
population in deltaic region. The risks of flooding and channel migration are often considerable to influence 
the redox conditions of the useable alluvium aquifers. Flooding depths vary within small areas because of 
differences in topography and changes in land surfaces. BDP has now sole dependence (70-80 %) on shallow 
wells for drinking water supply in rural areas and may be higher than elsewhere. The large-scale groundwater 
developments in shallow aquifers further aggravate the situation and have possible impacts on hydrogeological 
regime where biogeochemical cycling of As already reported (Islam et al. 2005). It may also lead to more 
intensive sediment-water interaction that causing high release of As in BDP groundwater.

Alternative water supply options under rural conditions are immensely important to combat As health risk and 
experience reveals that technical options require continuous physical involvement of both implementers and 
beneficiaries, otherwise the quality of the drinking water can not be ensured.

CONCLUSION    
The present work suggests that the groundwater is anoxic in nature and mostly Ca-Mg- HCO3 type. The 
high concentration of arsenic in Baruipur could be due to the dominance of redox status of the aquifer. The 
possible geochemical pathway is Fe- reduction at least in near-surface shallow aquifers. High redox sensitive 
species (As, Fe and Mn), high alkalinity and absence of dissolved oxygen and nitrates further demonstrate 
the microbial mediated and thermodynamically favored redox processes (denitrification → iron-reduction). 
High bicarbonate levels indicate the weathering of carbonate as well as degradation of organic matter under 
local reducing condition (redox traps). The concentrations of the released species are regulated by the surface 
reactivity of weathered/reworked micas under local redox conditions where more intensive sediment-water 
interaction is often noticed.
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Abstract    Naphthalene and benzene are ubiquitously found at former gasworks sites. In order to demonstrate 
that monitored natural attenuation (MNA) is an alternative strategy for remediation of groundwater at the 
investigated site, biodegradation was characterized by: (1) reduction of contaminants; (2) correlation 
of contaminants concentration changes with geochemical parameters; (3) enumeration of anaerobic 
microorganisms and correlation with geochemical data; (4) laboratory assays with site-specific enrichment 
cultures and naphthalene as the sole carbon source and electron donor; (5) modeling plume extension of 
naphthalene along the centerline and (6) carbon stable isotope (CSIA) analysis. The study demonstrated 
that naphthalene attenuation mainly depends on high sorption on aquifer material. In contrast, benzene is 
predominantly attenuated by biodegradation.
Keywords  Biodegradation; carbon stable isotope analysis; first-order transport model; monitored natural  
attenuation 

INTROdUCTION
In the last century, fuel for lighting, heating and cooking was manufactured from coal and petroleum at 
manufacturing facilities. The gas manufacturing and purifying resulted in a variety of resistant chemical 
compounds in groundwater, soil, sediment, sludge and surface water, among which dominate: polycyclic 
aromatic hydrocarbons (PAH), volatile aromatics (BTEX: benzene, toluene, ethylbenzene, and xylene), 
phenolics, inorganic nitrogen including cyanide compounds, inorganic sulfur and trace metals. Biodegradation, 
as a key determinant in natural attenuation  processes was attempted to be characterized by different techniques. 
The objective of the presented study is to assess NA in the contaminated aquifer and to evaluate whether 
monitored natural attenuation (MNA) is a sufficient remediation strategy for the former gasworks site.

METHODS

Field site
The investigated former gasworks site is located in Southern Germany. Gas was manufactured during the first 
half of the last century (1910-1966). The geology of the site is fairly homogeneous. The main aquifer, which 
contains Quaternary loamy gravels is shallow and has a thickness of around 2.0 to 3.5 meters. The basis of the 
aquifer consists of Jurassic mudstones. The top of the Quaternary sediments is made of alluvial clay (confined 
aquifer) and in some parts of the site of silt (semi-confined aquifer). The prevailing groundwater flow direction 
is north-west. The estimated effective porosity is approximately 10 %. The average hydraulic conductivity is 
2.3 × 10-5 m/s. The hydraulic gradient is approximately 0.02 resulting in an average seepage velocity of around 
0.4 m/day. In September 2005, a naphthalene and benzene contamination was found in the groundwater wells 
P35, P2, P1, 28 and P34 (Figure 1).
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Figure 1: Groundwater isolines at the former gasworks site with arrows showing groundwater flow direction 

Sampling Procedures
Groundwater sampling was performed with a submersible pump (MP1, Grundfos) using Teflon tubing. 
Sampling in well P2 was performed using a hand-pump with PVC tubing. In well P28 with a diameter of only 
two-inches, no pumping was possible; therefore, groundwater samples were taken by a stainless steel container. 
In-situ parameters such as pH, electrical conductivity, dissolved oxygen concentration, redox potential and 
temperature were monitored. Samples for naphthalene analyses were collected in 1 litre brown glass bottles 
and acidified with 1 M hydrochloric acid (pH = 2) to prevent further biological activity. Bottles were closed 
without headspace by glassy lids. Samples for benzene and for the major anions and cations were filled into 
100 ml brown glass bottles without headspace. Samples for stable carbon isotope analyses were collected into 
240 ml brown glass bottles (Qorpak, Switzerland) and stabilized with 1 M hydrochloric acid (pH= 2). For most 
probable number (MPN) studies groundwater samples were taken by a hand-pump using sterile PVC tubing. 
Prior to sampling, one well volume was pumped out. Samples were taken into 50 ml sterile glass bottles. All 
bottles were stored at constant temperature of 4 °C until analysis or until incubation. 

Analytical Methods
Benzene was quantified directly from water (10 ml sample) by Purge and Trap GC/MS. The Gerstel multi 
purpose sampler (MPS32) device, operated with helium as a carrier (gas flux 1.3 ml/min) was connected to 
a GC Agilent 6890 with the mass selective detector (MSD) 5973. For separation of the target compounds, a 
Varian CP select 624 column (interior diameter: 0.32 mm; length: 30 m) was used. Naphthalene was extracted 
from water samples using cyclohexane as a solvent (2 ml of solvent containing 50 µl of internal standard 
for 1.0 l water) and analyzed using a GC-MS system (Agilent 6890) with a mass selective detector (MSD) 
5973. The GC column used for separation of the target compound was a Varian VF-35 ms (interior diameter: 
0.25 mm; length: 30 m). Analysis of major cations and anions (Na+, NH4

+, K+, Mg2+, Ca2+, F-, Cl-, Br-, NO3
-, 

NO2
-, PO4

3-, SO42-) was performed by ion chromatography (Dionex DX-120). Sulfide concentrations from 
groundwater were quantified by the sulfide assay , Fe2+ concentrations by the ferrozine assay .

Most probable number technique. The most probable number technique (MPN) was used to enumerate viable 
Fe(III)-, sulfate- and nitrate-reducing bacteria in groundwater samples from five wells with naphthalene 
contaminations (P1, P2, P28, P34 and P35; Figure 1). MPN analyses were performed in anoxic, bicarbonate-
buffered medium. The medium contained (per liter of distilled water) 0.3 g NH4Cl, 0.025 g MgSO4 ∙ 7 H2O, 



389

0.4 g MgCl2 ∙ 6 H2O, 0.6 g KH2PO4 and 0.1 g CaCl2 ∙ 2H2O. After autoclaving and cooling under N2/CO2 
(90/10, vol/vol) atmosphere, 30 mM NaHCO3, seven vitamin solution (1 ml), mixture of eight trace elements 
(1 ml) and a selenite-tungstate solution (1 ml)  were added. The pH was adjusted to 7.0. Anoxic medium was 
supplemented with a mixture of formate (10 mM), acetate (5 mM), propionate (2 mM) and butyrate (2 mM) 
as substrates. Since MPN analyses were intended to estimate numbers of Fe(III)-, sulfate- and nitrate-reducing 
bacteria, the medium was supplemented with suitable electron acceptors: ferrihydrite (5 mM), sulfate (2 mM) 
and nitrate (2 mM). MPN tubes were incubated at 20 ºC in the dark for 12 weeks. After 12 weeks of incubation, 
the pattern of positive and negative tubes was documented, and a standardized MPN table was consulted 
to determine the most probable number of organisms (causing the positive results) per unit volume of the 
original sample. The estimation of density is based on an application of the theory of probability.

Monitoring microbial growth of anaerobic bacteria. Microbial activity in the tubes inoculated for the MPN 
studies was checked throughout the period of twelve weeks. Bacterial activity in tubes with sulfate or nitrate as 
electron acceptors was visually observed (by turbidity increase). In addition, bacterial growth was determined 
by measuring the optical density with a spectrophotometer (SPECOL 1300, Analytik Jena AG, Jena, Germany) 
at a wavelength of 578 nm. Sulfate reduction was monitored by sulfide production (sulfide assay, Cline, 1969). 
Ferrihydrite reduction was monitored by Fe2+ production (ferrozine assay, Stookey, 1970). Nitrate reduction 
and nitrite production were checked using nitrate and nitrite indicator stripes (Merckoquant® Merck KGaA, 
Darmstadt, Germany). After four weeks of monitoring, tubes that showed the most prominent nitrate-, sulfate-
, or ferrihydrite reduction in the highest dilution step were selected for further enrichment under the same 
condition as for the MPN analyses. After four weeks these enrichment cultures were used for the growth 
experiments with naphthalene as the sole carbon source and electron donor. 

Growth experiment with naphthalene as the sole carbon source and electron donor. Enrichment cultures of 
Fe(III)-, sulfate-and nitrate-reducing bacteria which exhibited the highest microbial activity were chosen for 
incubation with naphthalene as the sole carbon source and electron donor in the presence of the solid adsorber 
resin Amberlite XAD-7 as described in Meckenstock at al. (2000). After an equilibration period of five days 
electron acceptors - sulfate (2 mM), nitrate (2 mM) and ferrihydrite (5 mM) were added via syringes followed 
by addition of 10 % inoculum. All serum bottles were stored in the dark at 20 ºC and bacterial growth was 
checked in one week intervals. Substrate utilization was monitored as sulfide production (sulfide assay), 
Fe2+ production (ferrozine assay), nitrate consumption (via nitrate stripes) and as substrate (naphthalene) 
depletion. Sampling for naphthalene concentration measurements was performed by taking 1 ml of the medium 
with a syringe through the Viton stoppers and adding 1 ml cyclohexane. These samples were shaken for 1 hour 
at 240 rpm and the measurements were performed directly from the cyclohexane phase.

Stable carbon isotope analyses. Compound-specific stable carbon isotope analyses were carried out by a gas 
chromatograph (Thermo Finnigan, Milan, Italy) coupled to an isotope ratio mass spectrometer (DeltaPLUS 
XP, Thermo Finnigan MAT, Bremen, Germany) via a combustion interface (GC Combustion III, Thermo 
Finnigan MAT, Bremen, Germany) maintained at 940 ºC (GC/C/IRMS). The gas chromatograph was equipped 
with a programmable temperature vaporizer (PTV) injector (Optic 3, ATAS GL International B.V., Veldhoven, 
Netherlands). The analytical separation was carried out with an Rtx-VMS capillary column (60 m × 0.32 mm, 
1.8 µm film thickness; Restek Corp., Bellefonte, PA) with helium 5.0 (Air Liquide, Düsseldorf, Germany) 
as carrier gas with a constant flow of 1.5 ml/min. For the isotope analyses, target compounds were extracted 
using the solid phase microextraction technique (SPME). Solid phase microextraction was performed by the 
direct immersion of an 85 µm Carboxen/polydimethylsiloxane (PDMS) fiber (Supelco, Bellefonte, USA) into 
an aqueous solution.

BIOSCREEN. The analytical transport model BIOSCREEN was used for the simulation of the NA processes 
such as in-situ biodegradation . The BIOSCREEN software is based on the three-dimensional analytical 
transport model of Domenico (1987). It accounts for the effects of advective transport, three-dimensional 
dispersion, adsorption and first-order decay. Initial conditions were:

c (x, y, z, 0) = 0 (Initial concentration = 0 for x, y >0, where “x” represents the distance downgradient of 
the source, “y” represents the distance from the centerline of the source and “z” represents the distance 

1.
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from the surface to the measurement point and it is assumed to be equal to zero, since in the BIOSCREEN 
software the solute concentrations are always assumed to be at top of water table).
c( 0,Y,Z,0) = C0. (Source concentration for each vertical plane source = C0 at time 0, where Y and Z are 
width and depth of the source).

The key assumptions in the model were:
The aquifer and flow field are homogeneous and isotropic.
The groundwater velocity is fast enough that molecular diffusion in the dispersion terms can be ignored.
Adsorption is a reversible process represented by a linear isotherm.

Boundary condition assumes an infinite, fully penetrating source of constant concentration, perpendicular to 
the groundwater flow.

An average scenario is considered in the current study. The average scenario was assumed to be the case when the 
average values for hydraulic conductivity (k = 2.3 × 10-5 m/s), average fraction of organic carbon (foc = 0.042), 
and an average of reported first-order decay rates for naphthalene , λ = 1.8 a-1 were considered. Measured 
naphthalene concentrations in July 2006 in wells P2, P1 and P28 were input concentrations. It was assumed that 
the maximum plume length was reached when the naphthalene concentration was below 0.0001 mg/l.
Simulation time was 56 years equal to the time period of gas manufacturing.

RESULTS ANd dISCUSSION
In the central part of the former gasworks site investigated in this study (wells P1, P2, P28, P34 and P35; Fig. 
1), elevated concentrations of naphthalene and benzene were found (Table 1). The highest concentrations of 
both naphthalene and benzene were found in well P2 where also a coal tar phase was observed. The area in 
close vicinity of this well was therefore considered to be the contaminant source.
Dissolved oxygen concentrations in wells P1, P2, P28, P34 and P35 range from 0.3 to 3.0 mg/l (Table 2). The 
high oxygen concentrations in wells P2 (2.0 mg/l) and P28 (3.0 mg/l) are most probably measurement artifacts 
due to the sub-optimal sampling procedure possible at these wells (see methods). Low oxygen concentrations 
(<1 mg/l) in wells P1 and P35 in combination with the negative redox potentials ranging from -54 to -183 mV 
in samples from the same wells indicate anoxic conditions.
Naphthalene and benzene concentrations measured in July 2006 are compared to concentrations measured 
about 1 year earlier, i.e. in September 2005 (Table 1).

Table 1  Naphthalene and benzene concentrations measured in two sampling campaigns
Well

 
Naphthalene (mg/l) Benzene (mg/l)

Sep. 05 Jul 06 Sep. 05 Jul 05
P35 0.00047 0.00004 0.024 0.019
P2 9.4 2 3.2 3.1
P1 0.38 0.13 0.1 0.1
P28 0.01 0.014 0.052 0.038
P34 0.00011 0.00023 0.045 0.17

The naphthalene concentrations measured in July 2006 (wells P2, P1 and P35) are mostly lower compared to 
the concentrations in the same wells measured in September 2005 (Table 1). Only slight changes were detected 
for the benzene concentrations in 2006 compared to the previous campaign in September 2005, except for 
well P34 where the benzene concentrations were slightly higher in 2006 (Table 1). The highest benzene and 
naphthalene concentrations were measured in both years in well P2, indicating that the coal tar (a possible 
naphthalene source) is related to the former benzene distiller facilities (a possible benzene source). We also 
observed that the benzene concentrations decrease along the groundwater flow line from the source zone (P2) 
to the next downgradient well (P35) potentially indicating the presence of natural attenuation processes.
Concentrations of possible electron acceptors and dissolved reduced species potentially stemming from the 
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anaerobic degradation of contaminants were measured in July 2006 and are shown together with the data 
obtained 10 months earlier (September 2005) in Table 2.

Table 2  Concentrations of possible electron acceptors and dissolved reduced species potentially stemming 
from the anaerobic degradation of contaminants

Well O2 NO3
- NO2

-    Fe2+ SO4
2- S2-

Sep. 05 Jul 06 Sep. 05 Jul 06 Sep. 05 Jul 06 Sep. 05 Jul 06 Sep. 05 Jul 06 Sep. 05 Jul 06
P35 0.2 0.3 <0.5 0.47 0.01 1.4 6.6 3.78 81.6 98 <0.01 <0.0004
P2 0.2 2 9.02 <0.5 0.6 1.8 1.2 0.54 254 174 0.18 0.28
P1 0.4 0.5 50.6 10 0.53 2.6 0.81 0.19 411 363 0.12 0.05
P28 0.7 3 <0.5 0.94 0.06 1.8 0.26 2.04 61.9 88 3.2 0.44
P34 0.2 2.8 151 29 0.3 1.5 0.39 0.92 218 141 <0.01 0.04

Increased sulfide concentrations in wells P28, P2 and P1 (Table 2) indicate the activity of sulfate-reducing 
microorganisms. Likewise the increased ferrous iron concentration in the downgradient well P35 suggests 
iron-reducing microbial activity. The decrease of nitrate concentrations in wells P2 and P1 from 2005 to 
2006 probably indicates the activity of nitrate-reducing bacteria. A detailed delineation of redox zones was 
impossible due to the lack of more monitoring wells in the centerline and close to well P2.
Sulfide concentrations that are high in the source well P2 increased from 0.18 mg/l (measured in September 
2005) to 0.28 mg/l (measured in July 2006). In combination with the decreasing naphthalene concentrations 
measured in these wells (Table 1), this could indicate naphthalene degradation coupled to sulfate reduction. 
Degradation of naphthalene by sulfate-reducing bacteria was described by Galushko et al. (1999) and 
Meckenstock et al. (2000) and therefore there is a high probability that a similar process is occurring at the 
site investigated in this study.
In order to quantify the numbers of Fe(III)-, sulfate- and nitrate-reducing microorganisms, most probable 
number studies were performed. After twelve weeks of incubation all tubes with observed microbial activity 
were marked positive and a standardized MPN table was consulted to determine the most probable number 
of organisms per volume of the original sample. Table 3 summarizes the results obtained for the field site 
studied.

Table 3  Estimated numbers of anaerobic bacteria per milliliter of groundwater sample 
Well Nitrate-reducers Silfate-reducers Fe(III)-reducers
P1 1.1 × 107    >2.4 × 107 1.5 × 103

P2 4.6 × 106 2.4 × 106 2.4 × 102

P28 4.6 × 106 4.6 × 106 2.4 × 104

P34 1.5 × 106 4.3 × 105 7.3 × 102

P35 9.3 × 104 2.4 × 106 2.4 × 102

In most of the wells the estimated number of nitrate-reducing bacteria is in about the same range as the number 
of sulfate-reducers. Exceptions are wells P34 (where nitrate-reducers dominate) and P35 (where sulfate-
reducers dominate). In comparison to nitrate- and sulfate-reducing bacteria, the numbers of Fe(III)-reducing 
bacteria are 2-4 orders of magnitude lower in all samples from the investigated site. Similar low numbers of 
Fe(III)- reducers for a comparable field site were reported previously .

Comparing the geochemical parameters (Table 2) and MPN counts of microorganisms (Table 3), one can see 
that the highest number of sulfate-reducing bacteria in the samples from wells P1, P28 and P2 correspond 
with the highest sulfide concentrations measured in the same wells potentially indicating pollutant degradation 
coupled to sulfate reduction, which could have caused the measured sulfide concentrations. High numbers of 
nitrate-reducing bacteria in the wells P1, P2 and P28 (Table 3) correlate with the highest nitrite concentrations 
measured in those wells (Table 2) indicating a potential for nitrate reduction, which could have caused the 
measured nitrite concentrations. The geochemical parameters and microbial counts also fit nicely in well P35 
where nitrate-reducers are the least abundant and where we measured the lowest nitrite concentration (Tables 
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2 and 3). The estimated numbers of Fe(III)-reducers were low (in comparison with other microorganisms) 
in all samples. The number of Fe(III)-reducers was highest in well P28 where also one of the highest Fe2+ 
concentrations was measured (Tables 2 and 3). The comparisons of MPN counts with geochemical parameters 
(products of microbial respiration: sulfide, Fe(II) and nitrite) showed a good correlation for all three metabolisms 
analyzed, i.e. microbial respiration of sulfate, Fe(III) and nitrate.
In order to determine whether the MPN-counted sulfate-, nitrate-, and iron(III)-reducing microorganisms are 
able to degrade the organic pollutants at the investigated site, degradation experiments with naphthalene as 
the sole carbon source and electron donor were performed. Fresh anoxic medium was inoculated in parallel 
setups with freshly enriched cultures from either the iron(III)-, sulfate- and nitrate-reducing MPN counts. 
Naphthalene was added together with the absorber Amberlite XAD-7 as described in Meckenstock et al., 
(2000). The XAD-7 resin was used to keep the naphthalene concentrations low. 
Naphthalene utilization was monitored in the following six weeks by measuring the naphthalene concentrations, 
sulfide and Fe(II) production and by examining nitrate concentrations. At the end of the sixth week, naphthalene 
concentrations did not show any significant differences to the initial naphthalene concentrations and the ferrous 
iron, sulfide and nitrite concentrations were below detection limits. This showed that, at least within the time 
period investigated, the added ferrihydrite, sulfate and nitrate could not be used by the enriched bacteria to 
oxidize a significant amount of naphthalene.
In order to determine whether the decreasing concentrations of the contaminants at the field site were caused 
by microbial degradation or by an abiogenic process such as sorption, δ13C values were measured in the 
residual naphthalene and benzene. Measurements were carried out in triplicates and the mean values are 
presented in Table 4. 

Table 4  13C/12C ratios expressed as δ13C signature in residual naphthalene and benzene.

Well
Naphthalene Benzene

δ 13C δ 13C
Conc. (mg/l) mean (‰) SD (-) Conc. (mg/l) mean (‰) SD (-)

P35 0.00004 n.d. 0.019 -22.29 0.03
P2 2.00 -24.48 0.23 3.10 -25.48 0.07
P1 0.13 -23.90 0.04 0.10 -25.66 0.04
P28 0.014 n.d. 0.04 -24.73 0.03
P34 0.00023 n.d. 0.17 -24.34 0.08

Since the naphthalene concentrations in samples P28, P34 and P35 were significantly lower, only the mean 
carbon isotope ratios of naphthalene for wells P2 and P1 could be measured.
The carbon isotope ratio for naphthalene of the sample P1 is slightly less negative that the one of the sample 
P2. However, both values are within the error of the measurement (0.5 ‰). Because of the low naphthalene 
concentrations in the other wells, carbon stable isotope analyses did not give a qualitative or quantitative 
parameter of naphthalene biodegradation at the site due to a lack of carbon isotope data in wells downstream 
from the source (e.g. P35).

Compound specific carbon stable isotope measurements of benzene from the five chosen wells are given in 
Table 4. An isotope shift (-3.19 ‰) was observed in the residual benzene fraction along the groundwater flow 
path (between wells P2 and P35) showing that benzene underwent isotope fractionation of carbon isotopes. 
Isotope fractionation is accompanied by benzene concentration decrease (from 3.1 mg/l in well P2 to 0.019 mg/
l in well P35, Table 1) and dissolved ferrous iron concentration increase (from 0.54 mg/l in well P2 to 3.78 mg/
l in well P35, Table 2). From the literature it is known that benzene can be oxidized under anoxic iron-reducing 
conditions in the field  but a pure culture has not been described yet. Previous facts and literature data indicate 
a high possibility that benzene is biodegraded by Fe(III)- reducing bacteria at our field site. Carbon isotope 
ratios in wells P1 and P2 are very close suggesting that benzene contamination in wells P1 and P2 derives from 
the same source. Since δ13C values in samples P1 and P2 are significantly lighter from the ones measured in 
wells P28 and P34, two wells that are not downstream of P1 and P2 (Figure 1 and Table 4), we suggest that 
two multiple-point benzene contamination sources might exist: one causing benzene contamination in wells 
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P1 and P2 and the second causing contamination in wells P28 and P34.

In order to study the transport behavior of naphthalene three different types of analytical transport models 
were considered in the present study, (1) sorption and no biodegradation, (2) sorption and biodegradation 
using the first-order decay model and (3) biodegradation and no sorption. The results for naphthalene along 
the centerline of the plume are shown in Fig. 2. Naphthalene concentrations reached a value of 0.0001 mg/
l, (set to be the concentration when the naphthalene plume diminishes) after approximately 5 meters from 
the source for sorption and biodegradation. In the case when only sorption was considered, the naphthalene 
plume diminished at approximately 25 m downgradient from the source. In case when only biodegradation 
but no sorption was assumed, the naphthalene plume reaches almost 450 m (Figure 2). Comparison of the 
simulated concentrations with measured naphthalene concentration in the next downgradient well (P35) from 
the source zone showed that only two models could be valid: (1) sorption and no biodegradation and (2) 
sorption and biodegradation. Discrimination between those two models was not possible due to the lack of 
monitoring wells downgradient and in close vicinity from the source zone. Since the concentration in the next 
downgradient well, situated 41.5 m from the source zone was 0.00004 mg/l, (lower than BIOCREEN predicts 
as the minimum concentration in naphthalene plume), the third model, for which only biodegradation and no 
sorption were assumed, appeared to be not valid.

Figure 2  Plume extension and naphthalene concentration along the centerline for sorption and no biodegra-
dation, sorption and biodegradation, and biodegradation and no sorption, considering average scenario.

CONCLUSIONS 
Geochemical parameters observed in the central part of the former gasworks site close to the contaminant 
source zone and decreasing contaminant concentrations indicate active biodegradation at the site. Increased 
concentrations of dissolved ferrous iron observed in groundwater downgradient from the source zone (P35) 
indicated potential for microbial degradation of contaminants by Fe(III)- reducing bacteria. Likewise, increased 
sulfide and nitrite concentrations in wells P28, P2 and P1, together with high estimated numbers of sulfate- and 
nitrate-reducing bacteria (106-107 ml-1 in groundwater samples) indicate potential biodegradation by sulfate- 
and nitrate-reducing bacteria. Nevertheless, the laboratory experiments with Fe(III)-, sulfate-, and nitrate-
reducing enrichment cultures from groundwater samples from the site did not show significant naphthalene 
degradation within six weeks of incubation.

The results of the analytical transport model BIOSCREEN also demonstrate the natural attenuation of 
naphthalene at the site. According to the simulations, the naphthalene plume does not extend more than 
approximately 25 m from the source if no biodegradation is considered, which is mainly due to the high 
sorption of naphthalene. If biodegradation is considered, the maximum plume length would be only around 5 
m. The analytical transport model when only biodegradation but not sorption is assumed results in around 450 
m plume length, which was not measured in the field (e.g. in the well P35); hence the last model is not valid.
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Naphthalene degradation could not be verified by carbon stable isotope analyses (CSIA) due to low naphthalene 
concentrations downgradient from the source. However, carbon isotope measurements of benzene from the 
central part of the investigated site showed a significant isotopic shift between the sample from the source 
zone (P2) and the one from the next downgradient well (P35). This showed that microbial degradation of 
benzene is occurring in the groundwater at the site. 
From the current study we conclude that an extension of the groundwater monitoring well network is necessary 
and in particular downgradient of the contaminant source. In addition, we recommend the monitoring of 
naphthalene and benzene concentrations 3 to 4 times per year to rule out any artifacts due to seasonal changes. 
Otherwise it will not be possible to implement Monitoring Natural Attenuation (MNA) for the site.
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Abstract    Several local groundwater studies within the EU project AquaTerra in the Basins of the Meuse, Elbe 
point at significant influences of groundwater on surface water, while the Brévilles Catchment shows a distinct 
problematic of pesticide loading to groundwater. Further modeling studies are currently being developed. In 
the Danube Basin no specific groundwater studies were carried out in the framework of AquaTerra. However 
on larger scales geochemical proxies such as strontium isotope ratios can give an insight into groundwater 
contributions to the river that reflects an integral signal of the environmental status of the Basin. Future local 
groundwater studies should be further correlated to the environmental status of rivers nearby.

INTROdUCTION
As one of the key compartments for future water resources, groundwater does not only constitute a highly 
valuable resource, but also lies between the soil and the river-sediment- and floodplain system. Groundwater 
thus constitutes a transitional reservoir that receives pollutant fluxes and passes them on to the surface system. 
Furthermore, turnover of material is possible, particularly over longer time periods with low flow velocities. 
This particular position in the environmental system renders groundwater a highly interesting and important 
compartment. Groundwater therefore deserves detailed study on a variety of scales.
Within the EU project AquaTerra several local groundwater studies are being carried out in the Basins of 
the Meuse, the Elbe and the small French catchment of the Brévilles spring (Figure 1). In the Ebro a few 
groundwater samples have been collected and environmental studies on the Danube do not specifically include 
groundwater monitoring. However, some conclusions about groundwater surface water interaction can be 
drawn from investigations of the river itself. This relies for instance on methods of strontium isotope ratios 
that allow deciphering interactions between groundwater and the aquifer matrix system.
In the following, selected groundwater studies of AquaTerra are briefly presented to provide an overview of 
groundwater monitoring and management techniques. AquaTerra also produces a growing body of literature 
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specific groundwater studies. Further information about the project as a whole is available on the AquaTerra 
website (http://www.eu-aquaterra.de/).

GROUNdWATER STUdIES IN THE MEUSE BASIN
Several groundwater investigations exist in the Meuse Basin within the framework of AquaTerra. This includes 
a study on groundwater contribution to surface water contamination in a region with intensive agricultural 
land use (Noord-Brabant, The Netherlands). Work in this area involves the development of a conceptual model 
that outlines how stream water quality at different discharges results in different mixing ratios of groundwater 
from different depths. Available data from the regional monitoring networks are being fed into this study 
and show that that groundwater is a dominant source of surface water contamination. In many cases the poor 
chemical condition of upper and shallow groundwater exceeds the quality standards such as nitrate fertilizers 
in receiving surface waters. This is particularly observed during quick flow periods. 
In addition to this, a three-dimensional reactive transport model is used for the trend detection an extrapolation 
of groundwater and surface water quality. The purpose of this model is to establish groundwater flow and 
reactive transport modeling in the Dutch part of the Meuse Basin with focus on Zn and Cd loading to the soil 
and their subsequent leaching to the groundwater.
Another groundwater flow and reactive transport model in the Geer Catchment of the Meuse Basin treats 
the problematic of nitrate pollution that is particularly pronounced in this area due to traditionally intensive 
agriculture as given by thick and fertile loess layer in the area. It is known that at least since 1960, nitrate 
concentrations have risen dramatically and have approached the drinking water limit of 50 mg L-1. More 
recently, pesticides (mainly atrazine) have also been detected in some observations and pumping wells. This 
outlines the need for future scenario estimation of present and future groundwater quality trends in the area. 
Such work is of primary importance to support future decisions in terms of land use.
On the other hand, tritium isotopes enabled to demonstrate trend reversal of groundwater quality in relation to 
time of recharge. This is particularly important because recent EU legislations direct towards reversal of pollutant 
concentrations in groundwater. So far, uncertainty of the travel time towards the screens of the groundwater 
quality monitoring networks complicated clear demonstration of such trend reversal. The local study in the 
Netherlands treated pollutant trend reversal by relating concentrations of pollutants in groundwater to the time 
of recharge, instead of the time of sampling. This was arranged by establishing the travel time to monitoring 
screens in sandy agricultural areas via 3H/3He groundwater dating. Results indicate that concentrations of 
fertilizers increased in groundwater recharged before 1985 and subsequently decreased after 1990. This shows 
that dating techniques can facilitate (re)interpretation of existing groundwater quality data. By investigating 
a large number of time-series, the method could be shown to be robust and insensitive to outliers, subsurface 
heterogeneity, and spatial and temporal variation in inputs. This approach is widely applicable in areas with 
unconsolidated granular aquifers.
A further new groundwater study in a contaminated former gaswork cookery site in the alluvial plain of the Meuse 
River, in the vicinity of Liège city (Belgium), quantified river-aquifer interactions to outline possible release of 
contaminants to the river. This included detailed mapping of the groundwater and river levels, tracer and pumping 
tests. Additionally, various sources of data were consulted to obtain records on the Meuse River and rainfall, 
and groundwater monitoring campaigns were performed on the above mentioned brownfield. Findings led to a 
model that relates fluctuating groundwater levels to changes in neighbouring Meuse River. The established model 
carefully indicates that the effective porosity of the alluvial aquifer is low when assuming radially symmetric 
distribution of groundwater fluxes and effective velocities. This condition is not always met and some tracer 
experiments revealed groundwater being fed by water from the Meuse River. It is likely that the hypothesis of 
homogeneity leads to strong underestimation of groundwater fluxes. In a next step, established hydrodynamic 
parameters of the site will be used in a transport model for heavy metals and organic compounds.

GROUNdWATER STUdIES IN THE BRÉVILLES CATCHMENT
The 3 Km2 catchment of the Brévilles Spring near Paris in France has been investigated for pesticide pollution 
since 1999 starting already with the Pegase Project. Formerly used for water supply, the spring was disconnected 
from the distribution network in August 2001 because pesticide and nitrate concentrations exceeded water 
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quality criteria. Atrazine was the most studied herbicide and was detected on numerous occasions at the spring 
that is fed from the local groundwater even years after its application stopped. Various activities helped to 
characterise the system including:

The history of atrazine applications through farmer interviews 
Drilling campaigns: to establish a total of 19 piezometers 
Gamma Ray logging in existing wells to reveal information about position of low permeability marly and 
clayey layers 
12 pumping tests to yield information about the transmissivity of the sandy aquifer 
Geophysical electric profiles to enable the mapping of electrical resistivity of the geological layer in a 
cross section
Geophysical Magnetic Nuclear Resonance (MNR) campaigns to indicate saturated areas in the underground 
with an investigation depth of ~ 60 m 
Tracer tests to reveal stratification of groundwater flow and thus indicating that mostly the upper aquifer is 
drained by the Brévilles Spring with most solutes following an almost horizontal path. The lower part of the 
aquifer is drained downstream from the source but is not completely isolated from the lower aquifer with a 
progressive transfer of solutes from the lower, less permeable sandy layer, to the upper sandy layer.
Routine measurements including monthly monitoring of piezometers as well as precipitation and discharge 
measurements
Geochemical measurements and tritium dating showing the importance of the stratification of the sandy 
saturated zone and the buffer function of the unsaturated limestone.

With the above, the monitoring of the Brévilles agricultural catchment over five and a half years revealed 
considerable spatial and temporal variability in the concentrations of atrazine and its metabolite deethylatrazine 
with maximum 0.97 and 2.72 µg L-1, mean 0.19 and 0.59 µg L-1, respectively. The variabilities remained high 
even though atrazine has not been used for six years. On the other hand, isoproturon, the pesticide applied in 
the greatest amount, was detected in only 10 of the 133 samples. Further laboratory analyses were performed to 
estimate the sorption of atrazine on selected soils. Results were added to a 1D soil leaching model (MACRO) and 
also fed into a 3D saturated zone model (MARTHE). The running of MACRO and the extraction of relevant data 
to be used as inputs in MARTHE were fully automated to allow a smooth sequential running of the two models.

GROUNdWATER STUdIES IN THE ELBE BASIN
Most groundwater investigations within the Elbe Basin focussed on the Wolfen/Bitterfeld Megasite in the 
Mulde subcatchment within Germany. This site has multiple contaminant sources from more than a century 
of industrial activity. At present, the contaminated groundwater covers an area of about 25 km² and poses a 
threat for the surrounding aquifers and the Mulde River. The groundwater contamination was mostly caused 
by the former Bitterfeld chemical works and was released through damages in the production facilities and 
pipelines and inappropriate and unsecured storage and wastewater treatment. Key contaminants include 
chlorinated benzenes as intermediate products in the manufacture of dyes and plant protecting agents with 
monochlorobenzene (MCB) being the major contaminant of the Quaternary aquifer. A number of small 
streams within the Bitterfeld Megasite potentially interact with the Quaternary aquifer. These streams are 
gaining groundwater and therefore a considerable amount of contaminant discharges into the surface water. 
Investigations are mainly focused on the Schachtgraben, a man-made channel in the Mulde floodplain that 
collects the effluents of the industrial area.
One of these studies aimed to characterise the relationship between surface- and groundwater in the northern 
part of the Bitterfeld/Wolfen Megasite. Due to the long industrial and mining use of this region the hydrologic 
situation was largely disturbed. The geochemical and isotopic analysis provided insight into the interconnection 
between different surface- and groundwater bodies. Moreover, it was possible to show industrial influences on 
the different water bodies within the megasite. Waters were found to be of Ca-SO4-type with total dissolved 
solids reaching 3.8 g L-1 in the industrial area. Stable isotopes of the water (δ18O, δ2H) showed that recharge 
occurs mainly through groundwater. The Schachtgraben Channel was found be distinct compared to local 
groundwater but also to other waters from the center of the industrial area. 
Other studies focused on the determination of the magnitude and spatial distribution of mass fluxes at the 
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stream-aquifer interface. Investigations were performed in the different compartments of the stream-aquifer 
system and at various spatial and temporal scales. 
In the groundwater compartment, direct-push hydrostratigraphic profiles with electrical conductivity logs, 
injection logs, and slug tests were established to characterize the spatial heterogeneity of the subsurface 
and obtain input parameters for a flow and transport model. Furthermore, integral pumping tests (IPT) were 
performed at four wells located at a control plane parallel to the stream to determine average contaminant 
concentrations and mass flow rates in the groundwater approaching the stream. Overall average concentrations 
were computed at each well using a new analytical solution .It was found that the pumping wells were located 
within a wide plume with an insignificantly varying contaminant concentration. Average mass fluxes of MCB 
in the aquifer ranged from 1705 to 3138 µg m-2 d-1 at the control plane (Kalbus et al., 2007). 
In the streambed, temperature profiles were measured to determine the spatial heterogeneity of groundwater 
discharge and to calculate groundwater fluxes to the stream. At a 280 m long stream reach, streambed 
temperatures were measured at intervals of ~3 m simultaneously at five depths between 0.10 and 0.50 m below 
the streambed surface. Water fluxes between aquifer and stream were quantified by solving the heat transport 
equation at each measurement location. The groundwater fluxes varied between -10 L m-2 d-1 (stream water 
exfiltration) and +455 L m-2 d-1 (groundwater discharge) with a mean of 58.2 L m-2 d-1 (Schmidt et al., 2006). 
A combination of the contaminant concentrations obtained from the IPT and the groundwater fluxes calculated 
from the temperature measurements allowed an estimation of the potential contaminant mass fluxes from the 
aquifer to the stream. It was found that approximately 7 g MCB are released daily through the entire streambed 
(Kalbus et al., 2007).
Time integrating passive samplers and streambed sediment samples were used to determine contaminant 
concentrations and distributions in the streambed. A total of 20 ceramic dosimeters were deployed in the 
surface water, in the streambed sediment and in groundwater monitoring wells adjacent to the stream. 
Sampling locations in the streambed were selected according to zones of high and low groundwater discharge 
to the stream as identified from the streambed temperature observations mentioned above. The contamination 
levels of the streambed were higher than in the local groundwater along the investigated reach. For example, 
pore water concentrations of MCB reached ~ 100 µg L-1, while groundwater concentrations ranged around  
12 µg L-1. Moreover, groundwater discharge had a major influence on the contaminant distribution in the 
streambed. High discharge locations were characterized by lower pore water concentrations and reduced 
contaminant load of the sediments. This indicates that at these locations contaminants were already released 
into the stream.

LARGE SCALE CONSIdERATIONS ON THE dANUBE
No local groundwater investigations were carried out in the Danube Basin within AquaTerra. On the other 
hand, a detailed AquaTerra Danube River Survey was conducted in August and September of 2004. It covered 
an 1147 km stretch of the Danube with 30 stations in 6 different countries and revealed a series of pollutant 
impacts in waters and sediments of the main river. Results range from a large variety of new findings in 
ecotoxicity and bioavailability, heavy metal, nutrient and organic pollution. Resulting data in water, suspended, 
bottom sediments and fish were also made available to the International Commission for the Protection of the 
Danube River (ICPDR, www.icpdr.org - Danube Surveys Database). 
The origin of pollutants found in this survey is often difficult to discern. Various sources include urban and 
industrial direct inputs or atmospheric deposition. Nevertheless, a significant groundwater input of pollutants 
is very likely. This was also shown by many of the above-mentioned local AquaTerra groundwater studies 
that indicate significant pollutant transferal from ground- to surface waters. Such input avenues can become 
particularly important for readily soluble materials including nutrients and pesticides. 
The river water chemistry can in many cases be taken as a proxy for groundwater. Indeed, a perennial stream 
can be thought of as a constantly running integral pumping test. As an example, a technique with Sr isotope 
ratios (87Sr/86Sr) indicates groundwater input or can demonstrate interaction between various water bodies. 
Figure 2 shows a typical Sr isotope signal for carbonate dissolution found in the Danube. Since the Danube 
flows to large parts through Mesozoic sediments containing carbonates, this finding also reflects significant 
input of local groundwater. While the Sr isotope findings reflect natural inputs from the background geology, 
future studies should investigate which local groundwater sources could also contribute contaminants to 
River. 
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Figure 1: Overview of the AquaTerra Basins and locations of groundwater studies

Figure 2: Sr isotope profile along the Danube River from the source of the Danube to the rkm 849 (upstream 
of the Timok River). The 87Sr/86Sr signatures in the dissolved load fluctuate between 0.707982 and 0.709379. 
These values are close for input of Carbonates formed in Mesozoic of Seawater with end member values 
ranging around 0.708 thus reflecting significant dissolution of carbonates by local groundwater. Data of 
upstream sampling by similar techniques were applied in a study on suspended sediments on the Danube
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Abstract    In the early 1980’s the Italian scientific community, together with a number of institutional 
decision-makers, realized how urgent it was to protect natural and environmental resources. They agreed 
that an adequate level of scientifically organized knowledge allows the accurate planning and development 
of environmental systems through management and direction of the actual development process, without 
hindering it. Since the special project was first set up in 1984, as part of the gndci-cnr (National Group for 
the Defence against Hydrogeologic Disasters, of the Italian National Council of Research) scientific context, 
it has been the cardinal point of Research Line 4 “Assessment of Aquifer Vulnerability”. The problem of 
groundwater contamination was examined in this project for the very first time in Italy in an organic and 
extensive manner as a key for forecasting and prevention purposes. The Italian approaches to assessing and 
mapping groundwater vulnerability to contamination are essentially based on two main methodologies:

the GNDCI Basic Method a HCS (Hazard Contamination Source) type approach that can be used for any 
type of Italian hydrogeologic situation, even where there is a limited amount of data. A unified legend and 
symbols are also defined for each hydrogeologic level.
The SINTACS [Soggiacenza (depth to groundwater); Infiltrazione (effective infiltration); Non saturo 
(unsaturated zone attenuation capacity); Tipologia della copertura (soil/overburden attenuation capacity); 
Acquifero (saturated zone characteristics); Conducibilità (hydraulic conductivity); Superficie topografica 
(Slope)] method, a PCSM (Point Count System Model) developed for use prevalently in areas with good 
data base coverage.

The methodological approaches described in this paper now make up the Italian standard which has been set 
in the recent very important Italian Law (152/99) and which has now been ratified in the national guidelines 
produced by ANPA, the Italian National Agency for Environment Protection. In this paper the structure of the 
Research Line, the progress obtained by the 21 Research units (over 100 researchers) in 20 years of activity, 
the results gained etc. are briefly highlighted. 
Keywords  Contamination, Groundwater resources planning, Mapping, Protection methods

INTROdUCTION
In August 2000 in Johannesburg, there were people holding placards with the slogan “Water is a human right” 
and, speaking on many people’s behalf and in particular for the UN ambassador for water and sanitation 
problems, Nelson Mandela warned: “Water is a basic right of all human beings: there is no future without 
water, water is democracy.” 
It is a fact that in the world 1.2 million people suffer from thirst and that, without effective counter-measures, 
this number will increase to 3 million over the next 20 years. Pollution, that caused by highly dangerous 
agrochemicals in particular (and more specifically the highly persistent types1), and over-exploitation threaten 
water resources over practically the whole globe, and under particular threat are groundwater bodies, the most 
precious resource available for human consumption, that rather than increasing to face increased population 
needs have already begun to diminish due to climate change, because they are contaminated or because they 
have been plundered well beyond their sustainable limit.
Over 15 years ago the scientific community worldwide, and that in Italy in particular, had forecast the coming 
crisis in drinking water resources and well understood that in addition to being a question of environmental 
resources management and protection this was a Civil Defence problem to be tackled early and resolutely 

1 So-called POP (Persistent Organic Polluter).

•
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with prevention as the guiding strategy. Applied research, finally directed towards precise objectives, has been 
carried out by Line 4 of the GNDCI-CNR since 1985. It is worthwhile to relate the principal stages and results 
achieved during more than 20 years’ work.
At the beginning of the ’80’s people were just beginning to discuss the problem of protecting groundwater 
bodies from pollution and to forecast demand over the next 20 years, faced with a supply that was certainly 
not growing. It was only then that in France, in Germany and in some East European countries studies began, 
in search of organic methodologies for protecting aquifers: the Italian programme was drawn up at that time 
and was called by the acronym VAZAR (Vulnerability of Aquifers in High Risk Zones). It set itself the goal 
of assessing the vulnerability2 of groundwater bodies in a whole series of areas representing the various 
hydrogeological and impact settings existing in the country. A score of representative areas were chosen, 
scattered over the whole Italian territory, and each area was to have a research unit carrying out research in 
the field. 
In order to operate as uniformly as possible and to produce comparable results in the field an initial methodology 
for intrinsic vulnerability assessment and cartography was designed (the GNDCI-CNR basic method) with a 
preliminary legend for the symbols to be used in the intrinsic Vulnerability Maps:

point sources of contamination risk (CSC Contamination Source Centre) and diffuse sources of 
contamination risk (DSC), that is, the real and potential originators of contamination;
subjects at risk, that is points at which the groundwater bodies are utilized by the community, particularly 
when destined to human consumption.

Overlaying information in this way made it possible to assemble an Integrated Vulnerability Map, a powerful 
tool for planning water supplies and the territory itself (Figure 1).
The basic method was applied experimentally in Monregalese (NW Italy), and led to publication of the first 
integrated Vulnerability Map for aquifers, taking a census of the CSC’s and DSC’s, of the subjects of risk and 
of the other elements included in the method. As time went on many other cartographies were drawn up using 
the same method, but accepting proposals at the operational level and including improvements resulting from 
in-depth research on the subject, as well as new data as it became available, with great variability from one 
area to the next. Within this context, new assessment methods and cartographic representations were tried out, 
leading to encouraging results for the scientific community involved in the Programme, stimulating discussion 
and considerably widening the field of experimentation. Comparative studies of the different methods led to 
validation of the results achieved.
At the same time, progress was made on other aspects of groundwater protection. VAZAR actually embraces 
defence of the entire territory and defence of specific points (Civita, 2005 – Figure 2), the former being 
based on the creation and utilisation of Vulnerability Maps; the latter on the application of protection zones 
for tapping works, using advanced methodologies. We then began research on the definition of base quality 
and target quality of water intended for human consumption, on the need for monitoring networks and for 
anticipating pollution, with the clear purpose of offering the nation a “basket” of integrated, synergic methods 
for the protection of its increasingly precious groundwater resources.
At the end of the ’80’s the problem of protecting aquifers from pollution and from over-exploitation became 
important in many countries, in the USA to begin with where the EPA published a research programme that 
was designed to come up with a system of assessing the pollution potential of groundwater bodies and this 
led to proposal of the DRASTIC (Depth to water, net Recharge, Aquifer media, Soil media, Topography, 
Impact of vadose zone, hydraulic Conductivity of the aquifer) method, a working model based on points and 
weightings3 based on the studies of LeGrand. Other similar initiatives were taken in the United Kingdom, the 
Netherlands and Germany.

2 The vulnerability of aquifers to contamination is defined as the specific susceptibility of aquifer systems 
to absorb and diffuse, also mitigating the effects, a water-borne pollutant that is such as to cause an impact 
on the groundwater body in space and over time (Civita, 1987).
3 This is a Point Count System Model (pcsm), based on a large number of parameters and factors that 
determine the susceptibility of groundwater systems to contamination from the surface.

1.

2.
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Figure 1: Flow diagram for the first stage of VAZAR (1986 – 1990) Explanation of the first stage should 
take place in the text

Figure 2: Flow chart of the Italian approach to defending groundwater bodies and tapping works against 
contamination
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UNESCO, in agreement with the IAH, set up an International Working Group in 1990 to produce a kind of 
handbook for vulnerability assessment and for creating the corresponding maps. This handbook was intended 
for use by all the nations affiliated to UNESCO as a contribution to their development and to prevent, as 
far as possible, damage to water resources like that already experienced in developed countries, learning 
by their mistakes and applying technological measures and methods to avert the resurgence of water crises. 
The Working Group drew abundantly from the Italian experience, completing its work only in 1995 (Vrba & 
Zaporozec edit., 1995).
In 1990 Italy had, however, already examined the possibility of using the drastic model extensively, as it 
seemed a powerful innovation in the assessment of the intrinsic vulnerability of aquifers. It soon became 
apparent, however, that the method could not be used as such due to the vast diversity and heterogeneity of 
Italian territory, because of the lack of certain specific data required by the model, and because of the at times 
exaggerated results it gave when it was applied. Some research units attempted to build and apply similar 
models, in some carbonate zones in Campania and Molise for example. But researchers soon concluded that 
it would be necessary to prepare a new PCSM suited to the hydrogeological and impact settings in Italy itself 
and, first and foremost, one that could be implemented using a GIS (Geographical Information System) to 
obtain dynamic assessments and maps, with connection to databases that users and managers of the resources 
needing protection would be able to update continuously.
The new PCSM SINTACS was presented in 1990 in its preliminary version (Release 1), it was subsequently 
improved (Release2) and then applied to a vast zone south of Turin (1990) and in the large massif of the 
Apuanian Alps (Central Italy - 1991). 
Research continued, building on the results taken from the model’s application on the part of almost all 
the GNDCI Research units taking part in VAZAR. SINTACS (Release 3) cartographies were prepared in 
Campania, Lazio, Tuscany, Piedmont and Basilicata. 
Release 4 followed, to be published in 1997 and accompanied by numerous examples of applications while 
SINTACS took on its pre-definitive form from the methodological point of view. Three further years of 
experimentation were needed before the publication of Release 5, completely computerised with GIS: this 
is a really new chapter in operational thematic cartography giving institutional and non-institutional users a 
powerful, updatable information medium that provides complete scenarios in real time for land use planners 
and Civil Defence managers.
In 2000 an important application of the methodologies described above was brought to fruition, for the Tanaro 
river basin, which had been struck by devastating floods in 1994. The area under study had highly mixed 
morphology and hydrogeology (hill and plain), making it possible to carry out extensive tests on the SINTACS 
model. It was noted that in the hilly zones the data needed in order to apply the parametric model were no longer 
available, but that the basic method could be profitably applied. We therefore posed the problem of validating 
the borderline representing the passage from one methodology to another, without invalidating the complete 
scenario. After a whole series of tests, we reached the conclusion that the interface between the two methods 
could be used to crosscheck each one’s validity: from this came the so-called combined approach which solves 
the longstanding problem of assessing intrinsic vulnerability in regions with variable morphology.
In 1999 a key law, D.Lgs 152/99 (Protecting water from pollution), was passed, in which much importance was 
attached to the vulnerability of aquifers to pollution, that of agricultural origin in particular. It was established 
that the Regional Authorities were to be responsible for drawing up Vulnerability Maps on various scales for 
their own territory and they were advised to use the methods produced by Line 4 of the GNDCI-CNR. The 
ANPA (National Environmental Protection Agency) decided to adopt operational guidelines for drawing up 
and using Vulnerability Maps and asked Line 4 to compile them. The guidelines were published at the end of 
2001 and are the volume of reference for institutional users at all levels: the publication is accompanied by a 
database containing all the cartographies that had been prepared for Italy as of 2000.
From 1986 until now, the work of Line 4 has been able to cover as many as 141,000 km2 of the 190,000 
considered at risk of pollution, which is almost two thirds of all Italian territory, covering 301,000 km2. To 
these gratifying results we should also add the Vulnerability Maps that have been drawn up, always with the 
participation and/or scientific and technical advice of the Line 4 Research units, by some of the Regions, 
Provinces, Municipalities, Regional Environmental Agencies (ARPA), Water Supply Providers and other local 
bodies. 2001 saw the publication of an Atlas containing all the cartographies published in Italy, with the 
corresponding methodological characteristics (Figure 3).
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Figure 3: Coverage of Italian territory by Pollution Vulnerability Maps. What do the colours mean? 
The colours don’t have a specific meaning.

The methods prepared by Line 4 of the GNDCI-CNR are also applied intensively abroad, from North Africa to 
Brazil, from Turkey to Slovenia, Russia and Mexico. UNESCO has recently set up a Project1 to apply Italian 
methodologies in various countries around the Mediterranean Basin (Croatia, Montenegro, Tunisia, Morocco), 
the aim being to train technical staff in these countries in the protection and management of groundwater 
bodies.
It is hoped that this joint work, in which over 100 Italian research workers have taken part, will make a 
contribution to solving the serious problems related to the protection and management of drinking water 
resources that were so strongly expressed at the Summit on Sustainable Development in Johannesburg.

A SHORT dESCRIPTION OF THE METHOdS

PCSM SINTACS R5. The vulnerability of a groundwater body is a function of several factors, the most important 
of which are lithology, structure, geometry of the hydrogeologic system, the type of overburden, the recharge-
discharge process, the interaction between the physical and hydrochemical processes that regulate the quality 
of the groundwater, and the fate of the contaminants that impact on the system.
The acronym sintacs comes from the Italian names of the factors that are used, i.e. Soggiacenza (depth to 
groundwater); Infiltrazione (effective infiltration); Non saturo (unsaturated zone attenuation capacity); 
Tipologia della copertura (soil/overburden attenuation capacity); Acquifero (saturated zone characteristics); 
Conducibilità (hydraulic conductivity); Superficie topografica (Slope).
Where the data base is complete and the frequency of the available information is adequate, the factors that 
are used to assess aquifer vulnerability to contamination are selected; a subdivision into value intervals and/
or declared types is applied to each selected factor; a progressive rating (P, ranging 1 – 10) is given to each 
interval as a function of its importance in the final assessment (Fig. 4); the selected ratings of each factor must 
be multiplied by a choice of weight (W) strings, which are used in parallel and not in series (Table 1), each one 
describing a hydrogeologic and impact setting that highlights the action of each parameter.

1 MED-VUCAM Project (Vulnerability of Coastal Aquifers - Maps in the Mediterranean Basin)
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Figure 4: Description of the parameters and related rating graphs for PCSM SINTACS
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Table 1  Strings of multiplier weights given for sintacs
Parameter Normal I Severe I. Seepage Karst Fissured Nitrates*

S 5 5 4 2 3 5
I 4 5 4 5 3 5
N 5 4 4 1 3 4
T 3 5 2 3 4 5
A 3 3 5 5 4 2
C 3 2 5 5 5 2
S 3 2 2 5 4 3

* Subject to evaluation

A vulnerability index is calculated for each cell of a discretization grid that is overlaid on the Natural map of 
the zone under consideration:

ISINTACS =   
7
 
 

 ∑   
j=1

 pj wj             (1)

The types of Natural information, the processing needed to transform them into SINTACS factors and the 
definition of the hydrogeologic and impact settings used to select the weight strings can be found in Civita 
(1994) and in Civita & De Maio (2000), together with a number of application tests.

GNDCI-CNR Basic (Natural) method. This method [Civita M., in: AA. VV. (1988); Civita M. (1990.b)] is 
based on a standard in which data for a number (about 20 – see Table 2) of hydrogeologic settings that 
can be found in the Italian territory are collected and the intrinsic vulnerability characteristics of the aquifer 
are identified. This method is highly flexible and can be adapted, if necessary, to other situations that are 
not dealt with in the standard. The lithologic, structural, piezometric and hydrodynamic indexes are not 
rigorously quantified. Starting from a complete examination of the main Italian hydrogeologic settings, the 
representative sites were extracted from those that best define the settings, e.g. the Po river Plain, the carbonate 
massifs of the Apennine ridge, the karst settings of Apulia and Trieste, the volcanic terrain of central Italy, 
the ancient basement of the Alps, and so on. The main factors contributing to aquifer vulnerability (e.g. depth 
to groundwater, porosity, fracturing index, karst index, linkage between stream and aquifer, and so on) were 
identified for each representative site.
Bearing in mind the dynamics and frequency of the cases of contamination that were collected and previous 
similar experience at an international level, the settings were distributed over the 6 intrinsic vulnerability 
ratings (i.e. contamination potential) that form the synoptic legend of the maps.

The combined approach. From what has been seen, in many areas where it is necessary to cover vast areas 
defined by administrative (i.e. Municipalities, Provinces, Regions) or physical boundaries (interregional 
watershed) with a Vulnerability Map, the parametric models that have been set up cannot be applied due 
a lack of data at those points where the terrain changes from a plain morphology to a hilly or mountainous 
area. In these situations, in the past, a simple method was chosen that was able to perform a less refined and 
detailed assessment, but which however was applied to many land and environmental problems connected to 
the contamination of aquifers, giving good results.
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Table 2  Standards for Italian hydrogeologic settings (GNDCI-CNR Basic [Natural] Method)
Vulnerability 

rating Features of hydrogeologic complexes and settings 

Extremely high

Unconfined (water table) aquifer in alluvial deposits: streams that freely recharge the groundwater body; well 
or multiple well systems that drawdown the water table to under the stream level (forced recharge). 
Aquifer in carbonate (and sulphate) rocks affected by completely developed karst phenomena (holokarst with 
high karst index [ki]).

Very high
Unconfined (water-table) aquifer in coarse to medium-grained alluvial deposits, without any surficial protecting 
layer. 
Aquifer in highly fractured (high fracturing index [fi]) limestone with low or null ki and depth to water <50m.

High

Confined, semiconfined (leaky) and unconfined aquifer with impervious (aquaculture) or semi-pervious 
(aquitard) superficial protecting layer. 
Aquifer in highly fractured (high fracturing index) limestone with low or null ki and depth to water >50m. 
Aquifer in highly fractured (but not cataclastic) dolomite with low or null ki and depth to water <50m. 
Aquifer in highly clivated volcanic rocks and non-weathered plutonic igneous rocks with high fi.

Medium
Aquifer in highly fractured (but not cataclastic) dolomite with low or null ki and depth to water >50m. 
Aquifer in medium to fine-grained sand. 
Aquifer in glacial till and prevalently coarse-grained moraines.

Medium - Low

Strip aquifers imbedded sedimentary sequences (shale-limestone-sandstone flysch) with highly variable 
diffusion rates layer by layer. 
Multi-layered aquifer in pyroclastic non indurated rocks (tuff, ash, etc.): different diffusion rates layer by layer 
close to the change in grain size.

Low

Aquifer in fissured sandstone and/or non-carbonate cemented conglomerate. 
Aquifer in fissured plutonic igneous rocks. 
Aquifer in glacial till and prevalently fine-grained moraines. 
Fracture network aquifer in medium to high metamorphism rock complexes.

Very low or null

Practically impermeable (aquifuge) marl and clay sedimentary complexes (also marly flysch): contamination 
directly reaches the surface waters. 
Practically impermeable (aquifuge) Fine-grained sedimentary complexes (clay, silt, peat, etc.) contamination 
directly reaches the surface waters. 
Meta-sediment complexes or poorly fissured highly tectonized clayey complexes low metamorphism complexes, 
almost aquifuge: contamination directly reaches the surface waters.

Experience gained over recent years has led to a reconsideration of the methodological problem: why relinquish 
the detail that can be offered by point count system models (Civita, 1990, 1994) in areas with moderate relief, 
in which the majority of the csc’s and the dcs’s and many of the supply springs are actually concentrated (that 
is, the subjects at risk - SAR)? On the other hand, how can we carry out the assessment of vulnerability and of 
the risk of contamination for areas with great depth to water, areas that can be described in less detail on the 
basis of hydrogeologic complexes and settings?
The solution that has been found for this problem and which has been tested, is the combined approach. This 
approach allows the GNDCI-CNR Natural method to be combined with the PCSM SINTACS method without 
continuity solutions: the latter in areas where the data that are necessary and sufficient to apply a parametric 
model exist; the former in areas where the great depth to water, the hydrolithologic and hydrostructural 
complexity and the lack of certain data on the terrain, the hydraulic conductivity and active recharge make it 
impossible to obtain details that are comparable with those that can be obtained using SINTACS.
The necessary connection, whether conceptual or cartographic, between adjacent areas where different 
methodologies are to be applied, is supplied by the parametric assessments. In practice, for the complex 
areas where a parametric evaluation already exists, the same degrees of vulnerability are applied but the 
changed slope and water table conditions are also taken into account. All this is possible thanks to the fact 
that calibration with SINTACS was carried out by comparing and crosschecking, as already mentioned, 
the SINTACS evaluation with that obtained with the GNDCI-CNR Natural method, on over 600 test sites 
distributed throughout the different Italian areas and territories. Division of the numerical index into 6 degrees 
of vulnerability, the same as those used for the Natural Method, makes the two methods comparable and the 
results optimally combinable. Application of the combined approach has given excellent results in the Tanaro 
Project area (Regione Piemonte, 2000) and led to complete coverage being obtained without any loss of Natural 
information or precision of synthesis. The same numbers of cartographic examples of vulnerability have been 
formulated using the Combined Approach with the two methods are shown in Fig. 5. The thick black line in 
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the figure represents the dividing line between the areas treated with the two methods. The homogenization 
that the approach brings is clearly visible.

Figure 5: Vulnerability Map: (Red) Extremely High Degree; (Orange) Very High Degree; (Yellow) High 
Degree; (Green) Medium Degree and (Cyan) Extremely Low Degree of vulnerability.
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Abstract    Two Austrian case study regions within the Danube basin have been selected for detailed investigations 
of groundwater and surface water quality at the catchment scale. Water balance calculations have been 
performed using the conceptual continuous time SWAT 2000 model to characterise catchment hydrology and to 
identify individual runoff components contributing to river discharge. Nitrogen emission calculations have been 
performed using the empirical emission model MONERIS to relate individual runoff components to specific 
nitrogen emissions and for the quantification of total nitrogen emissions to surface waters. Calculated total 
nitrogen emissions to surface waters using the MONERIS model were significantly influenced by hydrological 
conditions. For both catchments the groundwater could be identified as major emission pathway of nitrogen 
emissions to the surface waters. Since most of the nitrogen is emitted by groundwater to the surface water, 
denitrification in groundwater is of considerable importance reducing nitrogen levels in groundwater along 
the flow path towards the surface water. An approach was adopted for the grid-oriented estimation of diffuse 
nitrogen emissions based on calculated groundwater residence time distributions. Denitrification in groundwater 
was considered using a half life time approach. It could be shown that more than 90% of the total diffuse nitrogen 
emissions were contributed by areas with low groundwater residence times and short distances to the surface 
water. Thus, managing diffuse nitrogen emissions the location of catchment areas has to be considered as well 
as hydrological and hydrogeological conditions, which significantly influence denitrification in the groundwater 
and reduce nitrogen levels in groundwater on the flow path towards the surface water.
Keywords  Danube; Denitrification in groundwater; nitrogen emission estimation; groundwater residence time 
calculation; water balance calculation; 

INTROdUCTION
The second half of the last century was subject of permanent increasing industrialisation in food production. 
Industrial practices in agriculture increased remarkable the supply of biologically available nitrogen in terrestrial 
ecosystems by fertilization. Advancements in agricultural and urban development resulted in increased nutrient 
loads to surface waters and in drastic deterioration of the water quality of rivers and coastal waters because of 
eutrophication and excessive algal blooms. Within the 80’s the ecological status of several water bodies raised 
the awareness for the necessity of managing nutrient loads to surface waters in order to recover or at least to 
stabilize the ecological status of the rivers and particularly of the coastal waters.
The knowledge about the main sources and pathways for nitrogen and phosphorus emissions to the surface 
waters as well as knowing retention processes at the catchment scale is a precondition for controlling 
effectively the eutrophication level of the surface waters. For this, various research projects were started 
focusing at nutrient emission estimation for several catchments during the last 80ies and 90ies. The daNUbs-
project “Nutrient Management in the Danube basin and its impact on the Black Sea” (EVK1-CT-2000-00051) 
which operated for the period 2001-2005, significantly improved the knowledge about sources of nitrogen and 
phosphorus emissions to surface and their impact on the water quality of the Danube River and the Western 
part of the Black Sea.
In frame of the daNUbs-project, two Austrian case study regions within the Danube basin, the Ybbs catchment 
and the Wulka catchment, have been selected for detailed investigations on nitrogen balances at the catchment 
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scale. Water balance calculations have been performed to characterise catchment hydrology and to identify 
individual runoff components contributing to river discharge. Nitrogen emission calculations were carried out 
to quantify the total nitrogen emissions to surface waters and the relevant emission pathways. Groundwater 
and surface water observations were undertaken to characterise nitrogen levels in groundwater and surface 
water. Diffuse nitrogen emissions were calculated grid-oriented to identify catchment areas, which significantly 
contribute to diffuse nitrogen emissions to surface waters. This paper intends to give a short but comprehensive 
overview on the results of these investigations.

Study area
For the investigations two catchments of second and third order tributaries of the Austrian part of the Danube 
catchment were selected. The selection was addressed forwards representing different conditions with regard 
to precipitation, specific surface water runoff, slope and so on. Other important selection criteria were data 
availability of high-quality long-term data sets from groundwater and surface water monitoring as well as 
some understanding of the groundwater situation. 
The Ybbs catchment is a Danube tributary located in the northern, pre-alpine limestone region of central 
Austria (see Figure 1). It is 1104 km2 large and covers a wide range of elevations (250…1880 masl) including 
alpine regions in the southern part of the catchment Due to geomorphology average slope across the catchment 
is high (30%) and gives rise to greatly distinct lateral subsurface flow conditions particularly for upstream 
subcatchments. About half of the catchment area is under agricultural use (predominantly the lowland regions), 
the hillslope regions to the south are predominantly covered by forests. Groundwater situation is well research 
in the northern part of the catchment, where porous aquifers are present and capture about one third of the 
catchment area. To the south limestone and dolomite are the dominant geological formations, which results in 
only local collateral porous aquifers in gravels and sediments of the valleys.

Figure 1: Location of Austrian case study regions Ybbs and Wulka

The Wulka catchment is a lowland catchment situated upstream the lake Neusiedl in the eastern part of 
Austria (Figure 1). With 383 km2 catchment size, elevation range is smaller compared to the Ybbs catchment 
(125…750 masl) as well as the average catchment slope (8%). About two third of the catchment area is used 
for agricultural production. The hydrogeological conditions are characterised by two large porous aquifers with 
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low exchange by groundwater flow. They are usually backfilled through periods of high groundwater recharge 
and depleted by enhanced evapotranspiration during summer periods . About two third of the catchment area 
is under agricultural use (Zessner et al. 2004). 

Methods

Water balance calculations. To characterise catchment hydrology water balance calculations were performed at 
the catchment scale using the conceptual continuous time SWAT 2000 model . This model is a semi-distributed 
model using lumped areas, where based on land use and soil information hydrologic response units are defined 
(smallest unit in space), for which hydrologic cycle will be calculated. According to location of surface water 
monitoring stations, 5 and 6 subcatchments respectively for the Ybbs and the Wulka catchment were defined. 
Water balance was calculated on the subcatchment level as well as on the catchment level. The SWAT 2000 
model was calibrated on daily time step against the observed river discharge for the period 1995-1997 using the 
Nash-Sutcliffe-Criterion (NSC)  to evaluate model performance. Since data availability limited the calculation 
period to 1992-2000 and 1992-1999 respectively for the Ybbs catchment and the Wulka catchment, time 
before and after the calibration period was used for model validation. Aim of this calculations was to provide 
information i) about catchment hydrology (and differences between the catchments) and ii) about differences 
in contribution of different runoff components to total river discharge between the catchments.

Nitrogen emission estimations at the catchment scale. Nitrogen emissions from catchments to surface waters 
were calculated at the catchment scale using the empirical emission model MONERIS. Initially designed 
for larger river basins of Germany, this model was applied and tested at a considerably smaller scale. Due to 
its empirical nature the MONERIS model uses 5-year-average values for calculations. In respect to spatial 
discretisation the model is able to operate at subcatchment level and can be specified as semi-distributed model 
as well. Calculation period for nitrogen balances for both catchments was 1998-2003. Main goal of nitrogen 
emission estimations was i) to specify differences in total nitrogen emissions to surface waters between the 
catchments and ii) to identify main emission pathways for nitrogen emissions to surface water. 

Groundwater and surface water sampling. Groundwater and surface water quality observations (mainly 
nutrients, org. carbon, an- and cations) were carried out in both catchments for the period 2001-2003. 
Additional available information about groundwater and surface water quality for the period 1994-2003 from 
local authorities was used for evaluation purposes. Main objective of these investigations was to i) find out 
differences in groundwater and surface water quality in regard to specific locations within the catchments 
and to ii) highlight influences of catchment hydrology and land use on local groundwater and surface water 
quality.

Estimation of diffuse nitrogen emissions based on calculated groundwater residence time distributions. Due to 
limitations of the SWAT 2000 model and the MONERIS model in terms of spatially distributed model output 
information an approach, which was designed initially for grid-oriented surface runoff calculations , was 
adopted for calculating groundwater residence time distributions using interpolated mean groundwater table 
information and digital geological maps. Distributed contributions of catchments areas to diffuse nitrogen 
emissions to surface waters could be evaluated using the calculated groundwater residence time distributions 
with consideration of denitrification in groundwater, where denitrification kinetics was characterised using 
half life times of 2 years and 4 years, respectively . 

Results and Discussion

Catchment hydrology. Main calculated water balance components using the SWAT 2000 model are shown in 
Table 1. Average annual precipitation of the Ybbs catchment is about two times higher compared to average 
annual precipitation of the Wulka catchment. Consequently, annual average area-specific river discharge is 
much higher for the Ybbs catchment, where about 60% of the precipitation contributes to river discharge. For 
the Wulka catchment the fraction of precipitation, which contributes in average to river discharge, is about 
16%, first of all as a consequence of elevated evapotranspiration.
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Table 1  Main water balance components characterising water fluxes for the Ybbs catchment and the Wulka 
catchment calculated using the SWAT 2000 model

Ybbs catchment (1992-2000) Wulka catchment (1992-1999)
Average precipitation [mm/a] 1377 699

Average annual evapotranspiration [mm/a] 459 535
Average groundwater recharge [mm/a] 494 118

Average simulated river discharge [mm/a] 870 113

In terms of mass transport within the catchment and across the catchment borders the calculated water fluxes 
are of decisive importance in terms of transported loads via specific runoff components and in terms of 
concentration levels in groundwater and surface water. Both impacts will be discussed in the subsequent 
chapters. However, in regard to model performance it has to be mentioned, that the SWAT 2000 model was 
not able to close the long-term water balance for both catchments.

Nitrogen emissions to surface waters. Emissions to surface waters cannot be measured. Using nitrogen 
(nutrient) emission estimation tools like the MONERIS model, diverse input pathways for nitrogen to the 
aquatic system can be considered as well as nitrogen retention processes in groundwater and surface water. 
Therewith calculated emissions will become comparable to measured in-stream loads (immissions into surface 
waters) and can be evaluated in terms of their reliability. Using the MONERIS model the total nitrogen 
emissions to surface waters (with contributions from individual emission pathways) were calculated for the 
Ybbs catchment and the Wulka catchment, what is shown in Figure 2.

Figure 2: Calculated total nitrogen emissions with emission pathways for the Ybbs catchment and the Wulka 
catchment using the MONERIS model 

Calculated area-specific total nitrogen emissions to surface waters of the Ybbs catchment (20.4 kgN ha-1 a-1) 
exceeded the calculated total nitrogen emissions of the Wulka catchment (5.6 kgN ha-1 a-1) by about factor 4. 
For both catchments groundwater was identified as the major emission pathway for nitrogen emissions. Point 
discharges from waste water treatment plants (WWTP) also contributed significant nitrogen loads to surface 
waters of the Wulka catchment. Since the groundwater runoff is the dominant runoff component contributing to 



415

river discharge in both catchments (not shown here) and nitrogen emissions will be contributed predominantly 
by diffuse pathway, total nitrogen emissions to surface waters are significantly influenced by average annual 
groundwater recharge rates. Similarity in ratios of average groundwater recharge and total area-specific 
nitrogen emissions between the Ybbs and the Wulka catchment underline this fact. But not only hydrology is 
of importance, two additional aspects decisively influence total nitrogen emissions by groundwater:

the availability of nitrogen for leakage at soil surface (means nitrogen surplus) and 
nitrogen losses in soil and groundwater by denitrification

The latter one is more or less a function of local hydrology and hydrogeology and cannot be influenced by 
human activity, but is of considerable importance for nitrogen levels which will be contributed by diffuse 
pathways to surface waters. The fraction of nitrogen which is denitrified in soil and groundwater can be 
quantified comparing the calculated diffuse nitrogen emissions to nitrogen surpluses at soil surface. For 
both catchments, the area-specific nitrogen surplus related to whole catchment area is nearly equal with  
(40 kgN ha-1 a-1) and (38 kgN ha-1 a-1), respectively for the Ybbs and the Wulka catchment. Thus, nitrogen losses 
by denitrification in soil and groundwater amount to about (21 kgN ha-1 a-1) and (33 kgN ha-1 a-1), respectively 
for the Ybbs and the Wulka catchment. These are about 52% and 86%, respectively of the nitrogen surpluses 
of the Ybbs and the Wulka catchment, which are lost in soil and groundwater due to denitrification. These 
subsurface losses of nitrogen are of importance in both catchments. Differences between the catchments in 
amount of nitrogen denitrified in subsurface zone are the result of hydrologic and geohydraulic conditions, 
this will be subject of discussion in next chapters. To influence diffuse nitrogen emissions to surface waters 
is possible via nitrogen surpluses and with consideration of these catchment areas only, which contribute the 
highest fractions of diffuse nitrogen emissions and which are therefore sensitive for measures. To identify 
these areas, grid-oriented calculations of diffuse nitrogen emissions to surface waters were performed, which 
are presented subsequently in this paper.

Groundwater and surface water concentrations. Mean observed groundwater and surface water concentrations 
are shown in Table 2. Groundwater wells have been grouped in respect to their distances to the surface water 
in 1) wells with short distances (<100m) and 2) wells with long distances (> 100m).

Table 2  Mean observed TN concentrations in groundwater and surface water of the Ybbs and the Wulka 
catchment

Ybbs catchment Wulka catchment
mean TN concentration in groundwater wells with distance > 100m to 
surface water [mgN/l] 7.2 (7)1 23.7

mean TN concentration in groundwater wells with distance < 100m to 
surface water [mgN/l] 5.3 (2.4)1 7.5

mean TN concentration in surface water [mgN/l] 1.4 3.3
1 TN concentrations in groundwater for northern part of the catchment only, which is under agricultural 
use and where porous aquifers are present (within brackets for whole catchment)

Observed TN concentrations in groundwater and surface water were significantly lower in Ybbs catchment 
compared to those observed in the Wulka catchment. This is mainly due to considerably larger water fluxes 
in the Ybbs catchment, were nitrogen levels in groundwater and surface water are more “diluted”. For both 
catchments a decline in mean TN concentrations from groundwater wells with long distances to surface 
water to those with short distances to surface water could be observed. Possible causes may be dilution with 
groundwater of different origin or nitrogen losses by denitrification. Observed chloride concentrations revealed, 
that in both catchments denitrification in groundwater is responsible for this decline in TN concentrations in 
groundwater. A further decrease in TN concentrations from groundwater with short distances to surface water 
to the surface water could be observed too. This could be attributed to denitrification in riparian groundwater 
and in surface water and, in the Ybbs catchment to dilution with surface water from upstream catchments, 
which is low in nitrogen levels, too. 

Calculation of distributed contributions of catchment areas to diffuse nitrogen emissions. To avoid complex 
applications of groundwater modelling systems this simple approach (see chapter Methods) was used to 

1.
2.
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1) calculate the total diffuse nitrogen emissions to surface water with consideration of denitrification in 
groundwater as a function of assumed half life times and of calculated groundwater residence times for each 
point within the catchment (grid cell) and 2) to identify the location of catchment areas, which contribute the 
highest fractions of diffuse nitrogen emissions to surface waters. Calculated diffuse nitrogen emissions of the 
Wulka catchment using a half life time of 4 years to characterise denitrification in groundwater agreed with 
calculated diffuse nitrogen emissions calculated using the MONERIS model and were also comparable to in-
stream load measurements. For the Ybbs catchment calculated diffuse nitrogen emissions were underestimated 
using both half life times (2 and 4 years) in comparison to MONERIS results and to load measurements, what 
indicated that nitrogen losses by denitrification in groundwater of the Ybbs catchment are less than those of 
the Wulka catchment (half life time > 4years). This is well in line with calculated groundwater residence time 
distributions, which indicated shorter mean groundwater residence times for the Ybbs catchment compared 
to the Wulka catchment. All together, higher average groundwater recharge rates, lower nitrogen levels in 
groundwater and shorter mean groundwater residence times result in nitrogen loads removed from groundwater 
by denitrification, which are significantly lower in the Ybbs catchment as in comparison to the Wulka catchment. 
Due to influence of denitrification in groundwater on diffuse nitrogen emissions, particularly catchment areas 
with short distances to surface water and short groundwater residence times contribute the highest fractions 
of diffuse nitrogen emissions to the surface water. Their location identified using this approach (simplified) is 
indicated in Figure 3.

Figure 3: Calculated contribution of catchment areas to diffuse nitrogen emissions to surface water of the 
Ybbs catchment and the Wulka catchment

Particularly areas with short groundwater residence time (<9 years and <10 years, respectively for the Wulka 
and the Ybbs catchment) contribute >90% of diffuse nitrogen emissions to surface water (dark grey areas in 
Figure 3). These emissions come from about 10-25% of the total catchment area in the Wulka catchment and 
from 25-60% of the total catchment area in the Ybbs catchment. These areas are located in average within 
distances of <2000m to surface water. This underlines the necessity that particular areas with high connectivity 
to surface waters (due to short distances, high subsurface permeability, surface slope etc.) should be subject of 
more stringent requirements for land use operations and handling with fertilizers in order to restrain nitrogen 
surpluses at these sites.

CONCLUSIONS
From the previous results it appears that in terms of protection goals catchment areas can be distinguished 
between:

areas, which highly contribute to diffuse nitrogen emissions to surface waters and are therefore sensitive 
for management options in terms of possible reductions of nitrogen emissions to surface waters (these areas 
are located within short distances to surface waters, they showed low nitrogen levels in groundwater).
areas, on which local groundwater protection should focus due to high nitrogen concentrations in groundwater 
(these areas are (usually) located in large distances to the surface waters, due to long specific groundwater 
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residence times and high nitrogen removal by denitrification in groundwater their contributions to diffuse 
nitrogen emissions to surface waters are small).

Therefore, the level of nitrogen concentrations in groundwater and surface water is not decisive in terms of 
nitrogen emissions to surface waters. Total nitrogen emissions to surface waters are highly influenced by 
local hydrological and hydrogeological conditions. Denitrification in soil and groundwater is of considerable 
importance reducing total nitrogen emissions to surface waters, since most of the total nitrogen emissions are 
contributed by diffuse pathways. Diffuse nitrogen emissions can be managed via nitrogen surpluses only with 
consideration of the location of these catchment areas. But those measures are expected to become effective 
in long-term perspective.
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Abstract    The main objective of the new EC co-funded project “Multilingual cross-border access to ground 
water databases” (eWater) is to increase the cross-border availability, accessibility and re-usability of spatial data 
on quality, location and use of subsurface waters. Geo-data market research has shown that the groundwater 
(hydrogeological) data is of great market demand, occupying the second position in the rating list immediately 
after the data on rock composition (lithology). The countries providing the data for the project are involved in 
groundwater management of basins of several largest European rivers including Danube. Sharing of their data 
as well as expertise would enhance the river basins management and sustainable development of their resources. 
In order to achieve the main objective the project will develop an Internet system that will provide cross-
border multi-lingual access to ground water spatial data sets stored in the national databases of the participating 
countries. The portal will primarily concern groundwater monitoring measurements, such as water level and 
chemical composition, as well as digital hydrogeological maps. This article describes the results of the first phase 
of the project aimed on 1) investigation of organizational aspects of  hydrogeological data management in the 
participating countries; 2) collecting the information regarding availability and interoperability of hydrogeological 
maps in the participating countries; 3) inventorying technical solutions used by the partners for data dissemination; 
4) identification of the data types and data delivery services most valuable for the potential users.

INTROdUCTION
Results of recent delineations of the water bodies in Europe, complying with the requirements of the Water 
Framework Directive, show that more than 60% of the European basins are international, comprising 
territories that belong to more than one European country. However the hydrogeological data is currently 
stored in national databases and available exclusively for a national user in a local language. Therefore the 
hydrogeological data across the national borders forms separated, uncorrelated, not interoperable data sets. 
As the result much of the hydrogeological spatial information is difficult to exploit in both international and 
national water management context.
The main objective of the new EC co-funded project “Multilingual cross-border access to ground water 
databases” (eWater) is to increase the cross-border availability, accessibility and re-usability of spatial data on 
quality, location and use of subsurface waters. The objective of the project will be achieved by developing a 
web GIS portal for hydrological and geological data in relation to water management issues of the participating 
countries. The envisaged cross-border portal is meant for EC itself, national and river basin water authorities, 
water suppliers, added-value data service companies, insurance companies, planning and controlling 
organizations, the general public. 

The distinguishable features of the eWater system are: 
It’s central web portal will be a focal point for presentation of the hydrogeological data from participating 
EU countries
It will provide common user interfaces into different national databases

1.
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It will supply the data to a user in a common data delivery format (e.g. XML)
It will deliver common data sets from different countries, having various database structures
It will provide on-fly-translation services for user interfaces and data itself

A special eWater-Mobile application will enable water specialists, operating in the field, to check recent 
groundwater measurement by means of a mobile handheld computer (PDA in combination with GPS).

PROJECT CONSORTIUM
The project consortium consists of twelve Geological Surveys and three commercial added-value data service 
companies:

The Geological Survey of the Netherlands(TNO)
Geological Survey of France (BRGM)
Geological Survey of Denmark and Greenland (GEUS)
Geological Institute of Hungary (MAFI)
Geofond – Czech Geological Survey
Geological Survey of Slovak Republic (GSSR)
Geological, Seismic and Soil Survey of Emilia-Romagna Region; the Emilia-Romagna Regional geological 
office (SGSS ) is a part of the Italian Geological Survey.
Geological Survey of Austria (GBA)
Lithuanian Geological Survey (LGT)
Geological Survey of Slovenia (GeoZS)
The Geological Survey of Spain (IGME) 
Geological Survey of Sweden (SGU)
Informacines technologijos (Information Technologies (IT), Lithuania) 
Geodan Mobile Solutions (the Netherlands)
G.I.M. Geographic Information Management NV (Belgium)

Geological Surveys form the core of the eWater consortium since they are the data holders, providers and 
very often users, being consultants of their governments in decision making. Involvement of the commercial 
companies will insure that the eWater system will account for interests of external commercial end-users. 

WORK FLOW ANd THE CURRENT STATUS OF THE PROJECT
The duration of the project is 24 month. It consists of 12 technical work packages distributed in time between 
three phases: 1) Inventory and definition phase; 2) Implementation and Testing; 3) Dissemination and 
demonstration. This article describes the results achieved during the first six month of the project belonging 
to the Inventory and Definition phase (more details regarding the project organization can be found at www.
eWater.eu). During this phase of the project we analyzed organizational and institutional aspects of ground 
water data management at the national levels that are considerably different in the participating countries. Then 
we collected the information regarding availability and interoperability of hydrogeological maps. Further we 
analysed the existing technical solutions (Best Practices) regarding description, collection, storing, retrieving, 
evaluating and distributing hydrogeological data. Finally we identified the requirements for data delivery at 
EU and national users’ levels. 
The results of these investigations will insure that the eWater system would be built based on the most advanced 
technologies and satisfy the needs of the current national users as well as new international ones, including 
the European Commission. 
 

CURRENT RESULTS
Organisation of ground water data management in the participating countries 
All the countries, participating in eWater project, have quite strict regulations defining collection of 
hydrogeological data, their verification and input into a database as well as further dissemination to national 
users. The institutions producing hydrogeological data (e.g. from field survey) are of similar type in the 
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different countries. However the data collection, verification, input and hosting in databases can be done by 
various kinds of state institutions, mainly by municipalities, water and environmental authorities, research 
institutes (Figure 1; for Italy the data is only shown for Emilia-Romagna Region). Due to the wide thematic 
range of hydrogeological data (point data, time series, maps) various data sets are managed in different ways 
and they are frequently stored in different databases. The specific data types can occasionally be hosted even 
by different institutions.

Most well data is public in the participating countries (Figure 2). However water production data is usually 
not of free access. Well data is available mainly in a digital format; otherwise it can be digitized upon a user 
request. Web-based access to the data is quite common but usually does not include all range of information 
available. 

The national price policies are quite different. Although well data itself is mainly free of charge, data services 
(i.e. maintenance of the database applications) as well as data pre-processing must frequently be paid. In some 
cases a user is charged based on the amount of data ordered. In other cases a user has to pay a yearly flat rate 
regardless the amount of data downloaded. 

Figure 1: Organizations responsible for well data management

Availability and interoperability of hydrogeological maps
Hydrogeological maps are synoptic representations that portray information on groundwater and the hosting 
rock bodies on a topographic base. They define the spatial and temporal location and utilization of water 
resources, constituting the base for policy development in the field of water resources management and 
geological hazards assessment and, in general, the management of the territory. These maps contain knowledge 
infrastructure that is also the base for technical and scientific developments in many areas of the environmental 
sciences. 
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Hydrogeological maps have a long historical evolution from geology-oriented paper maps to digital maps 
including modern visualization features, and have been derived from projects and plans having different 
purpose and funding frameworks, as well as different scale and information basis. The national Geological 
Surveys have been responsible for the elaboration of the hydrogeological cartography for decades, and have 
now an important role in the management of the information on the geographical definition of the ground 
water bodies, their hydrodynamic properties and their flow models in compliance with the requirements of the 
Water Framework Directive (WFD). Most of them are also presently involved in huge digitalization plans of 
the hydrogeological cartography that they have produced in order to make available the digital cartographic 
products to society and technical and scientific users. The Digitalization plans as a rule include updating and 
re-edition works. 

Figure 2: Dissemination of ground water head data.

Figure 3: Dissemination of hydrogeological maps.
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The results of a survey, conducted in the frame of eWater, have provided the first glimpse of the hydrogeological 
maps available in the twelve project-partner’s countries, about half of the countries of the European Union. 
This information has been structured in a Database, from which any user may easily find important information 
regarding maps and the main organisations responsible for national hydrogeological mapping. 

The maps information includes format (paper, digital: raster or vector), scale, coverage, legend (hydrogeological 
objects represented), projection system, metadata, and availability. The database contains information on some 
250 hydrogeological maps available at the Geological Surveys of Austria, Denmark, Emilia Romana (Italy), 
France, Hungary, the Netherlands, Czech Republic, Lithuania, Slovakia, Slovenia, Spain, and Sweden. 
Many of these countries provide web portals with national map catalogues (Figure 3), enabling a user to order 
different types of Hydrogeological maps, mainly in paper format. Most countries have developed Web GIS 
applications for internal use of the digital maps. However, there are still few countries providing the public 
with access to national hydrogeological digital maps. The Netherlands publishes digital layers composing 
the hydrogeological model of the country instead of a hydrogeological map in the Internet. Since the data 
layers are regularly updated, different types of thematic ground water maps can be produced, depending on a 
particular customer needs.

Building the catalogue of the hydrogeological maps has proved to be a necessary step towards interoperability 
of digital maps. The catalogue provides the answers to “What maps available are available” and “What are 
their main characteristics”? This information then allow us to pose the next question - “How do we enhance 
their interoperability in the right framework”? Before the catalogue was created we could only speculate 
about the extent of hydrogeological mapping in Europe and what recommendations could be proposed from 
eWater on interoperability. Analysis of the information provided from the catalogue will allow us to select the 
set of maps and models for use in the eWater information system.

Best practices in the national hydrological data management and distribution
Besides investigation of organization aspects of data management, extensive survey of technical solutions 
applied by the partners was done by means of questionnaire distributed within eWater consortium. 
Analysis of the partner’s databases shows that they contain quite significant amount of hydrogeological 
borehole data and digital hydrogeological maps. The majority of the data is stored in multi-user, relational 
Oracle databases.  
Most of the eWater partners apply recent ISO 19115 metadata standard for description of their digital maps.  
Numerous applications are in use to edit and access metadata, ranging from the open source application 
GeoNetwork to specifically developed applications such as GeoSticker, Micka, etc.  
Evaluation of the technical solutions against INSPIRE and WISE requirements led us to the following 
conclusions regarding “best practices” that would be considered during development of eWater system.

Interoperability: use and implementation of OGC standards is to be encouraged in order to make the 
geographic information accessible beyond eWater system, e.g. for Water Information System for Europe 
(WISE viewer).
Storing of  thematic metadata is to be done in the INSPIRE metadata profile, which is based on ISO 19115 
and ISO 19139; the thematic metadata is to be accessible via the internet.
Uniformity: delivery of the geo-referenced hydrogeological point measurement data from the national 
databases is to be done in a common format; this would simplify both the data exchange within the 
application and the data dissemination via the central eWater portal.
Multilinguality: the eWater portal has to have a multilingual user interface and on-the-fly translation 
functions for translating coded groundwater measurement data from the national databases. 
Accessibility: the user application shall be publicly available via a standard web application over the 
Internet (e.g. a browser or Internet enabled viewer like Google Earth).
Security: it should be possible to restrict geographic information to internal use for the eWater partners.
Distributed data structure: each geological survey will remain responsible for the publication and 
maintenance of its own data and metadata.
Distributed application structure: since each country has specific well data dissemination rules, the 
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software services (or applications), responsible for data delivery, are to be implemented at the data hosting 
organizations (at national levels). The central eWater system will use the data delivery services, located in 
different countries. The data delivery services are to be further maintained by the hosting organization in 
their normal work flow. The latter will insure the system integrity in future.

Since the partners have different levels of “compliance” with the “best practices”, for each partner an individual 
implementation plan would be developed. 

Requirements for data delivery at EU and national users’ levels
The user requirements were prepared based on interviewing more the 100 experts, representing different 
user groups, i.e. geological surveys, national government and provincial authorities, private companies, water 
suppliers, universities, and international water management organisations.

Datasets. Analysis of the questionnaires received from the different user groups allowed us to conclude that for 
ground water monitoring the most valuable are the data sets concerning ground water levels, hydrochemistry, 
pumping tests and withdrawals. This “prime” data is obtained from hydrogeological wells.
 
Among ground water thematic maps, the most popular are the maps concerning groundwater resources, 
aquifer vulnerability, water pollution, hydrochemical elements distribution (nitrates, chlorides, pesticide, etc.), 
geology, protection areas, land and water use. The majority of experts, involved in water management at local 
level, expressed their interest in large scale maps only, however the groups involved in international water 
management expressed their interest in smaller scale maps covering several regions and even countries (e.g. 
International Hydrogeological map of Europe, scale 1:1,500,000; http://www.bgr.de/app/ihme1500/). 

User functional requirements. Many potential users emphasised that eWater GIS portal should allow visualization 
of data and maps, including the maps available within their organisations. Quite a few of them expressed 
interest in the possibilities of downloading of data, maps, metadata, reports and summarized information 
concerning groundwater investigations. As supplementary options several users suggested the portal should 
include links to relevant international research projects, as well as scientific forum for exchanging expertise 
regarding data management and interoperability issues; 

Regarding eWater mobile services specialists, operating in the filed, expressed their prime interest in the 
possibilities of visualization of basic well data, including time series and trends graphs; downloading the well 
data; accessing thematic maps; well data input.

CONCLUSIONS
The eWater project takes advantage of the broader trend in Europe to promote the harmonization of subsurface 
data repositories and services.  The implementation of the multilingual web-based geo-data services provided 
by eWater project will result in:
 

Increasing of interoperability of water resources information produced by national organisations at the 
European level. 
Easier data exchange between national and regional water resources management agencies
Easier problem solving of cross-border water management issues. 
Better understanding of the needs, problems and procedures to accomplish with the requirements on 
information resulting from the implementation of the Water Framework Directive
Strengthening the partnership between hydro/geo data suppliers and the data users in the EU member states, 
by advancing in the harmonisation of metadata on spatial hydrogeological information and providing the 
data access service via the Internet
Direct, time saving access to different hydrogeological data sources. 
Stimulation of the international hydro/geo data and information market via development of practical means 
for re-use of the hydrogeological spatial data throughout Europe.
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eWater project also contributes to the implementation of the European Water Framework Directive (WFD) 
for river basins and groundwater bodies as well as INSPIRE guidance regarding improvement of accessibility 
of geo-environmental data to the public. The project motivates the participating Geological Surveys further 
updating their technical and scientific capacities to meet the new demands from society regarding knowledge 
infrastructure in Earth Sciences, a task that Geological Surveys have been performing during an average of 
more than 100 years. 
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Abstract    The objectives of this study were to define the regional and local groundwater flow, and to give 
quantitative estimates of the groundwater dynamic parameters and of the available groundwater resources. To 
achieve these objectives, numerical tools are required  to quantitatively model flow through porous saturated and 
unsaturated media. We have developed a general finite element (FE) model for underground water flow and specific 
algorithms for Ranney wells. The unsaturated soil hydraulic properties are described for each finite element for 
which we developed a 3D interpolation algorithm. Solutions for steady and unsteady conditions are obtained by 
using two basic models: global and local. The global model consists of 3D finite elements and 1D finite elements 
with the equivalent well permeability representing Ranney wells. The local models are generated around wells, 
using solutions for all quantities from 3D global model at a cylindrical surface which bounds the local model.. 
The local model consists of a fine 3D FE mesh and 1D elements used to model each of the well screens. We 
developed a software for pre- and post-processing Lizza for easy modeling of complex engineering underground 
water flow problems with Ranney wells. The FE package PAK-P is used as the solver. This software can handle 
flow regions with general irregular boundaries. The flow region itself may be composed of layers of nonuniform 
soils having an arbitrary degree of local anisotropy. Flow can occur in the vertical plane, the horizontal plane, or 
in a three dimensional region exhibiting radial symmetry about the vertical axis. The water flow model includes 
constant or time-varying prescribed head and flux boundaries, as well as boundaries controlled by atmospheric 
conditions. At a soil surface, boundary conditions may change during the time evolution from prescribed flux 
to prescribed head type conditions (and vice versa). The model also includes a seepage face boundary through 
which water leaves the saturated part of the flow domain, and free drainage boundary conditions. The results of 
modeling several real engineering projects (Belgrade Water Supply Center) are presented.
Keywords  finite elements, developed software for pre- and post-processing and 3D groundwater flow and 
seepage, Ranney wells, underground water flow, nonhomegenous soil 

INTROdUCTION
The goal of underground water flow analysis is determination of the field of flow potential (pressure) and 
the field and fluid velocity for given boundary conditions. In general, these physical fields are functions of 
time. For fluid a flow through porous medium in the domain of small velocities Darcy’s law is considered 
fundamental. On the basis of this law and continuity equation for fluids, we come to the differential equation 
of mass balance for stationary and non-stationary problems. Before computers, this differential equation was 
solved in an analytical form for certain simple boundary conditions.

Numerical solutions of fluid flow through porous media were first based on Finite Difference Method. This 
method is not practical for complex boundary conditions and especially for 3D problems. However, with 
development of the Finite Element Method (FEM), first in solid mechanics (structures), and with generalizations 
to general field problems, a large number of complex theoretical and practical problems were solved. Problems 
of fluid flow through porous media  were among these field problems. Special procedures were developed for 
solving specific tasks related to underground water flow.
In this paper, we focus on modeling Ranney wells using Finite Element Method. We present a number of specific 
procedures in modeling 3D problems with general boundary conditions, variable material characteristics of 
porous media,  and detailed modeling of  local domains around Ranney wells. 
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RANNEY WELLS
The Ranney wells consist, in general, of vertical concrete caisson, with depth between 20 and 25 meters, and 
radius between 4 and 5 meters (Figure1). In the lower part of caisson holes are drilled, usually eight, through 
which horizontal well screens are inserted into the aquifer. Well screens are perforated pipes, through which 
underground water enters the well. Length of well screens is usually 40 to 50 meters, and the radius is 0.2 m 
(Figure 2).

Figure 1: Model of Ranney well Figure 2: Well screen

THEORETICAL BACKGROUNd 
The basic quantity from which we start in calculating a fluid flow through porous medium is potential φ 
defined as [1]

φ =   
p
 __ γ   + h              (1)

where p is fluid pressure, γ – specific weight and h is height in vertical direction measured with respect to a 
chosen referent plane. Fluid velocity q, also known as Darcy’s velocity, represents the fluid volume which 
passes in unit time through a unit of porous medium surface.  This velocity is related to the potential as

q = –K∇φ              (2)

where K is the diagonal permeability matrix. Then, the continuity equation for non-stationary conditions can 
be written as

kx   
∂2φ ___ ∂2x   + ky   

∂2φ ___ ∂2y   + kz   
∂2φ ___ ∂2z   + Q = S   ∂φ ___ ∂t            (3)

where kx, ky, kz are the coefficients of the matrix K, Q  is the volumetric flux, and S is the storage coefficient.

φ ≤ h               (4)

is satisfied, are the points below or on the free surface. For points above the free surface we correct the 
permeability matrix, as

K = K0 – Kus              (5)

where the matrix K0 is the matrix for points below the free surface, and Kus = αK0, with the coefficient α < 1 
(we use α = 0.999).
The balance equation of a (3D) finite element in the case of incremental-iterative solution scheme (for non-
stationary conditions with free surface), can be written as [2]

(t+Δt K  φφ  
 e   +   1 __ Δt   

t+ΔtSe)(i-1) Δ  
 
 
 

 φ   
−

  e(i) = t+Δt f 
φ
   e(i-1)           (6)

where
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Here HΦ is the interpolation matrix, Δt is time step, and Δ  
 
 
 

 φ   
−

  e(i) is the vector of increments of nodal potentials. 
The vector t+Δt f φ  

 e(i-1)  depends on the solution from the previous iteration and volumetric and surface fluxes. The 
indices t + Δt and „i“ indicate end of time step and iteration counter within the time step, respectively.
For specific application in modeling of Ranney wells, 1D element has been developed, for which the finite 
element matrix is

 K 
φφ

   e  =   
 
 
 
 ∫   

L
  kx   

∂ H φ  
T 
 ____ ∂x     ∂φ ___ ∂x   dL            (9)

Equivalent resistance of a Ranney well
In this approach we use a 1D element to represent the Ranney well. The idea here is to find an equivalent 
resistance (or permeability) of 1D element  based on the individual resistances of well screens of the well. In 
order to achieve this, consider a well screen with the length lp of the perforated part (Figure 3).

Figure 3: A schematic representation of a well screen

The relations between  volumetric fluxes  at a positions x and x + dx of the screen, Qd (x) and Qd (x + dx), can 
be related as 

Qd (x + dx) – Qd (x) = dQd (x)                     (10)

The flux increment dQd (x) can further be expressed in the form

dQd (x) = v (x) dPp                       (11)

where dPp is the elementary surface of the screen through which water is entering the screen, and v (x) is the 
entering radial velocity.  Next, we express the surface dPp using the surface ratio (area of holes divided by the 
total area of the screen surface) rp, as

dPp = d�rpdx                       (12)

where d is the screen diameter. We further have that

dQd (x) = d�rp v (x) dx                      (13)

The following relationship follows from Darcy’s law

v (x) =    
φ0 (x) – φd ________ δ (x)                                    (14)
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where k (x) is permeability of the surrounding porous medium, which takes into account the conditions at 
the screen holes; δ (x) is the thickness of the surrounding filtration layer affecting the flow within the screen;  
φ0 (x) and φd are potentials in the surrounding layer and inside the screen at the coordinate x. Assuming that the 
axial resistance of the screen is small, we have that φd is approximately equal to the well potential φb. Then, 
from the above equations we obtain the flux through the screen as

Qd = d�rp  
lp

 
 
 ∫   

0
     
k (x)

 ____ δ (x)   (φ0 (x) – φb) dx                     (15)

Since dimensions of the well surrounding is small with respect to the whole flow region, we neglect change of 
φ0 with respect to the axial coordinate x and take

φ0 (x) =   
–
 
 
 φ      0                        (16)

where   
–
 
 
 φ      0 is the potential in the well surrounding. Therefore, for a screen “j” we can write the relation

 Q d  
 j  = d j � r p  

 j  (φ0 – φb)  
 l p  
 j 

 
 
 ∫   

0
     
k j (x)

 ____ δ j (x)   dx                     (17)

Finally,  we express the drain hydraulic resistance  R d  
 j  using the relation

Q  d   j  = (φ0 – φb) /  R 
 d  
  j                         (18)

Comparing the last two equations we obtain that

1 /  R d   j  = d j � r p  
 j   

 l p  
 j 

 
 
 ∫   

0
     
k j (x)

 ____ δ j (x)   dx                      (19)

The line integral of the ratio k j (x)/δ j (x) can be obtained as a sum of integrals with partially constant ratios 
along the screen length. If this ratio is constant along the screen length, then the screen permeability can be 
obtained in a simple form

1 /  R d   j  = d j � r p  
 j   l 

 p  
  j    k

 j
 __ δ j                         (20)

Since the flux through the well Qwell is

Qwell =   
 
 
 

 ∑   
j
    q d  

 j  =   
(φ0 – φb) ______ Rwell

                        (21)

we obtain that the equivalent well resistance Rwell is

Rwell =   1 ____ 
  
 
 
 

 ∑   
j
     1 __  R  d   j   

                         (22)

The equivalent well permeability Kwell, can, of course, be defined as Kwell = 1/Rwell.

Local well model
In our analysis we first consider the global (regional) model using appropriate boundary conditions and the 
Ranney wells modeled by 1D elements, with the equivalent permeabilities as described above. We calculate 
the potential field φ for the global model using boundary conditions for this model. Then we form a local 
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region around each selected well, as shown in Figure 4. The local region is bounded by a cylinder with the 
adopted radius of influence. We use the solution for potential at the common local-global boundary and make 
a detailed mesh, as shown in the figure. 

We model each screen by a number of line elements along the length and connect each of these screen nodes 
to the closest 3D mesh node. The axial 1D elements have a selected (high) permeabilities, while the ’radial’ 
elements represent the radial (through the surrounding colmated layer) permeabilities. Using Eq. (19)  we  
obtain permeability of the radial element ’s’ of the screen ’j’ as

 k d  
 s  = d j � r p  

 j   l p  
 sj    k

sj
 __ δsj                         (23)

where  l 
p
   sj  is a part of the total screen length  l  p  

  j  belonging to the radial element s, and k sj and δ sj are the 
corresponding permeability and layer thickness.
With the boundary conditions at the local-global model boundary and the already determined potential at the 
well, we calculate the detailed potential field in the selected local models. Note that the global-local solution 
procedure is applicable to the stationary as well as to transient problems. In case of nonstationary problems we 
use the global incremental solution over time steps for the local models, and then perform the detailed analysis 
for the selected time steps within the local models.

Figure 4: Local finite element model around Ranney well Figure 5: Detailed model of a well screen

SECONd APPROACH – REGIONAL MOdEL WITH dETAILEd WELLS
In this approach, we model the whole region with detailed wells at the same time (Figure 6). We use a non-
structured mesh, and represent well screens with 1D elements, which are inserted into the 3D mesh of the 
whole model. Non-structured mesh is obtained by Delauney triangulation, with further conversion of triangles 
to quads according to the Q-Morph algorithm. The quadrilateral mesh is further refined in order to improve 
the element quality and to avoid element degeneration. 

The obvious advantage of this approach is that we don’t have to transmit the results from regional to local 
models, because we model the whole region with detailed wells at the same time. This approach is much more 
natural, but is more computationally demanding, especially there is  a number of wells in the model.  

Figure 6: Regional model with detailed well
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RESULTS
We modeled the region shown in Figure 7, containing the system of Ranney wells near Sava river (Belgrade 
Water Supply Center). Our global model includes the porous medium on both sides of Sava river, with 
dimensions approximately 1300 x 1300 m in horizontal plane and with depth of 40 m. We considered steady 
flow conditions. The 3D FE model is generated by our preprocessor Lizza [3], based on geological data 
(details are not shown). 

Boundary conditions consist of: impermeable bottom plane and impermeable vertical surface bounding the 
model; the top surface of the model is the free surface; also, we model the river by prescribed potential at the 
river-soil boundary. At the New Belgrade boundary, and at each Ranney well, the potential is prescribed. 

Figure 7: Region used for the global model of Belgrade Water Supply Center

The field of the flow potential and fluid velocity vectors for the global and local models are shown in Figure 8 
and 9. Comparison of the model prediction and measured values of the underground water levels in well area 
is shown in Figure 10. It can be seen that the calculated and measured values compare well.

Figure 8: Flow potential and fluid velocity vectors for the global model

Figure 9: Flow potential and fluid velocity vectors for the local model around Ranney well RW1
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CONCLUSIONS 
We have shown that real engineering problems of underground water flow with Ranney wells can be modeled 
by the presented methodology and our software (Lizza and PAK-P). The computed and measured results 
compare well for the system of Ranney wells near Sava river (Belgrade Water Supply Center).
The developed software Lizza for pre-and post-processing is user friendly, adjusted to general engineering 
applications. It includes generation of nonhomogenous characteristics of soils within the layers of arbitrary 
spatial shapes. The recorded geological data are used and interpolated values are generated automatically for 
the finite element model. Also, the post-processing includes a large menu options for displaying the results 
in graphical form or in a form of tables for processing with other software, or in a form of engineering 
documents.
The option of using regional model with Ranney wells as 1D elements with equivalent well resistances, 
followed by local detailed models of selected Ranney wells, offer an efficient approach for handling large 
problems. The detailed models provide the insight into the flow around selected wells. Another option of 
the global model with the detailed discretizations of the well surroundings gives possibility of simultaneous 
determination of the flow in large region and in local well regions, but requires increased computational and 
modeling efforts.
The software is developed for general 3D stationary and nonstationary flows, with variable boundary conditions 
over time and free surfaces. Specific procedures are developed for the automatic calculation of flow within the 
well screens and the well equivalent resistance.
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Figure 10: Comparison of calculated and measured values of underground water levels in well area
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Abstract    Some special diagrams for evaluating the chemical properties of groundwater intended for human 
consumption are introduced, in accordance with the Italian legislation assimilating EEC Directive 91/271 
concerning the treatment of urban waste water and EEC Directive 91/676 related to the protection of waters 
against contamination by nitrates from agricultural sources. Although the limits imposed by the legislation 
reflect the Italian situation, they do however conform to directives concerning the whole European Community 
and offer a response to international guidelines promulgated by, for example, the World Health Organization 
so they are also suitable for use in national contexts other than Italy. Moreover, a diagram is introduced for 
monitoring the quality of water destined for agriculture, in particular for irrigation and the special issue of soil 
protection. In this case, in the absence of specific national and/or European laws and/or Directives, reference 
was made to the standards of the California Water Quality Control Board. The parameters and the relative 
limits have been taken from such standards, to identify three quality classes of water for agricultural use with 
evaluation of use. Plotting such diagrams is very simple: they can be used for improving presentation and 
interpretation of chemical data and, most of all, to provide comparisons between different water resources or 
to evaluate possible changes over time. Some examples, reported in the text, will aid understanding their use 
and interpretation.
Keywords  agricultural use, diagrams; pollution, potable use, quality 

INTROdUCTION
The problem of the quality of water resources in general, and groundwater resources in particular, is becoming 
increasingly important in both industrialised and developing nations. For the former there is the need to make 
strategic decisions in order to protect water resources, restrict pollution and, very often, restore acceptable 
environmental conditions where the impact of prolonged, uncontrolled human activity has caused serious 
damage to surface water and groundwater alike, from the point of view of quantity and, most of all, of quality. 
In developing countries the essential concerns as regards water resources are their quantity and availability. 
Nevertheless, experience in the more highly developed industrial nations tells us that it is necessary, or at least 
desirable, to adopt modernization that is compatible with the environment, that is, that will have a sustainable 
impact. When aiming for environmental sustainability, groundwater and surface water play a leading role 
because they are of fundamental importance to all living things.
This paper will present the Italian response to the problem of protecting groundwater resources intended 
for human consumption, and also an evaluation of the quality of water resources for irrigation as proposed 
to the CNR-GNDCI (National Research Council –National Group for Defence against Hydrogeological 
Catastrophes) (Civita et al., 1998).

PROTECTING WATER INTENdEd FOR HUMAN CONSUMPTION
The quality of water intended for human consumption is regulated, in Italy, by law D. Lgs. 31/01, which 
assimilates European Community directive 98/83/EEC. This law defines the basic Maximum Allowable 
Concentrations (MAC) of a given number of (chemical, physical and microbiological) parameters in order to 
be able to determine the potability of water to be pumped into aqueducts. In more general terms, to protect 
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water resources intended for differing uses Italian legislation refers to law D. Lgs. 152/99 and subsequent 
amendments, which assimilates two fundamental European Community directives, 91/271/EEC regarding 
urban waste water treatment and 91/676/EEC regarding the protection of water resources against nitrate 
pollution from agricultural sources. The latter legislation concerns protection of different types of water 
(groundwater, surface and marine water), this paper will consider only groundwater.
The main purpose of the legislation is to define the environmental status of groundwater bodies by producing 
a quantitative definition of their chemical status.
The quantitative status takes account of the properties of the aquifer and of the way in which it is exploited and 
to define this status four distinct classes have been defined, A, B, C and D, which take account of the extent of 
the impact of human activity on the groundwater body under examination. The characteristics of the classes 
defining the quantitative status of groundwater bodies are given in Table 1.

Table 1  Characteristics of the classes defining the quantitative status of groundwater bodies 
(D. Lgs. 152/99 – Annex. 1)

Class Characteristics

Class A Nil or negligible impact of human activity and hydrogeological conditions in equilibrium.
Water extraction or changes in artificial recharge rates are sustainable in the long term.

Class B Low impact of human activity, moderate disequilibrium in water balance without however 
causing a state of over-exploitation, permitting long term sustainable use of the resource.

Class C Significant impact of human activity with noticeable effect of use on availability of the 
resource demonstrated by significant changes in general indicators mentioned above.

Class D Nil or negligible impact of human activity, but presence of hydrogeological complexes with 
intrinsic characteristics demonstrating low potential as a water resource.

For definition of chemical status, five quality classes have been determined, 1, 2, 3, 4 and 0, with characteristics 
as described in Table 2.

Table 2  Characteristics of the classes defining chemical status of groundwater bodies 
(D. Lgs. 152/99 – Annex 1)

Class Characteristics
Class 1 Nil or negligible impact of human activity with valuable hydrochemical properties.
Class 2 Low impact of human activity, long term sustainability and good hydrochemical properties.

Class 3 Significant impact of human activity with generally good hydrochemical properties, but with 
signs of some critical values.

Class 4 Significant impact of human activity with poor hydrochemical properties.

Class 0 Nil or negligible impact of human activity but with particular natural hydrochemical facies in 
concentrations above those of Class 3 *

* To evaluate the endogenous origin of the hydrochemical species present it is necessary to consider also 
the chemical-physical characteristics of the water

In order to assign a chemical status class to a groundwater resource seven macro-descriptive parameters (called 
base parameters) are considered, in particular: specific electrical conductivity at 20°C, chlorides, nitrates, 
sulphates, ammonium ion, iron and manganese. For each of these parameters, class limits have been set as 
shown in Table 3. To classify a particular groundwater, the value of each parameter is used to determine its 
particular class and the class of the water resource will be the worst class encountered.
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Table 3  Chemical classification based on base parameters* (D. Lgs. 152/99 – Annex 1, Tab. 20)
Parameter Class 1 Class 2 Class 3 Class 4 Class 0

Electrical Conductivity at 20°C [µS/cm] ≤ 400 ≤ 2500 ≤ 2500 > 2500 > 2500
Chlorides [mg L-1] ≤ 25 ≤ 250 ≤ 250 > 250 > 250
Nitrates [mg L-1] ≤ 5 ≤ 25 ≤ 50 > 50
Sulphates [mg L-1] ≤ 25 ≤ 250 ≤ 250 > 250 > 250
Ammonium Ion [mg L-1] ≤ 0.05 ≤ 0.5 ≤ 0.5 > 0.5 > 0.5
Iron [µg L-1] ≤ 50 ≤ 200 ≤ 200 > 200 > 200
Manganese [µg L-1] ≤ 20 ≤ 50 ≤ 50 > 50 > 50

* If these substances are of natural origin, as verified by Regional or Autonomous Provincial Authorities, 
the resource will automatically be assigned to Class 0

The macro-descriptive parameters have been supplemented by others (called additional parameters), which 
contribute to the complete definition of the chemical status of groundwater bodies. For these additional 
parameters there has been no definition of classes, just statement of their maximum allowable concentration 
(Table 4), above which the water body is assigned to Class 4, or Class 0 if the presence of inorganic parameters 
is of natural origin.

Table 4  Additional parameters and corresponding MAC (D. Lgs. 152/99 – Annex 1, Tab. 21)
Inorganic pollutants MAC [µg L-1] Organic pollutants MAC [µg L-1]

Aluminium 200 Total halogenated aliphatic compounds 10
Antimony 5  - 1,2-dichloroethane 3
Silver 10 Total pesticides1 0.5
Arsenic 10  - aldrin 0.03
Barium 2000  - dieldrin 0.03
Beryllium 4  - heptachloride 0.03
Boron 1000  - heptachloride epoxide 0.03
Cadmium 5 Other single pesticides 0.1
Cyanide 50 Acrylamide 0.1
Total chromium 50 Benzene 1
Hexavalent chromium 5 Vinyl chloride 0.5
Fluorides 1500 Total PAH2 0.1
Mercury 1 Benzo(a)pyrene 0.01
Nickel 20
Nitrites 500
Lead 10
Copper 1000
Selenium 10
Zinc 3000

1 This parameter includes all organic compounds used as biocides (herbicides, fungicides, acaricides, 
algicides, nematocides etc.
2 This class refers to the following specific compounds: benzo(b)fluoroanthene, benzo(k)fluoroanthene, 
benzo(ghi)perylene, indeno(1,2,3-cd)pyrene.

An evaluation diagram has been proposed (Civita e Fiorucci, 1999) for facilitating determination of the 
chemical status class of a groundwater resource. This diagram was limited to the macro-descriptive parameters, 
while here two more have been added: one for inorganic pollutants and the other for organic pollutants. For 
construction of the diagrams see the work of Civita et al., 1998 and Civita and Fiorucci, 1999. The following is 
an example of application using the results of chemical analyses carried out on two water samples (Table 5).
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Table 5  Chemical analysis of water samples A and B
Parameter A B Parameter A B

Base parameters Hexavalent chromium [µg L-1] < 5 < 5
Electrical Conductivity at 
20°C [µS/cm] 630 490 Fluorides [µg L-1] 160 70

Chlorides [mg L-1] 16.80 8.80 Mercury [µg L-1] < 0.1 < 0.1
Nitrates [mg L-1] 18.00 15.40 Nickel [µg L-1] 11 < 2
Sulphates [mg L-1] 97.20 65.10 Nitrites [µg L-1] < 50 < 50
Ammonium Ion [mg L-1] < 0.01 < 0.01 Lead [µg L-1] < 1 < 1
Iron [µg L-1] 1431 140 Copper [µg L-1] < 1 < 1
Manganese [µg L-1] 1115 < 5 Selenium [µg L-1] < 1 < 1
Sodium [mg L-1] 17.80 16.30 Zinc [µg L-1] < 1 < 1
Calcium [mg L-1] 71.50 62.50 Organic pollutants

Magnesium [mg L-1] 27.20 15.80 Tot. halogenated aliphatic compounds 
[µg L-1] 0.07 0.04

Hydrogen carbonate [mg L-1] 228.08 203.49  - 1,2-dichloroethano [µg L-1] 0.07 0.04
Inorganic pollutants Total pesticides [µg L-1] < 0.05 0.14

Aluminium [µg L-1] 4375 38  - aldrin [µg L-1] < 0.01 < 0.01
Antimony [µg L-1] < 1 < 1  - dieldrin [µg L-1] < 0.01 < 0.01
Silver [µg L-1] < 1 < 1  - heptachloride [µg L-1] < 0.01 < 0.01
Arsenic [µg L-1] 8 < 1  - heptachloride epoxide [µg L-1] < 0.01 < 0.01
Barium [µg L-1] < 250 < 250 Other single pesticides [µg L-1] 0.02 0.14
Beryllium [µg L-1] < 4 < 4 Acrylamide [µg L-1] < 0.05 < 0.05
Boron [µg L-1] 75 42 Benzene [µg L-1] 0.03 0.02
Cadmium [µg L-1] < 0.5 < 0.5 Vinyl chloride [µg L-1] < 0.01 < 0.01
Cyanide [µg L-1] < 5 < 5 Total PAH [µg L-1] < 0.025 < 0.025
Total chromium [µg L-1] 20.5 < 5 Benzo(a)pyrene [µg L-1] < 0.0025 < 0.0025

The diagram for evaluating the chemical status of groundwater bodies using the macro-descriptive parameters 
is shown in Figure 1. If we observe the diagram we immediately note the differences between the two samples 
under consideration, their classification (Class 4 or 0 for sample A, Class 2 for sample B) and which parameters 
determine the respective classifications. In particular, we can see that sample A falls inside the worst class due 
to its iron and manganese content while sample B is assigned to Class 2 because of the values of electrical 
conductivity, sulphates and nitrates. It is clear that with more samples available for comparison, the usefulness 
of the diagram increases. 
For the additional parameters in the inorganic pollutant group, the corresponding diagram (Figure 2) shows 
that the maximum allowable concentration (MAC) is exceeded only by aluminium in sample A, so that its 
Class 4 or 0 is confirmed, while for sample B all the values fall within the legal limits. The graph also shows 
that, in the case of sample A, arsenic has a critical value because although it is below the MAC, its value  
(8 µg L-1) is very close to the limit.
For organic pollutants the diagram shown in Figure 3 was prepared. We can observe that for sample A the legal 
limits are not exceeded for the various parameters, while for sample B the value for “other single pesticides” 
is slightly higher than the MAC. This sample must therefore be assigned to Class 4.
From the raw analytical data we can conclude that the two water samples have poor hydrochemical properties. 
If we observe the diagrams we note, however, that sample B is assigned to Class 4 only because of the presence 
of an organic pollutant. This indicates the clear impact of human activity on a groundwater resource that, 
under natural conditions, has good hydrochemical characteristics. For sample A, on the other hand, we note 
the presence of several inorganic pollutants that determine its assignment to Class 4; these could be of natural 
origin, in which case the intrinsic characteristics of the water resource can not be restored to an acceptable 
chemical status by remediation: it may be used only after potabilisation treatment.
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Figure 1: Diagram for evaluating the chemical status of groundwater bodies. Macro-descriptive parameters

WATER INTENdEd FOR IRRIGATION
At present there is no national legislation to define evaluation methods for the quality of irrigation water. A 
previous publication (Civita et al., 1998) proposed a classification based on the standards of the California 
State Water Quality Control Board (CSWQCB) cited in Todd D. K. (1970).
These standards consider various parameters, many of which are difficult to determine, or can be determined 
but at great expense. To obtain a result that is scientifically valid and at the same time economically feasible, 
we chose only some of the parameters and in particular: SAR (Sodium Adsorption Ratio), Total Dissolved 
Solids (TDS), Electrical conductivity at 25°C (EC), Residual Sodium Carbonate (RSC) and chloride and 
sulphate content. The values of SAR and RSC are calculated using the following relationships, where the ion 
concentrations are expressed in milliequivalents per litre:

SAR =   Na+
 _________ 

 √
_____________

    
        Ca2+ + Mg2+

 _________ 2    

  

RSC = (C O 3  
2-  + HC O 3  

-  ) − (Ca2+ + Mg2+)



440

Figure 2: Diagram for evaluating the chemical status of groundwater bodies. Inorganic pollutants

Figure 3: Diagram for evaluating the chemical status of groundwater bodies. Organic pollutants
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The limits for the 3 quality classes and the respective assessment as regards use are given in Table 6.

Table 6  Classification table for groundwater intended for agricultural use

Class
Parameter

SAR TDS [mg L-1] EC [µS cm-1] RSC [meq L-1] Cl- [mg L-1] S O 4  
2-  [mg L-1]

1st Quality < 6 < 500 < 750 < 1.25 < 100 < 200
2nd Quality 6 - 15 500 - 1500 750 - 2250 1.25 - 2.5 100 - 350 200 - 1000
3rd Quality > 15 > 1500 > 2250 > 2.5 > 350 > 1000

Assessment of use
1st Quality Unlimited use

2nd Quality Use limited to only some types of cultivation and with well-drained soils with low cation 
exchange capacity

3rd Quality May not be used or only in special cases

As for the evaluation of the chemical status of groundwater bodies, a diagram was also created in this case. It 
contains the chosen parameters, the corresponding quality limits and, as an example, the characteristic values 
of water samples A and B (Figure 4).

Figure 4: Diagram for evaluating the quality of water to be used for irrigation
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When we observe the diagram we immediately note that the two water resources that have been analysed are 
classed as 1st Quality but that sample A has two parameters (TDS and EC) that are bordering on 2nd Quality. 
Therefore, for this water resource minimal variations in one of the two parameters, or of both, may cause 
deterioration in quality. The validity of this classification is even more evident in the presence of incipient 
marine input phenomena or of areas with outcrops of evaporitic rocks (gypsum, rock salt). The quality of 
water for irrigation is evaluated in terms of soil protection. It is well known that water particularly rich in 
sodium, in fine matrix soils, encourages swelling of argillaceous minerals caused by ion exchange between 
alkaline metals and calcium and magnesium ions in the clay, resulting in decreased permeability.

CONCLUSIONS
From this work it is clear that definition of the quality of a groundwater resource is fundamental, and this 
definition is now expressly required by all legislation that sets its objective as protection of groundwater 
bodies. It is equally clear that simple assignment of a quality class to a body of groundwater is insufficient 
in describing it completely. It is important to know which parameter/s cause water to be assigned to a given 
class. This information can be deduced from the results of chemical analysis but this may not be an easy task, 
especially when it is necessary to compare the results for a large number of samples. The diagrams shown 
make it possible to determine:

the chemical status of a groundwater body and its quality for use in irrigation,
which parameters determine this status or quality,
the borderline parameters for this status or quality,
changes in the various parameters over time, should they occur,
comparison of different water samples taken from different aquifers.

As has been shown, making and using the diagrams is very easy and they are able to provide a large quantity 
of information. For this reason, this tool is highly suited for use by non-experts who may be asked at the 
institutional level to plan and/or monitor use and quality of available water resources.
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Abstract    Regarding the ecological criteria for environmental conditions preservation and improvement, 
groundwater’s qualitative status represents WFD’s 2000/60/EC one of the main requirements and a 
permanent preoccupation for the hydrological resources managers. The scope of the paper is to analyze, from 
hydrochemical point of view, the phreatic groundwater bodies that are delineated in a large area from the 
central part of the Romanian Plain,  between Olt and Arges rivers. The methodology represents the processing 
of the hydrochemical database through GIS applications. For a selected period, between 1970-2005, a trend for 
some chemical parameters was also studied. The results of this study are represented on GIS format maps and 
charts, which reveal a temporal and spatial distribution of the selected variables. 
Keywords  GIS applications, groundwater bodies, groundwater quality, Romanian Plain. 

STUdY AREA GEOGRAPHICAL CHARACTERIZATION
The Central Romanian Plain is situated between Olt and Arges rivers, which flow into Danube near Turnu 
Magurele city at west (Olt) and Oltenita city at east (Arges). Teleorman River crosses through the middle of 
the same geomorphologic unit and gives it the name of Teleorman Plain (Figure 1.)

Figure 1: Teleorman Plain – Geomorphologic map and location of the studied area
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Therefore, the studied area extends over 12490 km2, which represents about 26.99% from the total surface of 
the Romanian plain regions. Because of the differences occurred in the morphogenetic evolution, four subunits 
may be described: Pitesti, Boianu, Gavanu-Burdea and Burnas Plains (Ciumpileac, Popescu, 2005).

The Teleorman Plain overlay on the Walachian Platform, which have a moesian basement transgressively 
covered by thick sedimentary deposits. The plains represent the major relief type, varying by slope, width, 
silt deposits thickness and micro relief. These can or cannot be limited by terraces, so the transition to the 
floodplains may be different. There are described fluvial-deltaic plains and plain which are compound by 
terraces (e.g. Pitesti Plain is exclusively a terraces plain and the Danube terraces extend over 20 km width in 
southwestern part of Burnas Plain). The terraces occur along the most of the river valley, like Arges River (in 
Pitesti Plain), Olt, Danube, Teleorman, Neajlov rivers. The floodplains became very differentiated by breadth 
(the most expanded is Vedea floodplain, 1-3 km), area, slope and microrelief. Vedea floodplain particularities are 
the spits and the equidistant flows, like Vedea and Baricea, the swamps and ponds. The last also are frequently 
found on the largest meander valley, like Urlui, Calmatui, Glavacioc. Proluvial-coluvial accumulations occur 
on all floodplains.

The hydrographical network is very complicated and represented by three main streams (from west to east): 
Calmatui (Length=118 km; Basin Area = 1347 km2), Vedea (L=126 km; Basin Area =4 310 km2) that merge to 
Teleorman, Neajlov (L=150 km, Basin Area = 3 360 km2) that join Calnistea and at last, Arges River (all with 
his ones tributaries). The most part of the streams flow direction is from northwest to southeast, imposed by 
relief’s slope. The greater part of the rivers that drain the Teleorman Plain eastern half  have the start point at 
south of Pitesti city (Neajlov, Teleorman, Burdea, Paraul Cainelui). 
As a general particularity of almost all streams is the high tortuosity, between 1.05 and 1.63 (Calnistea basin). 
Rivers recharge is mixed, provided by precipitation (rain or snow) and groundwater on some river section.  

HYdROGEOLOGICAL CHARACTERIZATION
The groundwater is accumulated in porous-permeable deposits constituted of gravels and sands with clay 
intercalations and may be classified into shallow (phreatic) and deep aquifers. The local phreatic aquifer is 
discontinuous and accumulated into coarse porous deposits, most developed in Olt, Danube, Arges Vedea and 
their tributary floodplains. 
Because of the complex hydrogeological structure, these aquifers are situated at very different depths, varying 
from one to another part of the study area, having also thickness variations. The main groundwater flow 
direction is the same as the surface water flow, from northwest to southeast. The lithological characteristics 
and hydrogeological parameters are presented in Table 1. The hydrogeological cross section (Figure 2) reveals 
the phreatic aquifer and piezometric level position, as well as the relations between the plains and terraces. 
Figure 3. represents the phreatic groundwater bodies delineation, performed by grouping the geological 
formation and taking into account river basin limits. Based on geological maps (1:200 000) and hydrogeological 
information provided by deeper boreholes, according to Water’s Frame Directive (60/2000/EC), Bretotean et 
al (2005) delineated in the studied area six phreatic groundwater bodies, prevailing unconfined character. In 
the southern part of the Teleorman Plain, limited by Danube floodplain lithological formations, the phreatic 
aquifer behaves like a confined one (Figure 2). 
For spatial continuity reasons, simplifying the hydrogeological conditions, in this paper it was proposed 
to extend the limits of the studied areas with Neajlov-Parapanca-Zboiul interfluve (Extended area 1) and 
Calmatui-Vedea interfluve (Extended area 2). Table 1 contains a short description of the six groundwater 
bodies and the two extended areas also. 
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Table 1  Teleorman Plain - Geological and hydrogeological main characteristics of the groundwater bodies 
and extended areas (Bretotean et al, 2005, with completions)

Aquifer 
extend 

area

Geological 
formations age/

code

Aquifer type/ 
Litology

Hydro
geological 
parameters

Groundwater 
body Quali-
tative status

Aquifer 
thickness 

(m)

AREA 
(km2)

Danube Floodplain  
(Turnu Magurele Zimnicea)

Holocene
ROAG10

Porous-permeable / 
gravels, sands

K=50-60;
T=250-350;
q=2,0-3,0

good 2--10 347.4

Danube Floodplain  
(Giurgiu-Oltenita)

Holocene  
ROAG07

Porous-permeable / 
gravels, sands,

sandy clay

K=10-20;
T=100;

q=1,0-2,0
good 1--5 1201.5

Neajlov-Parapanca-Zboiul 
Interfluve

Middle-Upper 
Pleistocene

(Extended area 1)

Porous-permeable /
loess, gravels, sands

K=20-100;
T=100-500;

q=2-5
good 10--15 1046.4

Calmatui-Vedea Interfluve

Middle and 
Middle-Upper 

Pleistocene
(Extended area 2)

Porous-permeable /
loess, gravels, sands

K=20-100;
T=50-500;

q=2,0
good 5--10 1264.4

Arges Floodplain and terraces
Upper Pleistocene 

- Holocene
ROAG05

Porous-permeable /
sands, gravels, 

boulders

K=10-50;
T=150-600;
q=2,0-4,0

poor 3--6 1193.5

Pitesti Plain
Upper Pleis-

tocene - Holocene  
ROAG08

Porous-permeable /
loess, fine sands

K=1-30;
T=100;
q=1,0

poor 15--20 2161.3

Lower Olt Floodplain and 
terraces

Quaternary 
ROOT08

Porous-permeable / 
gravels, sands

K=20-100;
T100-500;

q=2-5
poor 2--8 2200.3

Vedea, Teleorman and 
Calmatui interfluves and 

floodplains

Holocene 
ROAG09

Porous-permeable /
loess, sands, gravels

K=20-100;
T=50-500;

q=2,0 good 5--10 3094.0

* K (hydraulic conductivity), m/day; T (transmissivity), m2/ day; q (specific yield), l/s/m

Figure 2: Schematically hydrogeologic cross section through Burnas Plain
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Figure 3: Teleorman Plain – Groundwater bodies and extended areas delineation (Bretotean et al, 2005, with 
completions)

HYdROCHEMICAL dATA PROCESSING USING GEOSTATISTICAL ANALYST ExTENSION (GIS)

Hydrochemical database
The analysis regarding the phreatic aquifer qualitative status started with a database creation, which means 
data collection and evaluation. The hydrogeological information arrives from the National Hydrogeological 
Network, composed by monitoring wells, which investigates the phreatic aquifer until maximum 50 meters 
depth. There are identified 330 monitoring wells to which correspond about 2790 records. Each record contains 
general information (location, code, coordinates, sampling date) and the indicator values (pH, hardness, total 
dissolved solids, organic matter, calcium, magnesium, sodium, potassium, ammonium, iron, manganese, 
nitrate, nitrite, sulfate, bicarbonate and chlor). The sampling frequency is one to four per year. The monitoring 
period extends from 1964 to 2005, but there are few cases when the time series is not complete. 

The next step into this preliminary analysis consists of database validation, taking into account two basic 
conditions: total hardness must be the sum between permanent and temporarily determinate values and the 
balance error should be lower than 10%. The last operation was to calculate the annual mean value for the 
indicator range.    

data processing 
For database validation, a geostatistical analysis was performed, consisting in data normalization (by 
logarithm) and modeling with ArcGIS 9.2 and the specialized extension, Geostatistical Analyst (Johnson K. 
et al., 2001). The best considered method for hydrochemical data treatment is Kriging, which is a moderately 
quick interpolator that can be standard or smoothed depending on the measurement error model. 
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The appropriate model considered for this analysis was Ordinary Kriging, spherical model taking into account 
anisotropy and smoothness. For each groundwater body a map was created. Merging all maps it results the 
spatial distribution of the studied indicator parameter, such as total hardness and total dissolved solids, as is 
shown in Figures 4. and 5. 

As we expect it, the two added extended areas aren’t conformal to the rest of groundwater bodies, but the 
assembly highlighted distribution zones which may be considered in further evaluation. 

Figure 4: Teleorman Plain - Hardness spatial distribution (Mean annual values, 0G)

Figure 5: Teleorman Plain - TDS spatial distribution (Mean annual values, mg/l)
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In addition, using individual values, an analysis using charts was performed, with the following observations:
For the entire considered period, 1964-2005, the nitrogen-based compounds (Figures 6, 7 and 8) have an 
increasing trend, also the manganese;
A decreasing trend in bicarbonate and total hardness was emphasized;
Stationarity was observed in case of sulfate, chlor and iron. In the two last examples, the period 1971-1987 
reveals important values also.

•

•
•

Figure 6: Teleorman Plain - Ammonium trend evolution in the phreatic aquifers

Figure 7: Teleorman Plain - Nitrate solids trend evolution in the phreatic aquifers

Figure 8: Teleorman Plain - Nitrite trend evolution in the phreatic aquifers

CONCLUSIONS
The qualitative status analysis of the phreatic aquifer from the Central Romanian Plain was performed taking 
into account some simplified geological and hydrogeological assumptions. The hydrochemical database 
consist on 2790 records regarding a number of 330 monitoring wells and the monitoring period extends from 
1964 to 2005.

Database validation and averaging the annual values were the initial steps, followed by a geostatistical analysis, 
consisting in data normalization and modeling with ArcGIS 9.2 and Geostatistical Analyst. Hardness and 
total dissolved solids (TDS) spatial distribution reveals zonal continuity, excepting the southern part of the 
studied area, refering to Neajlov-Parapanca-Zboiul and Calmatui-Vedea interfluve, which dynamic behaviour 
is mostly corresponding to a confined aquifer. 

Trend of all registered chemical indicators,  using individual values, was also studied, observing that the 
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nitrogen-based compounds and manganese have an increasing trend, bicarbonate and total hardness,  a 
decreasing one and a stationary behaviour in case of sulfate, chlor and iron was emphasized. 

As a general conclusion, excepting Arges Floodplain and terraces, Pitesti Plain and Lower Olt Floodplain and 
terraces, the delineated grounwater bodies and extended areas have a good chemical status.
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Abstract    The coal of the “Drmno” strip mine is exploited from the so-called third coal layer. The coal layer is 
appearing at depths ranging from about 30 to 120 m, and its thickness is between 10 and 20 m. Above the coal 
layer there are sandy and gravel sediments. The vicinity of the rivers Danube and Mlava significantly influence 
the amount of groundwater afflux. Fine-grained and dusty sands are mostly below gravel layers, up to 100 m 
thick. These sands, ranging from fine-grained to dusty and contain large quantities of water (total porosity of 
40%), are characterized with slow dewatering. The dewatering system comprises nearly 200 wells. It proved 
practically impossible to properly design new well drainage lines without the implementation of modern 
simulation and groundwater regime prognosis methods. In this case, hydrodynamic groundwater model of 
“Drmno” strip mine was made for well drainage line LC-10 design that simulate the work of the designed well 
line, simultaneously with the planned work of the existing system. It consists of many schematized layers with 
several types of boundary conditions, variable in space and time. During hydrodynamic groundwater flow 
analysis realization, prognosis, well capacity optimization of designed line was performed in order to obtain 
the proposed criteria for achieving and maintaining groundwater level. 
Keywords strip mine, mine dewatering, groundwater model, prognosis, optimization

INTROdUCTION
“Drmno” strip mine was opened at the end of 1987. This mine supplies with coal the thermo-electric power 
plant “Kostolac B” of total power 695 MW, which was put into operation in 1988. Designed strip mine 
surface, along with the current working and barren floors is approximately 20 km2. The coal is exploited from 
the co-called third coal layer, that is spreading beyond the defined mine contours, Figures 1 and 2. The third 
coal layer appears at depths ranging from 30 to 120 m, and its thickness is between 10 and 20 m. 
“Drmno” coal bed is situated in the coastal area of the river Danube, in the east from the river Mlava. Its 
surface is approximately 50 km2. Bed boundaries are partly natural – geological, and partly artificial – agreed. 
South and east boundaries are determined by geological conditions – lensing out the third coal layer and 
erosion. West boundary separate “Drmno” bed from the neighboring coal bed, while the north boundary is 
represented by the right coastal line of the river Danube, and the coal layers also spread underneath the river 
and on the other (left) bank form the “Kovin” coal bed.
Above the exploited coal layer, there are sandy and gravel sediments, rich in groundwater. The vicinity of 
the Danube and Mlava rivers significantly influences the quantity of groundwater inflow into the working 
mine contour. Additional problem is the character of layer stratification above the exploited coal layer: near 
the terrain surface there are gravels which provide significant groundwater filtration from the river direction, 
while underneath there are mostly fine-grained and dusty sands, up to 100 m thick. These sands, fine-grained 
to dusty, contain large water quantities (total porosity is approximately 40%) and they are characterized by 
difficult dewatered.
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Figure 1: “Drmno” strip mine

Groundwater protection, that is, provision of working conditions and stability of floor slopes, is obtained by 
the work of wells placed long the several drainage lines. The dewatering system consists of almost 200 wells 
(Figure 1), of which most of them are working constantly. Some the significant problems present during the 
mine dewatering are: well work management due to their drastic yield decrease, while at the same time it is 
difficult to achieve proposed criteria for groundwater level maintenance within the mine floors, especially in 
parts of deeper coal layers, and also the problem of system work prognosis in the following period.

Figure 2: Schematized cross and lengthwise profiles of the “Drmno” strip coal mine, layer presentation

HYdROdYNAMIC MOdEL
A hydrodynamic model of groundwater in the “Drmno” strip mine was made for the design of well drainage 
line LC-10, and the work simulation of designed well line was performed along with planned work of the 
existing system [Pušić et al, 1999, Vuković at al, 1986]. The model was based on data of several hundreds 
boreholes and monitoring regimes and working effects of the dewatering system, and data on front movements 
and mine working floors.
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Schematization, dimensions, filtration properties
The model consists of six schematized layers with several types of boundary conditions changeable in time 
and space.
Every of these layers corresponds to the certain real layer, schematized according to the terrain knowledge 
and results of the conducted analysis within field investigative works. Observed from the terrain surface, 
corresponding layers of the model and terrain are:

The first water-bearing layer – roof alluvial and loess sediments (hydraulic conductivity,  
K = 1x10-9 – 3x10-5 m/s),
The second water-bearing layer – mostly gravel water-bearing layer (K = 2x10-4 – 4x10-3 m/s),
The third water-bearing layer – sandy and clay layer in the roof of the second coal layer, which laterally (in 
the east) transforms into the roof sandy layer of the third coal layer (K = 3x10-6 – 5x10-5 m/s), Figure 2,
The fourth, combined isolation water-bearing layer – the second coal layer (isolator), which laterally (in 
the east) transforms into the roof sandy layer of the third coal layer,
The fifth water-bearing layer – sandy layer lying in the roof of the third coal layer. In the western part of 
the terrain it lies over (modeled) sixth water-bearing layer (K = 2x10-6 – 5x10-5 m/s),
The sixth water-bearing layer – dusty-sandy layer, lying in the roof of the third coal layer. In the part of the 
terrain where it does not exist, roof of the third coal layer consists of sands represented by the fifth water-
bearing layer in the model (K = 1x10-8 – 1x10-4 m/s).

The floor of the fifth or sixth layer consists of the third coal layer, that is, by its hydrogeological and hydraulic 
mechanism, an isolator, that is, boundary flow surface.
The basic dimensions of the model matrix, encompassing the examined terrain, are 6725 m x 4250 m, which 
makes 28.58 km2. Flow field discretisation is planned, along with the basic initial field size of 100 m x 100 m, that 
was additionally made denser, depending on the calculation needs for more precise results, until the smallest 
field of 12.5 m x 12.5 m. After appropriate interventions, in the end, model had 224 lines and 300 rows, in 6 
layers. 

Boundary conditions
Contours with determined piezometric level - surface flows. From the open surface flows, there are present 
rivers Danube and Mlava on the terrain, an abandoned Danube river branch (Dunavac), which is now within 
the protection system from high Danube water levels, and the mentioned system also.
In the first phase of model work, the Danube and Mlava were set as the utmost north and west model boundaries. 
Later analysis of river water levels and registered piezometric levels determined the direct hydraulic relationship 
of Dunavac and the aquifer, that eliminated direct influence of the Danube and the drainage channel system 
onto the area of the “Drmno” strip mine. The Mlava and Dunavac were set in the model as boundary with 
determined representative average water level.
Excavation contours. Inner excavation contour of the mine roof barren deposits represent the hydrodynamic 
most important contour in the “Drmno” strip mine. Perennial exploitation of the third coal layer formed regional 
groundwater depression, whose lowest levels match with the lowest excavation contour levels. Dewatering of 
some quantities of groundwater is done through the excavation slopes, in which way they are collected and 
taken outside the mine into the Mlava river. As one of the basic criteria for normal exploitation, excavation 
contour is allowed to have a seepage face of 1 m above the coal. 
In the model, the inner excavation contour is set as drainage line with the level of 1m above the coal roof.
Boundaries of porous media spreading – fringe inflow. As opposed to the north and west model boundaries, 
whose contours are defined by open river flows, east model boundary spreading is naturally defined by the 
lensing out contour of certain layers. Groundwater inflow from this direction is determined on the base of 
the work analysis of the drainage system along the east mine contour. Along the east model boundary, a 
representative inflow into the area was set, order of 10-15 l/s per kilometer of this contour.
Drainage system – wells. “Drmno” strip mine dewatering concept is based on the drainage system work that 
represents the combination of active groundwater pumping and collection of drained water into the excavation. 
Drawdown of the groundwater level by active pumping is done through drainage wells organized in lines. 
Registered flows are set in the model as input data, while the measured levels are used for verification in the 
model calibration process.

•

•
•

•

•

•
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Effective infiltration. Effective infiltration consists of the sum of precipitation, transpiration from the  
groundwater level and evapotransporation. The depth of the groundwater level, state of moisture and lithological 
aquifer composition are important for its value. In the model, this parameter is set for 2x10-9 m/s, which makes 
9% of average perennial precipitation of 684 mm.

PROGNOSIS CALCULATIONS – SETTING
Considering that this project was executed in 2005, and that the connection of LC-10 line is planned for 
the beginning of 2007, the model simulated the work of the existing mine system until 1.1.2007, and later 
with the LC-10 line. During the realization of the groundwater flow hydrodynamic analysis, well capacity 
prognosis and optimization of the designed line were performed in order to fulfill the set criteria of reaching 
and maintaining the groundwater level.

Excavation contour advance
In accordance with the adopted development dynamics of the “Drmno” strip mine, front contour and the 
excavation advance were defined in characteristic time cuts, at the end of calendar years 2005, 2006, 2007 and 
2008. Instant advance of the excavation was adopted in the same time cuts as in hydrodynamic calculations, 
Figure 3.

Figure 3: Advance contours of “Drmno” strip mine in the period of 2005-2008

Position of the LC-10 well line
Position of the LC-10 well line is adopted according to the suggestion and in cooperation with the investor. 
This line is situated in the north of the LC-9 line, and by certain angle, with the excavation advance front 
direction toward the north. From that reason, this line is somewhat shorter in relation to the previous lines 
LC-9, LC-8, etc.
The line consists of two rows of wells of unequal length:

In the part of excavation where thickness of the roof sands is bigger above the coal layer, two rows of wells 
are installed (middle and western part of the line). There has been placed the total of 26 well, 13 per each 
row.

•
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In the eastern part of the line, where the coal lies shallower, only one row is planned, and 5 more wells are 
placed here.

The LC-10 line is planned to have the total of 31 wells, 18 of them in one and 13 in the other row, Figure 4.

•

Figure 4: Position of the LC-10 line in the “Drmno” strip mine

Well connection dynamics
The period from July 1st, 2005 to December 31st, 2008 was adopted for the prognosis calculations, and it can 
be divided into several units:
July 1st – September 30th, 2005 – working period of the existing well line system, that ends with the last 
constructed line, LC-9,
October 1st, 2005 – December 31st, 2006 – working period of the dewatering system, with the connected  
LC-9′ line,
January 1st, 2007 – December 31st, 2008 – working period of the dewatering system, with the connected  
LC-10 line.
Well flows were set in the prognosis calculations, having in mind several criteria and limitations:

To our experience, it is well-known that the well lasting, placed in the direction of the strip mine front 
advance, depends on the excavation advance dynamics [Vuković et all (1986)]. During time, as the 
excavation floors advance, the well gradually shortens and its yield decreases until the final disconnection, 
that is, destruction of well;
Wells along the fringe line (mostly lines LB-5 and ŠLA) are not being destroyed, they are working 
permanently. Their capacities somewhat decrease during time, but slower than capacities of the well within 
the excavation. Their flow can occasionally rise, depending on the size of groundwater inflow from the 
Mlava direction, as consequence of local weather conditions;
Initial well capacities can not be too big, because the desired effect of dewatering can not be achieved 
– beside the sudden level decrease in well, appropriate depression is not formed in its wider surrounding. 
This is the consequence of filtration and grain-size characteristics of the porous media of the roof (sandy) 
coal segments, and local hydraulic well resistance;
Along with the gradual dewatering and groundwater level drawdown, well flow decrease in the appropriate 
way. It is necessary to provide balance between the well flow and level decrease in the well and its 
surrounding, and in the wider zone of every line;

•

•

•

•
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Basic set conditions, that should be fulfilled, are: maintenance of groundwater level in the coal floor 
showing contours maximally to one meter and maintenance of groundwater level two meters below the 
excavation floor.

RESULTS OF THE PROGNOSIS CALCULATIONS
Figure 5 presents the change of well line LC-10 yield during 2007 and 2008, according to the prognosis values. 
Occasional instant changes are resulting from the simultaneous flow decrease of several wells. Sometimes the 
total line capacity decrease by up to 20 l/s (in June and July, 2007).

•

Figure 5: Diagram of the LC-10 well line total yield, from January 2007 to December 2008

The initial value of the LC-10 well line total yield is order of 100 l/s (according to the calculation 99 l/s), that 
in two years time decreases for over 40 %. 
For the period since the beginning of the LC-10 well line work, the amount of groundwater discharge from the 
northern slope of coal floor was calculated. Gained results are presented in the Figure 6.
Received results are the consequence of the adopted model schematization, dynamics excavation front advance 
and disconnection of certain wells and well yield intensity decrease:

according to the adopted dynamics, front position of the excavation advance is moving gradually, every 
year,
as reference position, the condition at the end of the year (December 31st) for every year of calculation,
line position is set on the January 1st of the current year in the hydrodynamic calculations and lasts until 
December 31st,
in the first year of connection and work of LC-10 line, advance front line is on the location line for 2007 
(from January 1st to December 31st, 2007),
on January 1st, 2008, advance front line is instantly moving toward the location defined on December 31st, 
2008, figure 3. Sudden increase of drainage outflow is present in calculations (figure 6), which is not so 
intensively present in nature,
during the dewatering system work time in 2007 and 2008, there is gradual decrease of flow and final 
disconnection of certain well lines LB-5” and LC-9, because of the excavation advance front line,
as the consequence of the previous, there is a temporary redistribution of the excavation drainage, in such 
way that the drainage line along the coal floor contour for some tome takes a part of undrained water that 
was before taken by the presently disconnected wells (example: May, 2008, Figure 6).

•

•
•

•
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Figure 6: Diagram of groundwater discharge from the coal floor slope along the excavation advance front in 
2007 and 2008

CONCLUSION
In complex hydrogeological conditions of the “Drmno” strip mine, a method of mathematical groundwater 
modeling has been applied as a basis for the LC-10 drainage line project. The aim of the dewatering system is 
to maintain groundwater level at the slope of coal floor reaching maximally to one meter and maintenance of 
groundwater level two meters below the surface of the excavation floor terrain.
For the given criteria and the set number and position of wells, the calculation results showed decrease of 
drainage line capacity in the period of one year for 60% (from 100 l/s to 40 l/s). The initial individual well 
capacities were between 1 and 4 l/s.
Diagram showing dewatering from the coal floor slope implies the rough adopted schematization of is 
movement (time step is one year).
For the prognosis of rational dewatering system it is necessary to conduct optimization of its work at the 
“Drmno” hydrodynamic model, which was only partially done in this case, by the prognosis of optimal 
capacities of LC-10 well line. The calibrated “Drmno” groundwater model can realize complex multi-criteria 
work optimization for the entire dewatering system, which would undoubtedly enable significant savings, in 
maintenance and development of this system.

References:
Pušić M., Polomčić D., 1999: Hydrodynamic model of the “Drmno” strip mine dewatering, Collection of 
paper of 12. Yugoslav conference on hydrogeology and engineering geology, Novi Sad, November 23rd-
25th, 1999, Book I Hydrogeology, p. 293-302
Vuković M., Filipović B., Pušić M., Soro A., 1986: The effect prognosis of the “Šikulje” strip mine 
dewatering by the mathematical modeling method, 6. Yugoslav conference on surface exploitation of 
mineral raw material, Tuzla

1.

2.



458

www.jcerni.org/activities/conferences/iwa2007/home.html



459

Risks for Groundwater Contamination from domestic Waste Water: 
Tracers, Model Applications and Quality Criteria

M. Zessner*, A.P. Blaschke**, A.H. Farnleitner***, R. Fenz****, G.G. Kavka*****, 
H. Kroiss*

* Institute for Water Quality, Vienna University of Technology, Karlsplatz 13, 1040   
 Vienna; (e-mail: mzessner@iwag.tuwien.ac.at)
** Department of Engineering Hydrology, Vienna University of Technology
*** Institute of Chemical Engineering, Vienna University of Technology
**** Federal Ministry of Agriculture, Forestry, Environment and Water Management
*****Federal Agency for Water Management

Abstract    Infiltration of municipal or domestic waste water happens as unwanted or even planned form of 
waste water disposal as: infiltration of septic tank effluents, leakage from pits in rural areas, exfiltration from 
sewer systems and infiltration of biologically treated waste water in regions with lack of receiving surface 
waters. Suitable markers for domestic waste water in groundwater are boron (low dilution) and carbamazepine 
(high dilution). Pathogens and oxygen depletion represent the main risk for dinking water quality arising from 
domestic waste water in groundwater. Even infiltration of biologically very well treated waste water will cause 
zones in groundwater where drinking water standards cannot be met. The extent of these zones may vary 
between < 20 m and several kilometres from the point of infiltration depending on the local situation.
Keywords  drinking water resources, tracers, risk assessment, pathogens, oxygen depletion

INTROdUCTION
Groundwater is an important source for drinking water supply. Due to a slow travel velocity contamination 
of groundwater may lead to long term groundwater deterioration. A high level of groundwater protection is 
required in many countries in Europe as well as in other parts of the world in order to secure water supply. 
Austrian legislation stipulates county wide drinking water quality in ground water as a general standard. 
Nevertheless also in Austria, infiltration of municipal or domestic waste water happens as unwanted or even 
planned form of waste water disposal:

infiltration of septic tank effluents or leakage from pits in rural areas, 
exfiltration from sewer systems and 
infiltration of biologically treated waste water in regions with lack of receiving water.

This paper will demonstrate and discuss the use of appropriate indicators (tracers) for detection of waste water 
in groundwater and the main risks arising from waste water infiltration into groundwater based on the results 
of three research projects. Exfiltration from sewer systems is considered as a potential source for groundwater 
contamination. In a first project based on groundwater monitoring the exfiltration rate from a sewer system 
and the groundwater contamination in one of the larger cities in Austria was assessed based on groundwater 
monitoring. The aim of this investigation was to define priorities in respect to reconstruction and repair of 
the sewer system within this city (Fenz et al., 2005). The second project investigated the quantitative spatial 
distribution and the potential future development of the influence of infiltrated treated waste water from two 
settlements on groundwater quality. This project concentrated on a comprehensive monitoring concept and 
a detailed groundwater transport model development (Zessner et al., 2003a). The third project focussed on 
waste water disposal of remote areas with disposal units of less than 20 inhabitants. The aim of this project 
was the quantitative risk assessment of groundwater contamination by infiltration of treated waste water from 
dispersed settlements depending on the local and regional hydro-geological situation (Kroiss et al., 2006). 

Tracing waste Water influence in Groundwater
Monitoring of groundwater contamination by domestic waste water needs reliable tracers to detect the waste 
water in groundwater. The most convenient markers are anthropogenic compounds already present in waste 

•
•
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water. Such a marker has to have following properties: 
persistency against degradation and adsorption in the treatment process and in groundwater, 
concentration in waste water significantly above the detection limit and above concentrations in  
groundwater, 
low spatial and temporal variability of concentrations in waste water and 
waste water as only significant source of emissions in the considered region.

Typical conservative parameters with relatively constant concentrations in waste water are for instance Cl- 
and Na+. The limitation of the use of these parameters as markers for waste water is the difference of their 
concentrations as compared to concentrations in groundwater. Typical relations between concentrations in 
groundwater and waste water are about 1:2 to 1:5 and therefore only high shares of waste water in groundwater 
can be detected by these parameters. Boron is another persistent parameter with relative constant concentrations 
in waste water. The advantage of boron is that the differences between concentrations in groundwater (typical 
0,1 – 0,2 mg/l) and waste water (typical 0,8 – 1,5) are usually higher than for Cl- and Na+. Boron, therefore, 
is very well suitable for the detection of waste water influence in groundwater up to a dilution of about 1:10 
(Zessner et al., 2003b). For higher dilution even boron cannot be used and anthropogenic markers have to 
be looked for in the big pool of organic micro pollutants. As Fenz et al. (2005) showed, the anti epileptic 
drug carbamazepine is a pharmaceutical discharged to domestic waste water with a very stable behaviour 
in waste water treatment plants as well as in groundwater. Average concentrations in waste water are in the 
order of magnitude of 1000 ng/l in case of a consumption pattern for carbamazepine as in Austria, while the 
detection limit is 1 ng/l and waste water is the only source of emissions to the environment. That means that 
carbamazepine is an almost perfect anthropogenic marker for influences of waste water up to a dilution of 
1:1000 as long as the consumption pattern does not change. The restriction for the use as anthropogenic marker 
is that an even distribution in waste water can only be expected in units of some thousand inhabitants because 
as an average carbamazepine is used by one inhabitant out of 300 – 500. In surface waters carbamazepine is 
only slowly destroyed by natural UV-radiation. 

For quantification of the dispersion of waste water in groundwater beyond the spatial and temporal scale of 
monitoring, groundwater transport modelling is the tool that has to be used (Blaschke, Kirnbauer, 2007). 
Several approaches exist. All of them highly depend on the quality of required input data in respect to the 
accuracy of the results and the possibility of calibration of the model based on monitoring data. Figure 1 and 2 
show two examples for tracing waste water influences in groundwater. In the first example (figure 1) the dilution 
of waste water from a domestic waste water treatment plant (average loading 2800 p.e.) in groundwater after 
infiltration (expressed as percentage of waste water in groundwater) is shown (Kroiss et al., 2002). The points 
reflect results from Boron monitoring. The percentage of waste water in groundwater was calculated based on 
simple mixing calculations. The laminar display shows the results of groundwater transport modelling, which 
is in good agreement with the measured values. The second example shows the carbamazepine distribution in 
groundwater below an Austrian city (Fenz et al., 2005). With carbamazepine concentration in waste water of 
1000 ng/l and not detectable concentrations in the inflowing groundwater, carbamazepine concentrations below 
the city show the share of exfiltrated waste water from the sewer system in groundwater. A carbamazepine 
concentration of 10 ng/l corresponds to a share of waste water in groundwater of 1 %.

1.
2.

3.
4.
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Figure 1: Share of waste water in groundwater (%) below an the infiltration of treated waste water from an 
advanced biological treatment plant (Kroiss et al., 2002).

Figure 2: Carbamazepine concentrations in groundwater below an Austrian city. (Fenz et al.; 2005)
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PARAMETERS IN WASTE WATER ENdANGERING GROUNdWATER QUALITY

Physical-chemical parameters
Raw domestic waste water contains about 600 mg COD/l (200 mg TOC/l) and 55 mg/l of reduced forms of 
nitrogen. Thus, direct infiltration into groundwater leads to a potential for oxygen consumption in groundwater 
of about 840 mg O2/l raw waste water (with oxygen consumption for COD oxidation of 1 mg per mg COD and 
with oxygen consumption of 4.3 mg per mg NH4-N). Even with a DO concentration of 8 mg/l in groundwater 
one litre of raw waste water directly discharged into the aquifer may cause complete oxygen depletion in 100 
l of groundwater. No standards exist for DO in groundwater in Austria. Nevertheless oxygen depletion in 
groundwater may result in several undesired processes as NO2 formation and NH4, Fe and Mn mobilisation. 
Zessner et al. (2003b) showed that DO concentrations in groundwater below 2 mg/l significantly increase the 
probability of nitrite formation exceeding the limit value of drinking water. If raw waste water is introduced 
into the unsaturated zone above the aquifer, a part of COD and NH4 will by oxidised already in this zone 
and will not cause a deterioration of the oxygen balance in groundwater. Nevertheless infiltration of raw 
waste water has a significant potential to affect groundwater quality in regard to DO concentration. Wherever 
infiltration of waste water into the underground is aimed at, biological treatment with carbon removal and 
nitrification should be considered as minimum requirement.

Table 1  Comparison of concentrations of selected parameters in treated waste water and surrounding local 
groundwater not influenced by infiltration

Na Cl B K DOC NO3-N NO2-N NH4-N PO4-P O2

mg/l
Treatment plant A

Groundwater average 29 73 0,06 2,5 2,3 28 0,0015 0,010 0,012 5,2
Groundwater average +  

standard deviation 48 111 0,07 4,2 2,9 42 0,0018 0,019 0,019 3,8

Effluent average 101 126 1,31 28 6,6 0,6 0,01 0,28 0,31
Treatment plant B

Groundwater average 63 83 0,07 4,2 2,4 20 0,020 0,016 0,009 2,2
Groundwater average +  

standard deviation 97 113 0,10 7,4 3 31 0,047 0,034 0,017 0,8

Effluent average 75 80 0,78 19 5,4 1,63 0,12 0,38 0,21
Treatment plant C

Groundwater average 153 88 0,13 5,9 4,9 1,0 0,009 0,05 0,038 0,6
Groundwater average +  

standard deviation 178 102 0,18 7,7 6,8 2,7 0,023 0,08 0,079 0,0

Effluent average 125 141 1,55 27 6,9 6 0,04 0,45 0,30
Drinking water standards1 200 200 1,0 11,3 0,03 0,39

1 Austrian drinking water directive (XXX … exceedances of standards)

Biological waste water treatment with nitrification significantly reduces the COD/TOC/DOC and NH4 
concentrations in the waste water. Phosphorus and nitrogen (nitrate) may be removed from waste water by 
applying appropriate technologies as well. Biological treatment also leads to a heavy metal reduction between 
of 40 and 90 % depending on the metal considered. (Zessner, 1998) and several organic micropollutants are 
degraded, too, some of them in dependency of the sludge age the treatment process is operated at (Clara et al., 
2004). Table 1 shows a comparison between the concentration of different parameters in the effluent of 3 low 
loaded biological treatment plants (average loading 1400 – 3000 p.e.) and the surrounding groundwater not 
influenced by the waste water discharge. These values are compared to the Austrian drinking water standards
Table 1 shows that the treated waste water meets drinking water standards except for boron and nitrite, in two 
cases each and ammonium in one case. Further on 14 parameters of the Austrian drinking water directive were 
analysed in the effluents of these 3 treatment plants, which were considered to be relevant in domestic waste 
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water: Fluoride, Cyanide, Fe, Mn, Al, Sb, As, Se, Pb, Cd, Cr, Cu, Ni, Hg. For none of them the drinking water 
standard was exceeded in the treated effluents and therefore they are not considered as potential harm to the 
groundwater quality (Kroiss et al., 2002). But in one monitoring campaign significant pesticide concentrations 
were found in the effluent of one treatment plant and in the groundwater influenced by infiltration of this 
effluent. This was due to the disposal of pesticide residues to the sewer system. This obviously represents a 
thread for groundwater quality in case of intended infiltration of treatment plant effluents. Further organic and 
inorganic parameter from list 1 and list 2 of the EU groundwater directive were below the detection limit or in 
case of AOX in the same order of magnitude as it is typical for drinking water. The DOC concentrations of the 
3 treatment plant effluents are in the range of 5.5 to 7 mg/l, which is an indicator of high treatment efficiency. 
Figure 3 follows the development of the DOC concentrations after infiltration to groundwater. It is evident that 
an additional degradation down to a “non biodegradable” part of domestic waste water of 2-3 mg DOC /l is 
reached. In Austria effluent concentrations of 10 – 15 mg DOC/l, of which 8 – 12 mg DOC/l may be degraded 
after infiltration, and 1 – 2 mg NH4-N/l are common at small treatment plants (< 20 p.e.). Thus, there remains 
a potential biological degradation in the groundwater corresponding to an oxygen demand for DOC removal 
and nitrification of 28 to 45 mg per litre infiltrated waste water in groundwater after infiltration.. Especially 
in aquifers with low dilution capacity this still may lead to a noticeable impact on the local oxygen balance in 
groundwater.  

Figure 3: Development of DOC-concentrations in the treated waste water with flow time in the underground 
(Zessner et al., 2003b)

Health related microbiological parameters and criteria
Even the effluents of low loaded biological waste water treatment including nitrogen and phosphorus removal (sludge 
age > 13 d) are contaminated with bacterial faecal indicators much higher as required for drinking water quality 
(Table 2). One litre of waste water treatment plant (WWTP) effluent may deteriorate the drinking water quality 
of > one million litres of groundwater if classical faecal indicator bacteria are used as parameters. Or expressed 
the other way round: contamination with indicator bacteria has to be reduced by up to seven orders of magnitude 
(reduction: 7 log10) if WWTP effluents should comply with limiting values for faecal indicators according to 
drinking water standards (assuming a 5% tolerable detection frequency for the investigated samples). 
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Table 2  Comparison of concentrations of indicator bacteria in waste water and their respective limit values 
for drinking water in Austria (Zessner, 2004)

Parameter WWTP influent WWTP effluent  
(low loaded biol. treatm.) Limit values, drinking water

CFU22 per ml 107-108 103-105 100
CFU37 per ml 106-107 103-104 20

Total coliforms per 100 ml 107-109 105-106 not detectable
E.coli per 100 ml 106-108 103-105 not detectable

Cl.perfringens per 100 ml 104-105 102-103 not detectable

Table 3  QMRA - examples for required reduction of selected pathogens in raw waste water to meet a maximal 
tolerable risk of ≤ 10-4 infections p-1 a-1 (Farnleitner et al., 2007)

Pathogen Maximum tolerable concentration in 
drinking water Required reduction for raw waste water

Cryptosporidium parvum 2.6 x 10-5 Oozysten/l 9.4 log10

Giardia intestinalis 5.5 x 10-6 Oozysten/l 9.4 log10

Salmonella typhy 1.9 x 10-1 CFU/l 5.6 log10

Enteroviruses 1.8 x 10-7 PFU/l 12.2 log10

Total enteric viruses 5.5 x 10-7 infective particles/l 13.7 log10*
* Basis for calculation: waste water source from small units (4 p.e.)

Recent developments in health related quality standards argues that standards for drinking water based on 
limit values for bacterial faecal indicators do not guarantee appropriate protection. In this respect, vegetative 
bacterial indicators are not representative for the behaviour of several pathogens, especially enteric viruses 
during treatment steps (waste water, drinking water) and during migration in the environment, such as in 
soil and groundwater. The problem is that concentrations of enteric viruses, that are required for appropriate 
drinking water protection, are so low that their measurement is not possible under most situations (Table 3). 
Besides using microbial tracers, the instrument of quantitative microbial risk assessment (QMRA) is thus 
suggested (Farnleitner et al., 2007). Based on the definition of a tolerable risk for drinking water consumption 
(e.g. not more than one infection per 10,000 persons and year = ≤ 10-4 infections p-1 a-1; Fewtrell et al., 
2002) the maximum tolerable concentration of pathogens can be estimated by dose - response relationships 
calculations. Based on exposure assessment the required reduction of pathogens by natural processes  
(e.g. adsorption, dying off) and treatment from the source to the water supply can then be calculated (Table 3). 
Finally for drinking water supply it has to be proven by model calculations and validation measurements that 
the required reduction of pathogens, to keep the actual risk below the tolerable risk, can be provided.  

Spatial extension of groundwater contamination
From the data above it becomes clear that infiltration even of very well biologically treated waste water 
will lead to zones in groundwater where drinking water standards will be exceeded. Depending on the local 
conditions pathogens may be retained in the underground very efficiently and physical chemical impacts 
may be diminished by degradation and dilution. Thus, the spatial extension of groundwater contamination 
from infiltration of waste water will very highly depend on the local circumstances. In the following results 
from two projects with the intention to quantify this spatial extension are presented. In one case the influence 
of two WWTP from settlements of about 2500 p.e. on groundwater was traced. Groundwater transport 
modelling could be performed based on good local information on underground and hydrology and could 
be validated based on measured data (Blaschke, 2002). Figure 4 shows the waste water plumes of these two 
intended groundwater infiltrations. The situations are completely different. In case of treatment plant A there is 
predominant dispersion in the flow direction of groundwater. At treatment plant B waster water disperses in all 
directions due to a nearly stagnant groundwater situation. Because of these different situations the area where 
drinking water standards are exceeded due to waste water infiltration differs significantly (Table 4).  
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Figure 4: Dispersion of waste water in groundwater after infiltration (expressed as waste water fraction in 
groundwater as %) for treatment plant A (left) and treatment plant B (right)

Table 4  Spatial extension of expected deterioration of drinking water quality in groundwater by discharges 
of treated waste water 

Parameter causing deterioration Treatment plant A Treatment plant B
Boron 0.07 km2 no conflict

O2 depletion (nitrite formation) 0,07 km2 2 km2 
Health related microbiology 0.45 km2 3 km2

The second project had a similar goal but had to cope with very low data availability as it dealt with intended 
infiltration of treated single house waste water in remote areas. A main goal was to estimate the required flow 
distance below the infiltration till drinking water requirements can be met. Also in this case groundwater 
transport modelling was used, but it could neither base on detailed data for the numerous different locations of 
infiltration points nor can model calibrations and validations be performed as this would be much too costly. 
Thus, an approach was selected were different model cases were defined characterised by soil type, slope 
of groundwater level, height of unsaturated zone etc.) and for all these cases distribution curves for model 
parameters (kf-values, grain size, effluent water quality etc.) were defined. Using Monte Carlo simulation 
out of the defined distribution curve of model parameters a set of values for the model parameters was 
randomly selected and analytical transport modelling was performed. The outcome is a flow distance from the 
point of infiltration beyond which drinking water standards can be met. For each of the defined model cases 
(representing  typical local situations for infiltration sites) 4000 model runs with random data sets meeting 
their statistical variation were performed. The results of this simulation method are presented in figure 5 as  
95 % - quintile of the calculation.

Results show a high variability for the required flow distance to reach drinking water quality below waste 
water infiltration. For gravel aquifers the required flow distances are >1000 m due to the mobility of enteric 
viruses and are not included in the figure 5. In case of sandy loam the required flow distance is <200 m. In 
most of the cases the required reduction of enteric viruses during underground passage determines the required 
flow distance. This is characterised by increasing flow distances with increasing slope of groundwater level 
(decreasing adsorption). For soil types with smaller grain sizes and low groundwater slopes the oxygen supply 
in groundwater determines the required flow distance to reach drinking water quality. For soil types with small 
grain size an increasing extension of the unsaturated zone significantly reduces the required flow distance to 
reach drinking water quality.
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Figure 5: Required flow distance for reaching drinking water quality in groundwater below waste water 
infiltrations form a single house treatment plant (4 p.e.) in dependency of soil type, slope of groundwater level 
and height of unsaturated zone (1 m: left; 20 m: right). The term viruses or O2-depletion indicates the decisive 
criterion for the considered case.

CONCLUSIONS
Boron and carbamazepine turned out to be appropriate anthropogenic markers for detection of waste water 
influences in groundwater. The application of both tracers has its limits: boron is applicable down to a dilution 
of about 1:10; carbamazipine down to a dilution of about 1:500, but only for waste water from units of > 1000 
inhabitants, where a typical consumption pattern for carbamazepine (under German or Austrian conditions) 
can be assumed. For quantification of the dispersion of waste water in groundwater beyond the spatial and 
temporal scale of monitoring, groundwater transport modelling is the tool that has to be used
Health related microbiological parameters (especially enteric viruses) as well as oxygen depletion (COD, 
NH4) are the main parameters endangering groundwater quality in case of infiltration of waste water into 
groundwater. Concentrations of enteric viruses, that are required for appropriate drinking water protection, 
are so low that their measurement is not possible under most situations. Thus the instrument of quantitative 
microbial risk assessment (QMRA) has to be used. Required reductions of total enteric viruses from raw waste 
water to drinking water quality are up to 13 orders of magnitude (reduction of 13 log10). This reduction has 
to be provided by treatment steps and reduction process in the environment (e.g. adsorption, dying off in soil 
and groundwater)
Deterioration of drinking water aspects of groundwater can not be completely avoided in case of infiltration 
of even biologically very well treated waste water. The spatial extension of deterioration highly depends 
on regional hydrogeology and may vary between only some meters up to some kilometres downstream the 
point of infiltration. Loamy and sandy-loamy underground is favourable for reduction of microbiological 
contamination, while risk for contamination caused by oxygen depletion is higher under these low flow 
conditions as compared to coarser sediments.
Intended infiltration of treated waste water should only be accepted in exceptional cases (lack of other options) 
and under favourable hydro geological conditions. Low loaded biological treatment with nitrification (and 
denitrification) has to be the minimum requirement for treatment. Additional treatment steps for disinfection 
under specified conditions could reduce the area with negative impacts on groundwater quality.
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Abstract    The paper presents a mechanistic/deterministic model for simulation of mass removal during air 
sparging. From the point of numerical modeling, there are two issues considering air sparging: modeling of 
air flow and distribution and modeling of mass transport and transfer. Several processes, which are commonly 
neglected, such as air channeling and pollutant advection by the water phase, are taken into account. The 
numerical model presented in this paper considers all relevant for mass transfer during the air sparging. Model 
includes hydrodynamics of air and water phase; calculated air volume content is divided into a number of 
air channels surrounded by the water phase, which is divided into two compartments. First compartment is 
immobile and it is in contact with air phase, while the second compartment is mobile. This “mobile-immobile” 
formulation is a common approach for description of solute transport by groundwater. Mass transfer between 
two water compartments is modeled as a first order kinetic, where the mass transfer coefficient, representing 
diffusion and advection in the water phase towards the air channels, is parameter needed to be calibrated. 
Sorption for both water compartments is considered. The adopted model of contaminant evaporation at the 
air-water interface is verified by comparison with  experimental results available from published sources. 
Model is used for simulation of two-dimensional air sparging laboratory experiment. Good overall agreement 
is observed. It is showed that the efficiency of air sparging can be influenced by natural groundwater flow.
Keywords  air sparging, multi-phase flow model, numerical simulation

INTROdUCTION
Air sparging (AS) is relatively low-cost technology for remediation of saturated/unsaturated soils, contaminated 
by volatile organic compounds (VOCs). The concept of aquifer remediation is relatively simple: air is injected 
into the saturated zone and contaminant removal is promoted through volatilization into the air plume and 
enhancement of biodegradation by increasing the amount of dissolved oxygen in groundwater. Its effectiveness 
depends on a number of factors, such as soil physical and hydraulic properties, contaminant characteristics 
and distribution, applied air injection flow rate, groundwater flow conditions, etc. Numerical modeling, in 
perspective, represents potentially valuable tool for optimal design of the AS system. Here, there are two 
issues which should be numerically resolved: (1) modeling of air/water flow and distribution, and (2) modeling 
of mass transport and exchange between the phases. Mainly due to complexity of involved processes and 
inherently stochastic soil heterogeneities, which greatly influence air/water distribution, reported numerical 
models have quite limited predictive applicability on real sites. 
A large number of experimental studies has been conducted since the early 1990`s in order to improve an 
understanding of mechanisms influencing air distribution during AS. Some of them were conducted on 
the laboratory scale models (Ji et al., 1993; Semer et al., 1998; Marulanda et al., 2000), and some in-situ 
(Lundegard and LaBrecque, 1995; Egusa et al., 1998). Reported results indicate that there are two air flow 
patterns, depending on average grain size of porous media: air flow through a bush-like network of discrete 
channels and a bubbly flow pattern. Brooks et al. (1999) summarized published experimental observations and 
also conducted their own experiments with glass beads. They concluded that channel flow occurs in porous 
media with grain size up to 1 to 2mm, and bubble flow in media greater than 1 to 2mm. This indicates that for 
the most of sites, the channel flow pattern can be expected. However, bubbly flow should not be discarded in 
coarse sands and gravels. As they admitted, identification of the air flow pattern is subjective in nature, and 
cannot always be clearly distinguished. 
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To date, several multi-phase numerical models have been proposed for simulation of air flow and distribution 
during AS (Lundegard and Andersen, 1996; McCray and Falta, 1997; Jacimovic et al., 2006). Chan et al. 
(1996) showed, by comparison with experimentally obtained data, that this approach may provide very good 
predictions of air saturations. Nevertheless, the soil properties have to be well characterized in order to apply 
a numerical model.
Contaminant removal during air sparging appears to be a more challenging task for numerical simulation. 
Reported models can be divided into two categories (Rabideau and Blayden, 1998). First group make 
mechanistic models based on multidimensional governing flow and transport equations, while the second 
group make simplified, so called “reactor”, or “lumped-parameter” models, where mass removal is related to 
the quantity of fluids circulating in the reactor zone. Models proposed by Unger et al. (1995), and McCray and 
Falta (1996) are the mechanistic ones. In these models hydrodynamics and mass transport within each phase 
is simulated. However, both models assume complete mixing and instantaneous equilibrium between liquid 
and gas phase (Henry’s law) which is shown to give significantly “optimistic” results in terms of time scale of 
remediation (Rabideau et al., 1999; Elder et al., 1999.). 
Characteristic “reactor” models are proposed by Rabideau et al. (1999) and Elder et al. (1999). The former 
was applied on in-situ AS system composed of 36 sparging wells, distributed on approximetly 2500 m2. 
Models parameters were calibrated for the early stage of sparging course, and used for prediction of sparging 
effects over three-years operating period. Zone of aeration is modeled as a reactor consisting of two mixed 
compartments, where only one of these compartments exchanges mass with the air phase. They succeeded to 
reconstruct source zone tailing and rebound behaviour, often observed at the AS sites, as well as in laboratory 
experiments. They concluded that diffusion in the water phase towards the air phase is limiting factor for 
contaminant removal. Similar model is proposed by Elder et al. (1999). In this model, authors considered 
air flow in discrete air channels, diffusion between the air channels and rate limited mass transfer into the air 
phase. Water phase is assumed as stationary and sorption is neglected. Air phase distribution is assumed in this 
model, based on air injection flow rate. Therefore, it is not clear how to model heterogeneous porous media, 
or how to model several sparging wells with overlapping radius of influence.
This study represents an effort towards developing a multiphase/mechanistic model for simulation of subsurface 
remediation by AS system. Model includes hydrodynamics of air and water phase. Calculated air volume 
content is divided into a number of air channels surrounded by the water phase, which is divided into two 
compartments. First compartment is immobile and it is in contact with air phase, while the second compartment 
is mobile. This “mobile-immobile” formulation is a common approach for description of solute transport by 
groundwater. Mass transfer between two water compartments is modeled as a first order kinetic process, where 
the mass transfer coefficient, representing diffusion and advection in the water phase towards the air channels, 
is parameter needed to be calibrated. Sorption/desorption for both water compartments is also considered. 

GOVERNING EQUATIONS

Two-phase flow model
Prior to mass transport/transfer calculation, the air and water flow fields have to be obtained. Here, the two-
phase model described in Jacimovic et al. (2006) is used. Governing equations for laminar, two phase (air and 
water) flow of incompressible fluids in rigid porous media are as follows:

  
∂θp

 ___ ∂t   +   ∂ ___ ∂xi
   (θp Upi ) = 0  ,  p = a, w          (1)

ρp θp   
∂Upi

 ____ ∂t   + ρp θp Upj   
∂Upi ____ ∂xj

   = ρp θp gi – θp   
∂pp

 ___ ∂xi
   +   ∂ ___ ∂xj

   (θp µp   
∂Upi

 ____ ∂xj
  ) − λp θp

2 Upi     (2)

θa + θw = φ              (3)

where ρp is the p-phase density (M/L3), θp is the volumetric content of the phase ‘p’ (L3/L3), µp is the fluid 
viscosity (M/LT), gi the gravitational acceleration (M/T2), Upi the pore velocity of the phase ‘p’ (L/T), pp 
the phase pressure (M/LT2) and φ is the “effective” porosity (dimensionless). Subscription ‘p’ denotes phase 
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(‘a’ for the air and ‘w’ for the water). The last term in equation (2) represents the drag term comprising the 
influence of porous media and presence of another fluid through the parameter λp, which is, according to 
relative permeability concept, defined as:  

λp =   
µp

 ___ kkrp
                (4)

where k is the intrinsic permeability of the porous media (L2), and krp is the relative permeability (dimensionless). 
The phase content can also be expressed as saturation (Sp) by relation Sp = θp/φ. 
Model includes acceleration terms in momentum equations, since in some cases it can be significant, as 
discussed by Jacimovic et al. (2006). The outline of numerical procedure, utilized for obtaining of velocity 
and saturation fields at each time step, is described in aforementioned paper and will be skipped here.

Mass transport model
We assume that a continuous film of water, which is the wetting fluid, coats the soil grains so that mass transfer 
between soil and air is possible only via the water phase. Water phase is divided into two compartments, which 
coincide with “clear” and “dirty” zones in the conceptual model of Rabideau et al. (1999). This approach 
enables simulation of rebound of effluent air concentrations, observed in pulsing strategies of air injection. 
The immobile water compartment is in contact with the air phase, while  the mobile water compartment is not. 
Partitioning between water and soil is assumed as an instantaneous equilibrium process.  
The mass conservation equations for the air, immobile water and mobile water phase in Cartesian coordinates 
are:

  
∂ (θaCa) ______ ∂t   = –   

∂ (CaθaUai) ________ ∂xi
   + θaKwaA (HCwi – Ca)         (5)
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 _______ ∂t   = –   
∂ (CwθwUwi) _________ ∂xi

   + θwDw   
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2    – θwiK (Cw – Cwi) – ρb (1 − f) Kd   
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where Ca, Cwi and Cw are the air, immobile water and mobile water concentrations (M/L3), θwi is the immobile 
water volume content, Kwa is the air-water mass transfer coefficient (L/T), A is the contact surface between 
air and water phase per unit volume of porous media (L2/L3), H is the Henry’s constant (dimensionless), K 
is the immobile-mobile water transfer coefficient (T-1), ρb is the soil dry bulk density (M/L3), f is the fraction 
of sorbent associated with immobile water compartment (dimensionless) and Dw is the water dispersion 
coefficients (L2/T).
The air-water mass transfer coefficient (Kwa) is estimated in the same way as in the conceptual model of Elder 
et al. (1999). It is assumed that Kwa is a function of resistance of the air and liquid film at the interface. For the 
air film resistance, the empirical function of Sherwood number is used. Considering water film as a stagnant, 
a penetration theory (Bird, 1960) can be applied for calculation of the water film resistance. In that case, Kwa 
can be expressed as:

Kwa = {  d2/3 L1/3
 _____________  1.615 Da (Re Sc)1/3   +   d�H ____ 4   (  L ______ DwoαaUa

  )½}-1         (8)

where Da and Dwo are the air and water diffusion coefficients (L2/T), d is the air channel diameter (L), L is the 
air channel length (L), Re and Sc are the Reynolds and Schmidt numbers, respectively. These nondimensional 
numbers are defined as:

Re =   
(θaUa)d ______ µa

                (9)

Sc =   
µa ____ ρa Da

                          (10)
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The air-water interface area is estimated under assumption that air channels are evenly distributed in the 
horizontal plane of one calculation cell:

A =   4θa ___ d    √
_
 τ                 (11)

where τ is the tortuosity of the air channels (dimensionless). Assuming a hexagonal pattern of air channel 
distribution, calculated interface area by Elder and Benson (1999) was in good agreement with earlier published 
results.
Equilibrium partitioning between the dissolved and the solid phase (sorption) is modeled as a Freundlich 
isotherm:

Cs = Kd [fCwi + (1 – f) Cw]                     (12)

where Cs is the soil concentration (M/M), Kd is the distribution coefficient (L3/M), usually expressed as a 
product of mass fraction of organic carbon in the soil and organic carbon  partitioning coefficient (Kd = focKoc). 
It is assumed that sorbent is uniformly distributed between immobile and mobile water, resulting that fraction 
of sorbent associated with immobile water can be calculated as f = θwi/( θwi+ θw). 
The immobile zone, conceptually introduced in this model, mimics the mass transfer zone (MTZ), or zone 
directly influenced by the air channel. This zone is experimentally investigated by Braida and Ong (2001) 
on a single air channel experimental setup, where they arbitrarily defined this zone as a distance from the air 
channel to where the contaminant concentration was 90% of the bulk concentration. Reported MTZ ranged 
from 17 mm to 41 mm. However, in another paper (Braida and Ong, 2000) authors tried to numerically simulate 
conducted experiments on a soil column, by simulation of a system of air channels. Reported MTZ zone was 
about an order of magnitude less than in the single air channel case. Considering that both experiments were 
conducted with stagnant water phase (no mixing by advection), with saturated air (no water advection towards 
air channels due to evaporation), it is reasonable to assume that in near field conditions, the MTZ zone is 
significantly smaller. Therefore, in the presented model, the immobile water compartment is taken as the 
residual water content. 
As it can be seen from Eq. (5), we have not included the diffusion transport in the air phase, although, the 
diffusion coefficient in the air is usually three orders of magnitude higher than in the water phase. Conceptually, 
presented model does not treat the air phase as completely continuous, but distributed in a number of discrete 
air channels, surrounded by the water phase. Therefore, there is no contaminant diffusion/dispersion between 
the channels. Considering the longitudinal dispersion, we have assumed it as negligible in comparison with air 
advection, which was confirmed by numerical experiments. 

MOdEL APPLICATION
Presented model is tested by application on 2D air-sparging experiments reported by Reddy and Tekola 
(2004). Their 2D apparatus consisted of 111 cm x 72 cm x 10 cm Plexiglas tank which was divided into 3 
compartments. The middle compartment was soil chamber, 91cm in length. Two other compartments, each 
measuring 10 cm in length, were placed on two sides of the middle one, representing reservoirs with fixed 
water level (Figure 1). By changing the water level in the reservoirs, natural groundwater flow can be simulated 
in the soil chamber. Uniform coarse sand with hydraulic permeability of 0.05 cm/s and porosity 0.4 was used.  
As VOC contaminant, trichloroethylene (TCE) solution was prepared and injected into the soil profile prior 
the air sparging. During the air sparging course, a TCE concentration was measured in the sampling points 
(SP) shown in Figure 1. 
The numerical grid consists of elements that represent one-inch squares. Constant atmospheric air  pressure 
is maintained at the top boundary and hydrostatic pressure is imposed at the side walls of the soil chamber. 
The initial condition for air sparging simulation is obtained by imposing prescribed water level and running 
the simulation until the equilibrium between gravity and capillary forces is reached. Soil parameters, which 
are not reported by the authors are assumed as typical for the sand soil (Table 1), and calibrated to obtain an 
agreement of calculated lateral spreading of air phase with reported one. For capillary pressure and relative 
permeability functions, the van Genuchten (1980) model is utilized:
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pc =  
 ρwg

 ___ αaw
   ( S w  -1/m  – 1)1/n                      (13)

krw =  S w  ½  {1 − (1 −  S w  1/m )m }2                     (14)

kra = (1 – Sw)½ (1 –  S w  1/m )2m                      (15)

where pc = pa - pw is the capillary pressure, m = 1 - 1/n and αaw are the fitting parameters. Used parameter 
values are shown in Table 1. Assuming the average value of the air channel diameter from the reported values 
in the literature, the air-water interface area is calculated from Eq. (11), and transfer coefficient from Eq. (8). 
Elder and Benson (1999) reported air channel diameters for several types of the soil were between 1mm and 
11.5mm.

Figure 1: Laboratory setup for air sparging simulation. Values in brackets represent initial TCE  
concentrations (mg/L) for air sparging simulation (Reddy and Tekola, 2004.).

Table 1  Soil parameters adopted for simulation
Parameter Value

Residual water content 0.06 [-]
α parameter in Eq. (13) 9.0 [1/m]
n parameter in Eqs. (13) - (15) 3.2 [-]
Air channel tortuosity 0.9 [-]
Air channel diameter 0.01 [m]
Longitudinal dispersivity 0.01 [m]
Transverse dispersivity 0.001 [m]
Organic carbon content (foc) 0.1 [%]
TCE - Dwater 1.03x10-5 [cm2/s]
TCE - Henry’s constant 0.397 [-]

In the absence of more reliable information, it can be recommended to use a higher values, in which case the 
error is conservative.
The only calibrated parameter is the mobile-immobile water transfer coefficient (K). This parameter represents 
diffusion and advection of the contaminants towards the air channels. Since the representative diffusion length 
depends on the number of air channels, i.e. the distance between them, the K coefficient must depend on the 
air saturation. Approximating the K as inversely proportional to the square of channel distance (Rabideau et 
al., 1999), and the air channels as uniformly distributed in the horizontal plane of calculation cell, it can be 
easily shown that K is proportional to the air phase content. Therefore, we propose a following dependence 
for the coefficient K:
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K = K0 (1 +   
αa ___ αa0

  )                       (16)

where K0 is a mass transfer coefficient, calibrated at the referent air phase content (αa0) for specific soil. 

Simulation with static groundwater condition
First, model is applied to the case of static groundwater condition. Figure 1 shows SP initial concentrations 
(Reddy and Tekola, 2004). In this study, an air injection rate of 7.125 L/min is simulated. Calibrated value of 
mobile-immobile transfer coefficient is estimated as K0 = 2.1 x 10-4 1/s at the air phase content of θa0 = 0.11.
Comparison of simulated and measured TCE concentrations at SP  ‘s12’ and ‘s13’ is showed in Figure 2. 
As it can be seen in Figure 2-c), the agreement of simulated concentrations at the point ‘s13’ is very good. 
At the SP ‘s12’, however, there is some discrepancy, but overall agreement is still very well. There are two 
possible reasons for this discrepancy: (1) values of initial concentrations between sampling points are linearly 
interpolated, which probably was not the real case; (2) initial concentrations between sampling points and 
the free surface is unknown and it is possible that density driven flow occurred which caused almost constant 
concentration in the period between 20 and 100 min. after start of air sparging.
As a comparison, the same scenario is simulated  with instant equilibrium assumption between air and the 
water phase (Eq. model). Results for the SP ‘s12’ are showed in Figure 2-b). At the SP ‘s13’ the mass removal 
is even faster because of higher air saturation.

Figure 2: Simulation results: a) calculated steady-state air saturation contours, b) comparison of calculated 
and measured transient TCE concentrations at the point “s12”, c) calculated and measured concentrations at 
the point “s13”.

Figure 3: Comparison of calculated TCE concentrations (mg/L) 2.5h after start of air injection in  conditions 
of hydraulic flow gradient: a) 1.5L/min air flow rate, b) 4.0 L/min air flow rate.
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Simulation with groundwater flow
As an illustration of the groundwater flow effects on air sparging performance, two simulations are conducted 
with different air injection flow rates. Initial conditions, as well as computational parameters are the same as the 
previous case with stagnant groundwater. The only difference is the 0.03 hydraulic gradient, imposed by rising 
the water level of the left reservoir. Two air injection flow rates are simulated: 1.5 L/min and 4.0 L/min.
Simulation showed that imposed hydraulic gradient only slightly affected the air distribution obtained for no-
flow condition. Concentration distribution, 2.5 hours after start of air sparging, is shown in Figure 3. It can be 
seen that some amount of contamination “escapes” the zone of influence of the sparging well. At the air flow 
rate of 1.5L/min the observed concentrations are about 70% higher than in the case of 4.0L/min air flow rate. 
Clearly, natural ground water flow has to be considered in the air sparging simulations. 

CONCLUSIONS
A new, mechanistic model for simulation of mass transfer/transport during air sparging has been developed. 
Application to reported experiments showed capability of the presented model to simulate observed contaminant 
removal. It is confirmed that equilibrium assumption is inadequate for air sparging simulations. It is also 
shown that natural groundwater flow has to be considered during the design of optimal air sparging system.
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Abstract  Sarmatian deposits have a large development in the Moldovian Platform which is situated in the 
northeastern part of Romania. These deposits are constituted of clays, marls, silts, sands, with intercalations, at 
larger or smaller intervals, of thin levels of sandstones and limestones. The boreholes data have indicated that 
the Sarmatian deposits  thickness is variable, going from 103 m (Truşeşti) to 297 m (Iaşi) and 469 m (Rădăuţi, in 
the contact area of the Moldovian Plateau with the Carpathian Orogene). Accumulation favourable conditions 
of the groundwaters are habitually in 50-250 m depth interval. Below this depth interval, the waters have 
small yields or they are very mineralized. The aquifer is represented by porous-permeable rocks intercalations 
which can locally accumulate water different quantities. The porous-permeable layers number varies at each 
well, from one layer (in the well from Suceava locality) to eight layers (Zamostea and Ciprian Porumbescu 
localities).  As regards the water production of the wells, westward of the Siret river, the yields vary between  
0.1 l/sec. at Botoşana and 1.35-4 l/sec. at Bogdăneşti. Eastward of the Siret river, the yields range from 0.8 
l/sec. at Hilişeu to 3.6 l/sec. at Flămânzi. 
Keywords  Lower Sarmatian groundwater body; Moldovian Platform. 

INTROdUCTION
In the Moldovian Plateau, which structurally extends in the Moldovian Platform, Carpathian Foredeep, Scythian 
Platform and North Dobrogean Promontory, on the basis of data come from hydrogeological wells it was 
emphasized an aquifer localized in Sarmatian deposits. This aquifer is porous-permeable type, is prevailingly 
confined and has transboundary character. Thus, two groundwater bodies were separated. One of them, having 
the GWROPR05 code, is situated in the central part of Moldovian Plateau, is shared with Moldova Republic 
and was described by Macaleţ et al. (2006). The second body, namely GWROSI06, is situated in the northern 
part of the Moldovian Plateau, is shared with Ukraine and is characterized in this work (Figure 1).

Noteworthy that in the Moldovian Plateau, the hydrological network is drained toward the Siret and Prut 
rivers. Among the most important tributaries of the Siret river in the northern part of the Moldovian Plateau 
are the Suceava, Şomuzul Mare and Moldova rivers. In case of the Prut river, we mention the Jijia, Sitna and 
Miletin rivers. 

GEOLOGICAL dATA
During 1968-2005, in the northern part of the Moldovian Platform, the lithostratigraphic, biostratigraphic and 
chronostratigraphic framework concerning Middle Miocene deposits has been investigated by B. Ionesi (1968), 
L. Ionesi (1994), Ştefan (1997), Brânzilă (1999), Ţibuleac (1999), V. Ionesi (2003), L. Ionesi et al. (2005). 
Brodly, the authors discuss about the lithological constitution, depositional environments, faunal assemblages 
(molluscs, foraminifers, ostracods, mammals etc.), paleoecological problems, Badenian-Sarmatian and intra-
Sarmatian boundaries. In the Sarmatian deposits of Moldovian Platform, L. Ionesi et al. (1995) distinguished 
several lithostratigraphical units that, eventually, could be regarded either as members of formations, or as 
independent formations (Figure 2).
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Geologically, the Sarmatian deposits transgressively overlay the Upper Badenian (Kossovian) ones. The 
boreholes have pierced the following substages of the Sarmatian: Buglovian, Volinian and Basarabian. The 
boreholes data have indicated that the Sarmatian deposits thickness is variable, going from 103 m (Truşeşti) to 
297 m (Iaşi) and 469 m (Rădăuţi, in the contact area of the Moldovian Plateau with the Carpathian Orogene). 
The Sarmatian deposits consist of clays, marls, silts, sands, with intercalations, at larger or smaller intervals, 
of thin levels of sandstones and limestones. In the western part, at the contact of the Moldovian Plateau with 
the Carpathian Orogene, gravels and sands (regarded as alluvial fans and deltaic plains) occur, as well. 

Figure 1: Location of GWROSI06 and GWROPRO5 transboundary bodies

Figure 2: Lithological units of the Moldovian Platform Sarmatian (L. Ionesi et al.,1995)

Upper Badenian (Kossovian). In the boreholes from the north part of Moldovian Platform, the Upper Badenian 
deposits unconformably overlay the Upper Cretaceous ones. In the boreholes, the Upper Badenian-Upper 
Cretaceous boundary was encountered at the following depths: Rădăuţi, 556 m; Vorona, 257 m; Iaşi, 356.7 m; 
Darabani,  43.8 m; Bătrâneşti, 200 m; Todireni, 154 m; Ţigănaşi, 232 m (Figures 3 and 4). Northsouthward, 
the Upper Badenian deposits are 25-50 m thickness and preserve a prevailingly marly facies. Eastwestward, 
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Figure 3: Geological cross-section between Rădăuţi and Iaşi

Buglovian. The Buglovian deposits unconformably overlay the Upper Badenian ones. In the boreholes from 
the north part of Moldovian Platform, the Buglovian deposits are constituted of clays, marls, limestones, 
sandstones and sands. The Buglovian-Upper Badenian boundary was encountered at the following depths: 493 
m, in the Rădăuţi borehole; 268 m, in the Vorona borehole; 307 m, in the Iaşi borehole; 165 m, in the Bătrâneşti 
borehole; 134 m, in the Todireni borehole; 223 m, in the Ţigănaşi borehole; 113 m, in the Truşeşti borehole; 
117 m, in the Hlipiceni borehole; 216 m, in the Şipote borehole (Figures 3-5). The thickness of Buglovian 
deposits is comprised between 13 m (Truşeşti borehole) and 48 m (Hlipiceni borehole). The Buglovian faunal 
association suggests a low salinity comparing with the Badenian ones, so that it may sustain the idea of an 
“incipient brackish-water biofacies without numerous relics” (Brânzilă, 1999).  

the thickness of these deposits increase due to the sink of the platform western margin under the Carpathian 
Orogene.

Figure 4: Geological cross-section between Darabani and Iaşi
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Volinian. The Buglovian deposits are normally overlaid by the Volinian ones. The Volinian-Buglovian 
boundary was encountered at the following depths: 100 m, Truşeşti borehole; 69 m, Hlipiceni borehole;  
172 m, Şipote borehole; 279 m, Iaşi borehole (Figure 5). The thickness of Volinian deposits is comprised 
between 41 m (Hlipiceni borehole) and 90 m (Truşeşti borehole). The Volinian deposits are represented by 
clays, marls, sandstones and sands. In the Fălticeni-Baia-Boroaia sector (L. Ionesi et al., 1995), the Upper 
Volinian deposits contain coal layers and in certain cases a fresh water fauna with Anodonta, Planorbis, etc.  

Basarabian. The Volinian deposits are conformably overlaid by the Basarabian ones. In the boreholes  
(Figure 5), the Basarabian-Volinian boundary was encountered at the depths of: 28 m, Hlipiceni borehole; 114 
m, Şipote borehole; 201 m, Iaşi borehole. The  Basarabian deposits consist of marls, clays, sands, limestones 
and show a thickening trend from north to south. Referring to the basinal Basarabian fauna, L. Ionesi et al. 
(2005) separate two categories: marine-brackish and weakly brackish.

Figure 5: Correlation of Sarmatian deposits in north-eastern part of  Moldovian Platform

STRUCTURAL-TECTONIC dATA
The Moldovian Platform represents the south-western part of the East European Platform. The crystalline 
basement of the last platform is of Upper Precambrian (Proterozoic) age, and is intruded by granitic, gabbroic 
and anorthositic bodies. The sedimentary cover involves several sedimentary cycles, namely Late Vendian-
Cambrian, Ordovician-Silurian, Devonian, Upper Jurassic-Cretaceous, Paleogene and Neogene deposits 
(Săndulescu, 1994).

As concerns the Sarmatian deposits of the Moldovian Platform, these have a very large areal extension and are 
quasi-horizontal, showing a slight dip from north to south (Figure 3, between the Vorona and Iaşi boreholes; 
Figure 4). This slight inclination is due to a differentiated uplifting movement manifested in the northern part of 
the Moldovian Plateau as well as to a sinking movement in its southern part, respectively in the Vrancea area. In the 
same time, the Sarmatian deposits sink from east to west (Figure 3, between the Rădăuţi and Vorona boreholes), 
so that the western margin of the platform is overlap by the Carpathian Orogene. The Sarmatian deposits 
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unconformably overlay the Upper Badenian (Kossovian) rocks because the Early Buglovian is lacking. The 
sedimentation break between the Badenian and the Sarmatian can be correlated with the Moldavian movements 
which led to the tectonic overlap of the western margin of the platform by the Carpathian Orogene.

HYdROGEOLOGICAL dATA
The investigation of the wells data has revealed important areal differences of the Lower Sarmatian confined 
aquifer, of quantitative and qualitative order, both horizontally and vertically.

The differences of quantitative order are especially due to the Lower Sarmatian deposits grain size. In the 
contact area of the Moldovian Plateau with the Carpathian Orogene, the Sarmatian deposits are constituted 
of sands and gravels, accumulated in the shape of alluvial fans as a consequence of the discharge of some 
paleowatercourses from orogene zone to the Sarmatian Sea. The grain size of water bearing deposits reduces 
west-eastward (from gravels and coarse sands to medium and fine sands) that determines a decreasing of 
transmissivity. Generally, the recharge of Lower Sarmatian aquifer is achieved through the infiltration of 
precipitations, as well as of surface and phreatic waters.

In the following, we present some aspects obtained from hydrogeological data provided by wells (Figure 6). 
The depth of these wells is comprised between 100 and 350 m. Accumulation favourable conditions of the 
groundwaters are habitually in 50-250 m depth interval. Below this depth interval, the waters have small yields 
or they are very mineralized. The aquifer is represented by porous-permeable rocks intercalations which can 
locally accumulate water different quantities. The porous-permeable layers number varies at each well, from 
one layer (in the well from Suceava locality) or two layers (in the wells from Gălăneşti and Siret localities) 
until four layers (Vereşti and Falticeni localities) or eight layers (Zamostea and Ciprian Porumbescu localities). 
Also, the disposal of these layers is different. In some wells there are several porous-permeable layers until  
100 m depth, but in the most wells, these layers are more frequent in 100-250 m depth interval.

Figure 6: Location of investigated wells on Lower Sarmatian aquifer in northeastern part of Romania
●  Hydrogeological well
............... Boundary of GWROSI06 and GWROPR05 transboundary groundwater bodies
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As regards the water production of the wells, westward of the Siret river, the yields vary between  0.1 l/sec. at 
Botoşana (for 16.4 m drawdown) and 1.35-4 l/sec. at Bogdăneşti (for 3.24-9.66 m drawdown). In this sector, 
the aquifer layers are constituted of gravels, coarse, medium and fine sands and sandstones. The thickness of 
these layers varies from 1 m in the Zamostea and Vereşti wells to 21 m in the Pârteşti well. In the Rădăuţi-
Siret-Botoşana-Zamostea area, the wells crossed several aquifer layers situated at 18.5-230 m depth, with 
asccensional or artesian level and yields ranging from 0.1 l/sec. (Botoşana well) to 2.6 l/sec. (Măriţeia Mică 
well). The hydrochemical data indicated high values for the total dissolved solids, usually above 1 gr/l, the 
most samples having mineral content between 1 and 6.3 gr/l. In the Ciprian Porumbescu-Suceava-Bogdăneşti 
area, the yield is characterized by the values of 0.4 l/sec. (Vereşti and Fălticeni wells) and 1.35-4 l/sec. 
(Bogdăneşti well). Hydrochemical analyses show that water in the Sarmatian aquifer has the total dissolved 
solids comprised between 1.1 gr/l (Fălticeni well) and 4.4 gr/l (Vereşti well). 
    
Eastward of the Siret river, the yields range from 0.8 l/sec. at Hilişeu to 3.6 l/sec. at Flămânzi. Within this 
sector, the aquifer layers consist of sands with gravels (only at 39-63.3 m depth in the Hilişeu well), medium 
and fine sands, limestones. The total thickness of these layers highly variable going from 1 m in the Roma well 
to 24.3 m in the Hilişeu well or 54.5 m in the Flămânzi well. In the Hilişeu-Roma-Vorniceni area, the wells 
showed the yields of 0.8-1.3 l/sec. The total dissolved solids ranges from 1.1 to 1.9 gr/l, the most samples 
being characterized by mineralization of ca. 1.5 gr/l. In the Flămânzi-Truşeşti-Hlipiceni area, the discharge 
rate varies from 0.3 to 3.6 l/sec. Referring to the total dissolved solids of water samples, it remarks values of 
1-8.8 gr/l, so that the high values makes them undrinkable waters. 
 
The differences of qualitative order are mainly due to the marine-brackish, brackish, weakly brackish or fresh 
water facies of the Sarmatian deposits. The groundwaters from the marine-brackish, brackish and weakly 
brackish Sarmatian deposits are rich in ions of sodium, chlorine, sulphate, bicarbonate etc. In the northern part 
of Moldovian Platform, the Sarmatian deposits in fresh water facies are represented by the following units: 
the Arghira and Hârtop Members pertaining to the Şomuz Formation  (Upper Volinian); the Psamitic Member 
(top Upper Volinian) of the Valea Moldovei Formation (top Upper Volinian-Lower Basarabian); the Lespezi-
Tudora Sands and Sandstones (top Volinian) etc. 

INFERENCES
Geomorphologically, the Lower Sarmatian confined aquifer (having the GWROSI06 code) is located in the 
northern part of Moldovian Plateau. 

Structurally, this interest area pertains to the Moldovian Platform which is constituted of crystalline basement 
and sedimentary cover. The Sarmatian deposits show a inclination from north to south and from east to west.

Geologically, the Sarmatian deposits transgressively overlay the Upper Badenian (Kossovian) ones. The 
boreholes have pierced the following substages of the Sarmatian: Buglovian, Volinian and Basarabian. The 
boreholes data have indicated that the Sarmatian deposits  thickness is variable, going from 103 m (Truşeşti) to 
297 m (Iaşi) and 469 m (Rădăuţi, in the contact area of the Moldovian Plateau with the Carpathian Orogene). 

Hydrogeologically, the characteristics of Lower Sarmatian confined aquifer resulted from the study of data 
provided by the wells drilled in order to investigate the groundwaters. The depth of these wells is comprised 
between 100 and 350 m. As regards the water production of the wells, westward of the Siret river, the yields 
vary between  0.1 l/sec. at Botoşana and 1.35-4 l/sec. at Bogdăneşti. Eastward of the Siret river, the yields range 
from 0.8 l/sec. at Hilişeu to 3.6 l/sec. at Flămânzi. The grain size of water-bearing deposits reduces to the depth 
(from gravel or coarse sand to medium-fine sand or sandstone) that determines a decreased transmissivity. In 
many times, the groundwaters present artesian level such as the wells from Rădăuţi, Zamostea, Măriţeia Mică, 
Vereşti, Hilişeu, Flămânzi, Hlipiceni etc. Conclusively, the groundwaters from the Sarmatian deposits are used 
as drinking waters for supply of the localities, as industrial waters and for irrigations. 

Noteworthy that this groundwater body is transboundary with Ukraine. In Romania, the protection degree of 
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Lower Sarmatian body is very good and there are not pressures and impacts on this body. Therefore, the Lower 
Sarmatian groundwater body is not considered at risk from quantitative and qualitative point of view.
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Abstract    Resources of quality water in the Republic of Serbia are relatively moderate. One of major 
resources is the shallow unconfined aquifer in the Velika Morava alluvium. In its vertical section, the alluvium 
is made up of the overlying semi-pervious to impervious layer (clay, sandy clay) and water-bearing layer 
(sand, gravel). Groundwater is unconfined in the material deposited by the river in a length of about 120 km 
and width from 1 km to 20 km. Hydraulic communication between the Velika Morava surface water and the 
unconfined groundwater allows risks of the aquifer pollution. The basic sources of pressure on the aquifer are 
human activities. Groundwater from the unconfined aquifer is used for public domestic and industrial water 
supply, seasonal abstraction for irrigation and individual rural supply. In the Velika Morava alluvium, four 
shallow groundwater bodies are preliminary designated. Each body of water is vulnerable to the pollution risk. 
A key role in this water resource protection and sustainable utilisation is an efficient water quality-monitoring 
programme. The recommended new groundwater quality observation network is designed on the Conceptual 
Model, or understanding of natural characteristics and the information on pressures. The recommended 
locations of observation wells for all four water bodies are the sites where significant pressures are combined 
with the high natural vulnerability of the water body.
Keywords  alluvium, groundwater quality, pressures, observation network, water body.

GENERAL
Resources of good water in the Republic of Serbia are relatively moderate. The constantly growing demand 
of water calls for the economical use and protection of all water resources. Groundwater resources of Serbia 
south of the Sava and Danube Rivers are divided by the typical water-bearing media and their proportions: 
alluvial 51%, Neogene 5,2%, fractured rocks 2,8% and karst 41% (Komatina, 1998). 

For a long time now the growing demand of water and the reducing amount of the available good water are 
not balanced. The increasing pressure on groundwater abstraction is adding to the degradation of its quality. 
The relatively high vulnerability of groundwater is influenced by many natural and human factors. Utilisation 
and quality maintenance of groundwater are particularly crucial for unconfined alluvial aquifers of the Velika 
Morava. The Republic of Serbia Water Management Plan gives estimates of the amount, 1,605 m3/s, of ground 
water from the Velika Morava alluvium to be used for water supply until 2021 and of the potential resource, 
6,815 m3/s (Collective authorship, 2002). Both the mass balance of groundwater and the Plan estimate indicate 
the importance of groundwater in the Velika Morava alluvium.

Systematic monitoring, data interpretation and determination of the status and variations in the shallow 
unconfined aquifer are the activities of the Republic Hydrometeorological Service under the provisions of 
the Act on Waters (Off. Gaz. RS 46/91, Arts. 51, 57). Water table is measured in all groundwater observation 
stations, water temperature in some of them, and water quality is monitored in a small number of observation 
sites.
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THE VELIKA MORAVA VALLEY POTENTIAL ANd THE GROUNdWATER QUALITY 
MONITORING SYSTEM
The Velika Morava valley occupies central Serbia, generally extending SSE to NNW between the Karpathes in 
the east and the Dinarides or Shumadian mountains in the west (Figure 1). The Velika Morava is formed by the 
confluence of the Južna Morava and the Zapadna Morava at Stalać and is about 120 km long. Catchment area 
of the Velika Morava is 37966 km2, almost 40% of the Serbian territory. Its alluvial plain is centrally situated 
in the large Velika Morava depression. The alluvial plain has a surface area of about 1125 km2 out of the  
6770 km2 large direct river basin. The plain is bordered by rolling country and partly by higher mountain 
offshoots of Kučaj in the east and Juhor in the west.

Figure 1: Geographic position of the Velika Morava alluvial plain

Climate of the Velika Morava valley is controlled by its physical geographical position. A characteristic of 
the prevailing climate is relatively mild winters and relatively warm summers. Mean annual air temperature 
in Ćuprija is 11.9 ºC and the mean yearly amount of precipitations is 642 mm. Basic activity of population 
in numerous rural communities is farming involving intensive use of artificial fertilizers, pesticides and 
herbicides. The general economic development has resulted in industrial growth. A multitude of factories 
were built in the alluvial plain and its hinterland and the urbanized areas expanded (Paraćin, Ćuprija, Jagodina, 
Velika Plana, Smederevo and others). Lines of transportation run along the Velika Morava valley, which is a 
natural continental passage between Europe and Near East. Networks of local roads connecting the valley with 
the neighbouring regions join these lines. The valley has the status, acquired under the given natural and social 
conditions, of the best-developed area in central Serbia. Natural conditions that account for the valley status 
are the mild landforms, climate, loose and fertile soil and abundance of surface and ground waters.

The shallow unconfined aquifer is a thick alluvial deposit of considerable water-yielding capacity. The quality 
of groundwater, however, is variable. Water is abstracted for supply to the towns of Smederevo, Požarevac, 
Smederevska Palanka, Velika Plana, Žabari and some others. Other resources of water supply to industries, 
individual households and for irrigation are many point sources.

The Republic Hydrometeorological Service manages the existing network of the groundwater monitoring sites 
in the Velika Morava alluvium. The network consists of 97 observation wells divided into eleven sections and 
a main station. Regulations on systematic water quality testing, passed each year by the Serbian Government, 
determine which of the observation sites will be monitored. Samples for quality analyses were taken in 2005 
from twelve observation wells. The testing frequency is once a year for selected wells and twice a year for the 
main station. Water quality is analysed on sixty parameters (Collective authorship, 2005). Figure 2A shows 
the present distribution of observation wells in the Velika Morava alluvial plain. The results of physical, 
chemical and biological examinations are published in a yearbook and distributed to the concerned ministries 
and agencies.
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CHARACTERISTICS OF SHALLOW AQUIFER IN THE VELIKA MORAVA ALLUVIUM
Three basic lithostratigraphic units: Paleozoic crystalline schist, Neogene sediments and Quaternary rocks 
build up the Velika Morava valley (Vujović et al., 1981; Malešević et al., 1980). The oldest, Paleozoic schist 
lies across the valley at Bagrdan, under alluvial deposits. Neogene sediments are clays, sands and gravels that 
fill up the Velika Morava trough proper and underlay alluvial deposits. Their thickness is hundreds of metres. 
The youngest are Quaternary formations. 

Neotectonic displacements and local geology controlled the Velika Morava channel and the areas of major 
erosion and accumulation. The longitudinal river section is step-like rather than parabolic throughout the 
valley (Jovanović et al., 1969). It consists of alternating sectors of higher and lower stream gradients.

There are three landform units in the valley, distinctly different in morphology. These are the upper Velika 
Morava depression, Bagrdan gorge and the lower Velika Morava valley (Jovanović, 1969). The depression 
extends about 45 km from Stalać to the Bagrdan gorge. The alluvial plain in it is locally wide as much as  
10-11 km. Bagrdan gorge is controlled by a mass of Paleozoic crystalline schist across the river valley. A 
narrow alluvial plain of relatively thick fluvial deposit extends along the river through the gorge. Downstream 
of Bagrdan, the Velika Morava valley flares out to the Danube. This is a conspicuous morphologic feature in 
the land configuration with the trunk stream meandering across it.

A common component of the Velika Morava valley is the alluvial plain that has different geometries but the 
same lithologic composition all over its extent. The unconfined aquifer in it has a length of about 120 km. 
Alluvial deposits vary in thickness from 7 m to 16 m, or about 60 m within the Godominski Rit perimeter 
(Collective authorship, 2002).

Generally, the alluvium consists of two horizons: lower, coarser (permeable gravel and sand), and upper, finer 
(semipervious to impervious clay and silty sand). Frequent floods of the river have formed the upper horizon 
of silt-sandy and clay materials between 2 m and 6 m thick. With the hydraulic conductivity of the order from 
10-4 m/s to 10-7 m/s this horizon forms an impermeable to semipermeable unsaturated zone. The water-bearing 
layer consists of sand and gravel that extend continuously in the alluvial plain from one border to another 
and throughout its length. The aquifer thickness is from 4 m to 12 m, and about 60 m in Šalinac area. Its 
permeability is of the order between 10-1 m/s to 10-3 m/s. Alluvial deposit in Bagrdan gorge area, underlain 
by impermeable Neogene sediments and Paleozoic crystalline schist, has the permeability of the order from  
10-8 m/s to 10-9 m/s (Petković, 1976; Collective authorship, 2002).

The basic boundary conditions that define the groundwater regime in the shallow aquifer are: river flow  
(φ - boundary) and riparian land (ψ - boundary). The present Velika Morava channel, with minor exceptions, 
is excavated in the water-bearing layer. Consequently, any change in the surface stream flow is reflected on the 
basic behaviour of groundwater. The riparian land may be taken for an impermeable boundary. Groundwater 
regime is strongly influenced by perennial and intermittent streams that drain the catchment area and partly 
percolate into the aquifer.
The unconfined aquifer is largely recharged in the riparian area from the river through a direct hydraulic 
communication between the stream and groundwater. This ensures direct recharge, but also allows infiltration 
of polluted stream water into the aquifer. The groundwater body is fed with atmospheric water that falls on the 
alluvial plain and on a larger area wherefrom surface runoff gravitates to its infiltration zones. The quality status 
of groundwater is affected by natural and human factors. Principal sources of pressure on the aquifer are industries 
that generate waste waters, uncontrolled waste landfills, rubbish heaps, agricultural use of artificial fertilizers, 
untreated effluents discharged into streams, farms and liquid manure, settlements without sewerage, etc. 

Chemically, shallow groundwater is a hydrocarbonate-calcium type of water by its anionic and cationic contents 
(Stojadinović, 1997). One of risks in using this water is the occasionally increased concentration of iron, 
manganese, nitrate and nitrite. In some sources, these elements exceed the maximum allowed concentrations 
for drinking water. Chemical analyses of water from the Velika Morava indicate the presence of manganese, 
iron, nitrate and nitrite (Collective authorship, 2005). The hydraulic communication between the surface and 
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ground waters may explain the infiltration of these elements into the aquifer. Numerous pits of sand and gravel 
excavated for building purposes on the riverbanks expose the water-bearing layer and facilitate infiltration 
from the river.

Water of the two confluents of the Velika Morava just before the confluence at Stalać was determined (in 
2005) to be of the quality class II/IV (Collective authorship, 2005). Downstream of Stalać, the Velika Morava 
receives its major right tributaries: Jovanovačka Reka, Crnica, Ravanica, Resava and Resavčina, and left, 
valley-side tributaries: Kalenićka Reka, Lugomir, Belica, Lepenica, Rača and Jasenica. Quality of water from 
the tributaries is reflecting the pressures from natural and human factors in the catchment areas. Water quality 
is systematically monitored in the surface streams of Lepenica, Resava and Crnica. Determined on the basis of 
the measured concentrations of elements, the Resava at Svilajnac is of the quality class III/IV, the Lepenica at 
Rogot IV, and the Crnica at Paraćin III/IV. Systematic water quality monitoring does not cover other tributaries. 
Water quality for the Velika Morava in 2005 was classified as: III/IV at Varvarin, III/IV at Bagrdan, III/IV at 
Trnovče, and III/IV at Ljubičevski Most (Collective authorship, 2005).

PRELIMINARY dELINEATION OF UNCONFINEd GROUNdWATER BOdIES
In the process of initial characterisation of groundwater in the Velika Morava catchment area, four groundwater 
bodies have been preliminary delineated (Figure 2B). The criteria applied were geological, hydrogeological, 
hydrological and geomorphologic. The next step of the process must include detail information on the identified 
pressures (pumping, contamination, artificial recharge, sources of pollution and so on). In conformity with the 
mentioned criteria and the Water Framework Directive (2000/60 EC), presently are delineated four water 
bodies.

Water body I is extending from the Velika Morava confluence with the Danube to Ljubičevo. It is 20 km to 
14 km wide, about 19 km long, and has a surface area of about 194 km2. The river length is about 22 km. 
The water body has form of an amphitheater open northward to the Danube. In the large alluvium and the 
contained phreatic water influences of the Danube and the Velika Morava streams are superposed. Water-
bearing sands have a considerable thickness in Godomin area (Šalinac) of about 60 m (Collective authorship, 
2002) but are thinning out southward to about 16 m in Ljubičevo area. The stream Jezava, along the western 
rim of the alluvial plain, sub-parallel with the Velika Morava from Osipaonica to the Danube, is the abandoned 
channel of the Velika Morava used at present to drain the Ralja and Konjska Reka streams (Jovanović et al., 
1969). There are several sites of water abstraction for public water supply. Wells, 50 m to 60 m deep in Šalinac 
for water supply to Smederevo, abstract water from the alluvial reservoir and from the Pliocene/Quaternary 
aquifer. The sources Meminac and Ključ were developed for water supply to Požarevac. Wells 12-14 m deep 
in Meminac and 14-16 m in Ključ sources abstract water from the alluvium. A problem of these sources is 
increased concentrations of manganese (Šalinac) and nitrates (Meminac and Ključ).

Water body II  between Ljubičevo and the Velika Morava exit from Bagrdan gorge in the southern part of the 
Velika Morava valley is flaring open to the Danube. It is 14 km to 3 km wide, about 40 km long, about 495 km2 
in surface area. The river length in this sector is about 75 km meandering through the wide alluvial plain. On 
the left valley-side, the Velika Morava receives the streams Jasenica, Rača and Lepenica, and on the right side 
the Resava and the Resavčina that runs from Porodin to Ljubičevo by the eastern plain border. The pollution 
risk zones are where the streams Lepenica and Resava join the river and where collectors discharge sewage 
from Velika Plana, Svilajnac and other urban settlements. On the left side of the valley there are three water 
supply sources: Trnovče for Smederevska Palanka, Livade for Velika Plana and Garevina for Lapovo. Sources 
of water supply to Vlaški Do, Aleksandrovac, Simićevo and Žabari are on the right side of the valley. Alluvial 
deposits are thick between 12 m and 17 m, and the water-bearing sands between 6 m and 9 m. Water from 
some sources has increased manganese, nitrate and nitrite concentrations.

Water body III  is located within the limits of Bagrdan gorge. It is wide from 3 m to 1 m, 22 km long and its 
surface area is about 43 km2. The river sector is about 25 km long. The water body is the narrowest, about  
1 km, in a length of about 2,5 km through the gorge, between Bagrdan and Brzan, and the widest, about 
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Figure 2: Water bodies and recommended quality observation sites for shallow aquifers in the Velika 
Morava alluvium.

3 km, where is enters the lower Velika Morava valley. Deposits of this relatively narrow alluvial plain are 
thick between 6 m and 10 m. Thickness of the overlying strata is variable, from 1 m by the river to 6 m at the 
plain border. The underlying rocks are Paleozoic schists. Permeabilities are: unsaturated zone of the order  
10-5-10-7 cm/s, water-bearing layer 10-2 cm/s and underlying schist less than 10-8 cm/s (Petković, 1976). 
Geometry of the alluvium in Bagrdan gorge differs from the rest of it in the Velika Morava valley. Only one 
source was developed in this groundwater body for water supply to Batočina. Abstraction wells are about 35 
m removed from the river, which directly recharges alluvial aquifers.

Water body IV is extending from the Bagrdan gorge entrance to Stalać. The alluvial plain is 10-11 km wide, 
about 45 km long, the surface area about 391 km2, spread on either side of the meandering Velika Morava in a 
length of about 58 km. Total thickness of the alluvium is 10-14 m. The gravel aquifer has a variable thickness 
from 4-9 m (overlying layer 2-6 m) at Ćićevac to 2-7,5 m (overlying layer 1-6 m) at Paraćin. Granulometric 
examination indicated hydraulic conductivities of the gravel layer, the overlying loamy sand-sandy loam and 
the underlying rocks to be of the order 10-1 cm/s, between 10-4 cm/s and 10-6 cm/s, and 10-7 cm/s, respectively 
(Petković, 1976). Almost all right (Jovanovačka Reka, Crnica, Ravanica) and left (Kalenićka Reka, Lugomir) 
tributaries, excluding the Belica, flow almost perpendicular to the Velika Morava flow direction. Sources are 
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developed in the alluvial plain on the either side of the river for water supply: left to Jagodina and the Copper 
Mill, and right to Ćićevac. There is also a source previously used to supply water to Paraćin, but water from it 
contains high concentrations of nitrate and nitrite.

Each delineated groundwater body is vulnerable to pollution. The main source of pressure on shallow aquifers 
are: industrial effluents, gravel and sand borrow pits for building industry, uncontrolled waste disposal grounds, 
rubbish heaps, artificial fertilizers in agriculture, discharge of untreated waste water into streams, settlements 
without sewerage, and the like. An important pressure on water quality is the groundwater abstraction. Water 
from all shallow aquifers is used for industrial and municipal water supply, seasonal supply for irrigation and 
individual supply to rural households. 

RECOMMENdEd SHALLOW GROUNdWATER QUALITY OBSERVATION SITES
For the preliminary delineated water bodies, a concrete proposal is presently given in conformity with the 
Water Framework Directive recommendations for quality development of a water-quality observation network, 
for observation sites in the Velika Morava alluvial plain. The proposed network is designed on the basis of 
the conceptual model of the natural characteristics and the pressures, in conformity with the Framework 
Directive.

For the preliminary delineated groundwater bodies in the subsurface unconfined alluvial aquifer of the Velika 
Morava, on the basis of the Water Framework Directive, observed pressures and the distribution of water 
quality monitoring network of the Republic Hydrometeorological Service, the sites recommended for new 
observation wells are the following: 

For each delineated water body, at its upstream/downstream end, one well on either side of the recent 
Velika Morava course.
For each tributary, observation well after its entrance to the alluvial plain, by the river on its downstream 
side.
In addition to concentrated polluters (towns, settlements without sewerage, etc.) in the Velika Morava 
alluvial plain, observation well downstream of them in the groundwater flow direction.
In the area under influence from a public water supply source, observation wells in places of the highest 
hydraulic gradient.
Near gravel and sand pits excavated for commercial use, observation wells in downstream direction of 
groundwater flow.
Along the Beograd-Niš motorway where it crosses over the alluvial plain, observation wells in the area of 
storm-water collecting reservoir.
For diffuse sources of pollution from agriculture, the recommended observation network density is 50 km 
per observation site.

The distribution of new observation sites, proposed in conformity with the above criteria, is shown in Fig. 2B. 
Recommended for these sites is an operative quality monitoring of the observation frequency twice a year, in 
the interval of low and the interval of high stream flows. For inspection monitoring the Framework Directive 
requires observation of the key set of parameters: oxygen content, pH, permeability, nitrate and ammonia. 
Other parameters of inspection and operative monitoring will be adapted to concrete situations.

SUMMARY
Resources of good water are moderate in the Republic of Serbia. One of significant water resources is shallow 
unconfined groundwater in the Velika Morava alluvium. Water quality status in this water body is influenced 
by natural and human factors. With regard for the hydraulic communication between the surface and shallow 
groundwater, there is a multiple pollution pressure on the water supply sources from human activities and 
increased concentrations of iron, manganese, nitrate and nitrite.

The quality of this resource of groundwater must be protected. Major sources of pressure from human activities 
are: waste waters, uncontrolled waste disposal grounds, rubbish heaps, agriculture using artificial fertilizers, 
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untreated effluents, farms, settlements without sewerage, etc. The purposes of the proposed groundwater 
monitoring under the existing conditions are the following:

information for qualification of the chemical status of a groundwater body,
the influence of any significant pollutant concentration in the water body and its variation trend.

In alluvial deposits of the Velika Morava, four water bodies are preliminary delineated. Pollution risk is present 
for each water body. The recommended new network of groundwater quality observation sites is designed on 
conceptual understanding of natural characteristics and information on pressures. The observation sites will be 
the zones of significant pressures combined with higher natural water body vulnerability to pressures.

In view of the present and the planned regional importance of groundwater resource in the Velika Morava 
alluvial plain, new, recommended, sites should be fitted into the existing quality observation network, the 
observation frequency increased and the monitoring parameters specified. This approach is in line with the 
step-by-step procedure in the implementation of the Water Framework Directive.
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Abstract    Isotope techniques based on natural or widely distributed stable- or radioactive-isotopes provide 
powerful tools that can be applied to address a wide variety of water resources assessment and management needs 
in large river basins. Environmental isotopes have been used for more than four decades in hydrological studies, 
and have proved particularly useful for understanding environmental systems at large scales. Application of 
isotope methods in river basin studies can yield unique and valuable information because they often provide time 
and space integrated characteristics of river and groundwater systems that are unobtainable by other methods. 
Radioactive decay of environmental isotopes makes them particularly suitable for estimating groundwater 
residence times or “ages” which are crucial for understanding aquifer dynamics. They are also effectively 
used to understand aspects of river/groundwater interactions such as locating zones of groundwater discharge 
in rivers, and regions where elevated nutrient cycling occurs. Stable isotopes are useful for understanding 
groundwater recharge and discharge pathways, and the sources and transport of contaminants. This paper 
discusses examples of key isotope methods that the Water Resources Programme of the International Atomic 
Energy Agency has found to be useful for addressing issues in large river basin environments.
Keywords  Isotope Hydrology, Rivers, Water Resources Management

INTROdUCTION
There is increasing recognition that water resources should be managed at the basin scale. An important 
implication of the basin approach is that groundwater and surface water resources should be managed together; 
this is because of the often strong interdependencies and links between, for example, rivers and groundwater. 
Appreciation of the importance of these interdependency issues and effective allocation of shared cross-
boundary resources has given rise to joint management arrangements in the Danube River Basin, the Nile, 
and other major rivers around the world. The availability of appropriate hydrological and hydrochemical 
information is critical for sound resource management policies and decisions. Understanding linkages between 
precipitation, groundwater aquifers, surface water bodies, and anthropogenic factors such as land use change 
that impact management of large river basins is challenging because of the large temporal and spatial variability 
of processes that occur at the basin scale. Isotope approaches offer a unique set of approaches that have proven 
to be quite useful for addressing hydrological and biogeochemical behaviours in river basins , and increasing 
awareness and utilization of these approaches is the main goal of this paper.
Important areas where isotopes are useful in river studies include identification and quantification of river 
water sources (e.g., tributary contributions in ungauged areas and groundwater contributions to river flow); the 
location and amount of groundwater recharge from rivers; quantification of interconnections between rivers, 
lakes, ponds, aquifers, and the vadose zone; and the sources and transport of contaminants. Such information 
is essential for efficient use of water resources, assessing human health and ecological risk, and for developing 
appropriate mitigation or remediation strategies for a given river basin.

Both stable- and radio-isotopes can be used to address a wide range of problems in rivers. Stable isotopes do 
not change their value with time, and therefore are very useful for understanding impacts of hydrological or 
biogeochemical processes, and changes in inputs to a river basin. On the other hand, radio-isotopes do change 
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with time, which makes them particularly valuable for determining the age of water and for understanding rates 
of water movement within rivers or groundwater. Thus, stable- and radio-isotope methods are complementary, 
and when used together can provide information on the complex behaviours in large river basins that cannot 
be obtained otherwise.
The Water Resources Programme of the International Atomic Energy Agency (IAEA) has played a key role 
in developing and applying isotope techniques in hydrology world-wide. Over the last decade, the IAEA has 
supported some 160 technical cooperation projects in developing countries. River and basin studies have 
been a major part of this effort, and the agency is currently sponsoring projects involving isotope methods 
for quantifying baseflow, and groundwater/surface water interactions. In addition, the agency is compiling 
isotope time series data from large rivers through its Global Network of Isotopes in Rivers (GNIR) effort, 
and these data will be available to the public through the IAEA Water Resources Programme website  
(http://www.iaea.org/water/). The objective of this paper is to describe examples of some of the most useful 
isotope methods for large river basin studies. These examples were selected based on over forty years of IAEA 
experience using isotopes in rivers.

Discussion
This section describes some of the isotope approaches for examining hydrological and biogeochemical 
problems in large river basins. It is not intended to be a comprehensive review, but provides readers with a 
few key examples/approaches that can be applied to other river basin studies and assessments.

Example 1: Identification of Basin Water Sources
“Where does the water come from?” is one of the most critical questions in river basin hydrology. The answer 
to this question says a great deal about how the hydrological basin functions and which parts of the basin are 
impacting river flow at a particular reach or location. Conceptual and quantitative understanding of water sources 
is necessary to effectively address issues such as climate change effects on basin water supplies (e.g., how will 
predicted decreases in snowfall affect runoff and recharge in headwater/alpine areas?), impacts of land use change 
(e.g., urbanization, or conversion of forests to agricultural fields or pasture), and identification of contaminant 
source areas. Isotope approaches can be quite useful for addressing such problems. For example, stable isotope 
compositions (2H and 18O) of precipitation and river waters often display a pronounced temporal variability 
that is commonly related to weather changes and season (see the examples in Figure 1); these variations enable 
determinations of the source of water at particular locations along the river (and can also be used as a benchmark 
to detect effects of future climate change impacts to the basin). As an example, it may be important to know if the 
water along a reach is mostly derived from “recent” local precipitation, or is it mostly from earlier precipitation 
that occurred in upstream tributaries or headwater areas?  The data shown in Figure 1  show opposite seasonal 
variations; when the isotope composition of the Meuse River is low, the composition of the Rhine River is high. 
This difference is related to the fact that the water in the Meuse is from precipitation in the drainage area, while 
the Rhine is controlled by melting snow and ice in the Swiss Alps. Isotope values are highest in the Meuse during 
the summer when temperatures are highest, and lowest in the winter when temperatures are lowest (this is the 
typical correlation between temperature and isotope values because the amount of isotope fractionation during 
precipitation events is temperature controlled). The Rhine, on the other hand, appears to be backwards (lowest 
isotope values in the summer). This behaviour is related to the fact that the summer values in the river do not 
represent summer precipitation (which will have relatively high isotope values), but are related to melt waters 
that enter the river headwaters from the Alps. It is also notable that the isotope composition of the Rhine is 
consistently lower than the Meuse, which again is consistent with a meltwater source for the Rhine. 

Figure 1: Variations in oxygen isotope values with time in the Meuse and Rhine Rivers
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Example 2: Rates of Water Movement and Basin Transit Times
Another key question that is critical for understanding large river basins is “how long does it take for water 
or contaminants to move through the system?”. The time scales of movement are important because flow 
and transport through various groundwater aquifers and surface water bodies can occur at very different 
rates, and the responses to changes in the basin will depend on these rates and the interactions between the 
different hydrological components of the basin. Thus, understanding rates is necessary for efficient water 
resource allocation and related issues involving water supply and ecosystem sustainability, and for issues 
such as understanding how quickly contaminants will be flushed from the system after source removals or 
remediation activities, and how to develop water quality monitoring strategies that adequately protect drinking 
water supplies while avoiding unnecessary cost and effort. 

Understanding rates are important at both the catchment and basin scales, and the following examples involve 
basin scale isotope approaches. While the rate of flow in a river is important, this is not the same thing as the 
transit time of the basin, and basin scale transit times can be more critical to understand for water management 
than the transit time within the river itself. This issue arises because of the interactions between rivers and 
groundwater aquifers within the basin. In a basin, water may reside in groundwater part of the time and in the 
river at another time as it moves through the system. Flow in basins and catchments occur along many, and 
sometimes complex pathways, thus there is actually a distribution or range of transit times. Hydrologists often 
use the mean transit time (or mean residence time) as a measure of how a particular basin behaves because 
the actual distribution of transit times is difficult to constrain. Isotope methods have been particularly useful 
for constraining mean transit times at the catchment to basin scales. For example, long-term measurements of 
tritium (3H) in river runoff and precipitation can be used to estimate the mean transit time of a basin. Tritium 
has been particularly useful because of the large input of tritium to the atmosphere as a result of nuclear 
weapons tests that were conducted mainly in the 1950’s and 1960’s. Relatively simple, lumped parameter, or 
“box” models can be used to estimate mean transit times using tritium data. Conceptually, such models treat 
time series of tritium concentrations in precipitation as “input” and time series of tritium concentrations in the 
river as “output”. Using the tritium content of precipitation as input, model parameters (e.g., for exponential 
or dispersion type equations) are adjusted to find the best match to the river (output) data. Once a satisfactory 
fit is obtained, the mean transit time is obtained because it is one of the model parameters. An example of such 
an approach is shown in Figure 2 . 

Figure 2: Tritium in precipitation and runoff (circles) from Lainbach creek in the Bavarian Alps. Estimated 
mean transit times are 1.8 and 1.6 years using exponential and dispersion models (curved lines), respectively. 
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Michel  used a similar approach to analyze tritium data for seven rivers in the U.S.A. He estimated mean 
residence times that ranged from two to twenty years. This variation is related to basin size, the proportion 
of groundwater input versus recent overland flow contributions, and other factors. It also shows that the time 
scale at which basins will respond to anthropogenic inputs (e.g., contaminants) varies greatly depending on 
the specific conditions within an individual basin. For example, basins with long residence times may take 
much longer to respond to removal of contaminant sources than short residence time basins. In addition to 
mean residence times, these models can also be used to constrain the contributions of different reservoir types 
(e.g., short and long residence time groundwaters, or surface runoff). Results for the Neuse River show that 
nearly three fourths of the river outflow consists of waters that have resided in the basin for less than one year; 
whereas results for the Potomac River show that over half of the outflow comes from long-term reservoirs 
which contribute to a mean residence time of twenty years. It is worth noting that historical data compilations 
by the IAEA and recent agency efforts to build improved estimation methods for time series of tritium in 
precipitation now makes application of the lumped parameter modelling approach much easier and more 
widely applicable to basin studies than ever before.
The lumped parameter approach can also be used with oxygen and hydrogen stable isotope data (2H and 
18O). Examples can be found in Maloszewski et al. and Maloszewski et al. Maloszewski et al. used 18O data 
to estimate potential impacts of different contaminant release scenarios for river to groundwater recharge in 
southwest Germany. Such “what if” scenarios can be very useful for assessing vulnerability of drinking water 
supplies where river-groundwater interactions are strong.

Example 3: Contaminant Source Attribution and Transformations
In many river basins, water quality issues are as or more important than water quantity issues. Because large 
river basins often have multiple potential contaminant source areas and types, it can be difficult to isolate the 
main sources of contamination. One of the most significant recent growth areas in isotope hydrology has been in 
the area of contaminant and compound specific methods. These methods can resolve contaminant source areas 
and types that would not be possible with conventional geochemical approaches. Nitrate is one of the major 
contaminants in river basins world-wide. However, nitrate/nitrogen sources can take many forms including 
atmospheric deposition, natural nitrate production in soils; fertilizers; manure; sewage; industrial releases of 
nitric acid and other nitrogen containing compounds; and even releases of high explosives. Fortunately, stable 
isotopes of nitrogen and nitrate can be used to identify or constrain which sources are having the greatest 
impact on a catchment or basin. In the case of nitrate contamination, Kendall  describes how the measurement 
of 15N and 18O contents of nitrate can be diagnostic of source (Figure 3). There are some forms of nitrate that 
are difficult to discriminate between (Figure 3), however the 15N and 18O are used quite effectively as a source 
attribution tool. Using 15N and 18O contents of nitrate, Silva et al.  found that sewage was the major source of 
nitrate contamination in streams and groundwaters in two urban locations. Similarly, Wassenaar  found that 
aquifer contamination at a site in Canada was largely related to manure despite the fact that there was also 
substantial ammonia based fertilizer application in the area.

Figure 3: Variation of 15N and 18O of nitrate based on nitrate source and the shift in isotope composition 
resulting from denitrification.
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In addition to source attribution, 15N and 18O contents of nitrate can be used to examine nitrate degradation 
(denitrification) versus assimilation (incorporation of nitrogen into plant matter) in basins. If denitrification 
occurs, isotope values shift along a distinctive trend (higher 15N and 18O, Figure 3) making it possible to 
evaluate the degree of denitrification in a river basin. Microbially mediated reactions drive the denitrification 
process which can lead to a natural reduction in contamination in some cases. Battaglin et al. used the nitrate 
isotope approach to investigate nitrate degradation along the Mississippi River. They found little evidence 
for significant degradation and suggested that observed, relatively small, reductions in nitrate concentrations 
were likely through assimilation. However, Cey et al. used nitrate isotopes and found that denitrification can 
be important in riparian zone groundwater. They suggested that riparian groundwater plays an important role 
in the prevention of nitrate contamination in streams. This study is another example of the importance of 
understanding groundwater-river interactions. 
In addition to understanding sources and transformations of nitrate and nitrogen, isotope techniques have been 
used to understand other contaminant problems such as phosphate contamination in rivers  and biodegradation 
of organic solvents.

Summary and Conclusions
We have discussed a few examples of how isotope approaches can be used to understand important aspects of 
the hydrology of river basins. Such information is often critical for improving management of water resources 
at the basin or smaller scales. These approaches provide information that is highly applicable to problems 
involving selection of monitoring sites, determining the proper frequency of monitoring, water allocation, 
human health and ecological risk assessment, and selection of remediation and mitigation technologies. We 
have not provided a comprehensive examination of all the isotope methods that are applicable to river basins.  
The breadth of isotope methods is large and our objective was to highlight a few examples so that readers 
unfamiliar with isotope techniques can understand their usefulness and application to large river basins. 
Other relevant techniques include carbon-14 and tritium dating of groundwater systems, which is important 
to understand in terms of the time scales of groundwater discharge to rivers, as well as for sustainability ; 
mapping the spatial locations and quantities of groundwater discharge to rivers using radon-222 ; quantifying 
groundwater and surface water mixing; biogeochemical carbon cycling using carbon-13; quantifying tributary 
inputs using various stable- and radio-isotopes; determining the source of salinity in rivers ; estimating the 
impact of evaporation in arid basins using deuterium and oxygen-18 ; identification of precipitation/basin 
stable isotope characteristics at regional to national scales and their link to paleoclimate reconstructions ; 
identifying sources of streamflow during large flood events , and many more. Summaries of most of these 
techniques can be found in Aggarwal et al., Clark and Fritz, Cook and Herczeg, Gibson et al., Kendall and 
McDonnell, Mook, as well as others.
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Abstract    This paper demonstrates, using selected case studies in the Upper Danube basin, how isotopes 
may serve as a way of better implementing the groundwater related part of the EU Water Framework Directive 
requirements in the Danube basin. The following examples of conceptual models elaborated in the 1990’s with 
use of isotopes in the Upper Danube basin show how isotopes can be used to help understand: a) potential 
pathways and travel time of contamination from groundwater to the river from Southern Vienna basin; b) 
vulnerability of river/wetland ecosystems in the Regelsbrunn wetland; and c) delineation of Danube-originated 
and local groundwaters in the Pannonian basin. Isotope methods could be also used in other parts of the 
Danube basin. For example, because the groundwater inflow via tributaries can be important, we also propose 
longitudinal chemical and isotopical monitoring of the main Danube tributaries, e.g.,  the Tisza river, which 
drains the major part of the Great Pannonian basin. Finally, we argue that open questions highlighted in the 
previous Joint Danube Survey, especially those on the identification of hotspots of nutrient inputs could 
be addressed using isotope techniques, and therefore we recommend addition of isotopes to the sampling 
programme of the coming Joint Danube Survey in 2007.
Keywords  Environmental Isotopes, Stream/Aquifer Interactions, Danube River Basin, Groundwater

INTROdUCTION
The components of the EU Water Framework Directive (EU WFD) dealing with groundwater (Groundwater 
Directive 2006/118/EC) cover a number of different steps for achieving good environmental status of 
groundwater until 2015 (European Commission, 2006). The most important tasks, which are valid in all 
relevant river basins in the EU, are: a) define groundwater bodies within river basin districts to be designated 
by the Member States, and establish groundwater monitoring networks to provide a comprehensive overview 
of groundwater chemical and quantitative status; b) establish registers of protected areas within each river 
basin districts for those groundwater areas or habitats directly dependent on water; and c) set up a river basin 
management plan for each river basin district which must include a summary of pressures and impacts of 
human activity on groundwater status.
The Groundwater Task Group under the auspices of the International Commission for the Protection of the 
Danube River (ICPDR) is initiating the implementation of the EU WFD in the Danube basin. As the first step, 
the Member States identified 11 transboundary groundwater bodies relevant for monitoring, delineation of 
protected zones and setup of conjunctive surface water/groundwater management plans. There is a consensus 
based on the conclusions of the 4th Groundwater Task Group meeting in February 2007 (ICPDR, 2007) that 
the identified groundwater bodies are rather of regional than uniform basin-wide character and have specific 
hydrodynamic properties and degrees of vulnerability. The Groundwater Task Group is therefore promoting the 
setup of monitoring networks, protected areas and management plans based on conceptual hydrologic models 
of the identified aquifers. Once the conceptual knowledge is complemented by appropriate monitoring, the 
Member States can harmonize the groundwater quality and quantity threshold values and status assessment at 
the basin-wide level.
Isotope techniques are a powerful tool for developing and testing groundwater conceptual models, because 
they can trace the water pathways between the river and the adjacent aquifers or wetlands. For example, 
previous longitudinal surveys of water isotopes and chemical elements along the course of the Upper Danube 
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(Pawellek et al., 2002, ICPDR, 2002) demonstrated that the headwater tributaries provide the main portion 
of groundwater inflow and nutrients. Regular monitoring of water isotopes (18O, 2H, 3H) in the main stem 
of the Upper Danube has been performed since the 1960’s at Vienna, and later complemented by additional 
measurements in Germany, Austria and the Slovak Republic (Table 1). 

Table 1  Overview of isotopic monitoring at the main stem of the Upper Danube
Country Station Observed Isotopes

Germany
Ulm 18O, 2H, 3H, since 1999

Regensburg 18O, 2H, 3H, since 1978
Passau 18O, 2H, 3H, since 2001

Austria
Engelhartszell 18O, 2H, since 1976

Vienna 18O, 2H, 3H, since 1976
Hainburg 18O, 2H, since 1963

Slovakia Bratislava 18O, 2H, 1982-1998

Monthly average contents of the isotope 18O in the Danube at Vienna are depicted in Fig. 1, which is dominantly 
impacted by melt waters that enter the river headwaters from the Alps (for example the Inn river, supplying 27 
% of the Danube discharge at Vienna). While the Alpine snowmelt is represented by depleted 18O in summer 
months, the rain water from the lowland has highest 18O values in summer and autumn. Tributaries supplied 
by rain waters from the lowland and hilly basins of Germany and the Czech Republic (for example the March 
river) are of less impact on the isotopic composition of Danube at Vienna than the alpine tributaries. Isotopes 
therefore demonstrate that potential changes of snow and glacier melt regime in the alpine regions would have 
impact on the runoff of the whole Upper Danube. These measurements also show the utility of using isotopes 
to build conceptual understanding of river basin systems – although such data are only available for part of the 
Danube basin. They can contribute to management plans on larger scale than the major aquifers selected by 
the EU Member States along the Danube river course.
In the 1990’s, several isotopic studies on interactions between the Upper Danube river water and adjacent 
aquifers/wetlands were conducted in Austria, Germany, Hungary and Slovakia. We describe three of them, 
which demonstrate the usefulness of isotope techniques for development of conceptual models of Danube 
aquifers or their compartments. They are related to the following tasks of the Groundwater Directive  
2006/118/EC: (1) Identification of potential pathways of contamination from groundwater to the river and 
assessment of potential groundwater risks and pressures (e.g., the Southern Vienna basin); (2) Assessment 
of protected areas within each river basin district for those groundwater areas or habitats directly dependent 
on water (e.g., the Regelsbrunn wetland); and (3) Delineation of groundwater monitoring zones (e.g., the 
Szigetköz aquifer).

Figure 1: Mean monthly δ18O variations in Danube at Vienna, March at Angern, and Inn at Passau (average 
1976 - 85). Modified after Rank et al., 1998. 



501

Assessment of potential pathways of contamination from groundwater to the river: Example from 
Southern Vienna Basin
This example explains how isotopes can help to estimate how long groundwater resides in the aquifer and 
through which pathways water and contamination may be routed to the Danube. It provides an integrated 
information on the aquifer and improves the assessment of potential groundwater risks and pressures required 
by the EU WFD. The youngest zone of subsidence in the Southern Vienna basin contains an important aquifer 
of about 200 km2 with regional water supply facilities. The aquifer transmits recharged water from the Alpine 
river Schwarza near Gloggnitz over a distance of approximately 20 km to discharge point at the Fischa-
Dagnitz spring of the Fischa river. Using the tritium content of precipitation, model parameters are adjusted 
to find the best match to the spring data. A travel time of about 15 years between the infiltration and the 
exfiltration zones was estimated using 3H (Figure 2), and yields in an average groundwater flow velocity 
between the rivers Schwarza and Fischa of about 1.5 km per year (Rank and Papesch, 2003). The estimated 
travel times, flow paths and flow velocities are not only instrumental for understanding the quantitative input 
of groundwater to Danube through tributaries, but also for tracing of hotspots of nitrate contamination and 
elevated phytoplankton values identified in the Middle and Lower Danube (ICPDR, 2002; Hein et al., 2003). 
Because of the crucial role of tributaries for delivery of groundwater to the river, we propose that monitoring 
of groundwater in aquifers such as the Southern Vienna basin is complemented by surveys of tributaries which 
discharge those aquifers. Similarly to the pilot study in the Southern Vienna basin, preliminary unpublished 
studies indicate that the old groundwater from the Pannonian basin might reach the Danube via tributaries 
such as the Tisza River, whereas the direct groundwater input to the Danube river is less important.

Figure 2: Tritium content in monthly rain water samples at Gloggnitz, and in selected grab samples in the 
Fischa-Dagnitz spring. The dashed line represents the model results which yield an estimated time from the 
infiltration to the spring outlet of about 15 years (modified after Rank and Papesch, 2003). 

Assessment of vulnerability of river/wetland ecosystems: Example Regelsbrunn wetland
This example addresses the use of isotopes for meeting the EU WFD task on assessment of protected areas 
within each river basin districts for those groundwater areas or habitats directly dependent on water. Wetlands 
are an important part of the Danube river/aquifer ecosystem, and elemental and isotopic (δ13C) compositions 
of particulate organic matter (POM) have been used to examine hydrological connections between the Danube 
and the Regelsbrunn wetland, a floodplain area downstream of Vienna (Hein et al., 2003). Results showed 
that variability of both C:N and δ13C was much higher under connected river/wetland conditions than under 
disconnected conditions (Figure 3). This variability resulted from a high diversity of particulate organic matter 
sources entering from groundwater and from the river into the wetland upon connection. This knowledge can 
thus improve effectiveness of wetland restoration efforts and help to mitigate risks that might occur through 
poor management of river/aquifer/wetland ecosystems along the Danube. 
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Figure 3: Isotopic signatures (mean ± standard deviation) of particulate organic matter measured in different 
hydrological conditions (closed symbols indicate the dynamic floodplain Regelsbrunn, open symbols indicate 
reference values from the isolated floodplain Lobau and the Danube river). Modified after Aspetsberger et al., 2002.

Assessment of aquifer compartments for river basin management; Example from the Szigetköz aquifer
This example demonstrates how isotopes can help to delineate and conceptualize aquifer compartments for 
integrated river/aquifer management plans required by the EU WFD. The Szigetköz aquifer is one of the most 
intensively studied aquifers in the Danube basin and has been identified by Hungary and Slovakia as Nr. 8 
among the 11 transboundary groundwater bodies of major importance in the Danube catchment (ICPDR, 
2006). After leaving Austria and entering Slovakia at the confluence with the Morava river, the slope of the 
Upper Danube decreases rapidly, and the streamwater infiltrates along both sides of the Slovak/Hungarian 
border. Much work, including the use of isotope techniques, has been already done on this aquifer in order 
to delineate the boundary between the Danube-originated and local groundwater. 3H and 14C observations in 
Hungary (Deák et al., 1996; Stute et al., 1997) and 18O monitoring in Slovakia (Rodák et al., 1995), combined 
with numerical flow modelling, suggested infiltration trajectories from the Danube into the Hungarian aquifer 
near Szigetköz. Using isotopes of 3H and 3He, travel velocity of the infiltrated Danube water of about 500 m 
per year was estimated. Depending on the features of the aquifer, the highest horizontal infiltration velocities 
occurs in depths between 50 and 100 m. Water originated from Danube dominates in a belt of about 10 
km within the aquifer on the Hungarian side and mixes beyond that line with old groundwater of different 
origin. We argue that this approach would be of use for elaboration of conceptual groundwater flow models 
of aquifers and their compartments identified along the course of the Middle and Lower Danube, where 
infiltrated water from the Danube mixes with local groundwaters (Fig. 4). Such a detailed spatial delineation 
of groundwater flow mechanisms would support successful river basin management and meeting the declared 
EU WFD objectives.
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Figure 4: Modelled groundwater infiltration pathways in the Hungarian aquifer near Szigetköz (Modified 
after Deák et al., 1996)

Summary and Outlook
This paper demonstrates, using selected case studies in the Upper Danube basin, how isotopes may serve to 
build a better understanding of major transboundary groundwater bodies which therefore leads to a better 
implementation of the groundwater related part of the EU Water Framework Directive requirements in the 
Danube basin. Because the current degree of quantitative knowledge of the identified 11 aquifers along the 
Danube is different, the conceptual models might either serve for direct use in delineation of protection zones 
and assessment of groundwater vulnerability (in well characterized aquifers), or they might serve as knowledge 
basis for planning future monitoring, which would improve the understanding of processes in aquifers that are 
poorly characterized. The examples demonstrate that isotope techniques can improve knowledge of interactions 
between Danube river water and adjacent aquifers and wetlands, and therefore they can contribute to developing 
and testing of conceptual models of water and nutrient contaminant flow in the major Danube groundwater 
bodies. Because groundwater flow to the Danube occurs dominantly in tributaries, we conclude that the future 
monitoring might also include longitudinal chemical and isotopical surveys of main tributaries. Finally, we 
argue that some of the open questions highlighted in the previous Joint Danube Survey 2002, in particular the 
sources of nitrate contamination and the elevated phytoplankton, could be addressed using isotope techniques. 
We therefore recommend addition of isotopes into the sampling programme of the coming Joint Danube Survey 
in 2007. The case studies presented here can be considered as examples that can be applied to other areas along 
the Danube, and to improve understanding of stream/aquifer interactions in other river basins worldwide. 
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