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FOREWORD 
 
 
The stress imposed on the available water resources due to man’s impact (exploitation, release 
of pollutants and agricultural practices) has resulted in depletion of the available reserves as 
well as deterioration of water quality in many parts of the world. Over wide areas, 
abstractions are exceeding current natural recharge and it is apparent from scientific studies 
that these water resources are being mined, especially in arid and semi-arid areas. Sustainable 
development and management of those water resources needs long term monitoring records to 
understand the changes and dynamic responses due to the exploitation. 

These proceedings provide a synthesis of a series of hydrochemical, isotope and 
geohydrological data sets which will be used for quantitative assessment of the long term 
dynamic response of the groundwater system. The results show that both stable and 
radioactive isotopes are excellent tools for characterizing and understanding aquifer systems 
that are undergoing long term exploitation. Specific outcomes include establishment of 
methodologies for monitoring and predicting changes in water quality and quantity that will 
lead to improved water resources management.  

This publication is a summary of the results achieved during the coordinated research project 
(CRP) and the various studies performed by the participating institutions are presented as 
individual presentations. The overall achievements are presented as an executive summary, 
and the detailed findings are presented in each contribution. These results were presented in 
the final coordination meeting held in Vienna, 12–16 May 2003.  

 
The results obtained from this CRP will be used to improve the predictions of future 
behaviour of groundwater resources in response to exploitation. The scientific component of 
this CRP will be a valuable source of information for isotope hydrologists involved in isotope 
field applications and a useful guide for groundwater managers involved in groundwater 
resources programmes. 
 
The CRP was initiated by Y. Yurtsever and the IAEA officer in charge of the coordination of 
the CRP and responsible for the publication was B. Wallin of the Division of Physical and 
Chemical Sciences.  
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SUMMARY 
 
 

BACKGROUND AND OBJECTIVES  
 
Over the years, major sources of freshwater have been exploited to meet the ever increasing 
demand for water supplied for domestic, agricultural and industrial use. This is more 
pronounced in groundwater resources of arid and semi-arid regions, where limited water 
resources are being over-exploited. Observed decreases in groundwater table and increase 
salinity are of great concern. Most of the regional aquifer systems in arid regions of North 
Africa and the Middle East contain fossil groundwaters that have now reached salinity levels 
well above allowable limits for drinking water supply.  

In this coordinated research project (CRP) a number of hydrogeological investigations have 
been conducted in groundwater systems using isotope and hydrochemical methodologies. 
These investigations have been made in selected aquifer systems of different hydrogeological 
settings and spatial scales.  
 
The overall objectives of the CRP are to make an assessment of potential utilization of long 
term isotope responses of hydrological systems, particularly groundwater aquifers in arid and 
semi-arid regions. By having a better quantitative understanding of hydrodynamic changes 
induced by exploitation, one can then better predict changes in quantity and quality of water. 
Applied field research in selected bench-mark systems with different hydrogeological settings 
and spatial scales will enable predictions to be made of future behaviour of the systems under 
different exploitation scenarios. The specific objectives were to use environmental isotopes 
and hydrochemistry to: (a) obtain long term isotope response of groundwater systems under 
transient exploitation patterns; (b) assess the applicability of these isotope responses in 
studying the hydrodynamic changes in the system behaviour (flow dynamics and pathways, 
mixing patterns, hydraulic interrelationships, mass transport characteristics); and (c) develop 
dynamic simulation models based on the isotope data to be used for predictive purposes. 
 
 

ACHIEVEMENTS AND RESULTS 
 

Overall achievements 
 
The multiple isotope approach in the studies of water resources provide a robust technique to 
understand long term changes in groundwater resources. The improved analytical precision 
for the measurement of stable isotopes provide a reliable technique to delineate small changes 
in the water characteristics.  
 
This CRP demonstrates that environmental isotopic and geochemical tracers can be used to 
evaluate the hydrological consequences of long term utilization of water resources. The 
isotopic tools provide a clear validation for numerical modeling and prediction for future safe 
yield of exploited aquifers. Variations in selected radioactive and stable isotope ratios are 
shown to be important tools for construction and testing of groundwater flow models. Such 
models can be further used to develop adequate management strategies to protect water 
resources against pollution and over-exploitation. Other important findings has been the 
quantification of recharge rates and clarified important aspects of its hydrology. 
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The long term impact of artificial recharge in one study showed that the distinctive isotopic 
and chemical signals of the recharged water could be used to delineate and to quantify the 
mixing relationships with regional groundwater. Dramatic changes in the water quality and 
increase in salinity of the groundwater and elimination of spring discharge are reported due to 
long term exploitation. The isotope data used indicated that the salinity is derived from deep 
saline water. In the geothermal systems, long term isotope and geochemistry data provided 
valuable information in determining the proper and sustainable reservoir management 
strategy. A degradation of the reservoir thermal quality was associated with an isotopic 
change, reflecting the influence of meteoric water.  
 
In all of the cases studied, it is demonstrated that the isotopic tools are essential in evaluating 
the recharge patterns, flow dynamics, and mixing with external water resources. It showed 
that isotopic tools should be integrated in hydrological evaluation, model predictions, and 
management plans.  
 
One of the major advances made during the CRP was to understand how the multiple isotope 
approach and the combination of various isotopes help to better understand the long term 
changes in the aquifers. The applications are clearly shown to be a powerful tool to be applied 
in future studies of aquifers specifically for early warning and to make predictions on the 
evolution of the water resource. The combination of isotopes as demonstrated here will also 
assist in making a prioritization of intervention strategies according to the response time.  
 
Previous CRP’s and isotope studies have not been performed on long time series of records, 
other than precipitation data. The studies conducted here have been unique for the 
interpretation of the changes of the aquifers due to the long term impacts. In conclusion the 
result from this CRP shows isotopes are ideal tracers for studying long term response in 
different type of aquifers. 
 
 

Specific achievements 
 
In Germany (Bavaria) it is shown that variations in selected radioactive and stable isotope 
ratios are important tools for construction and testing of groundwater flow models. Such 
models can be further used to develop adequate management strategies to protect water 
resources against pollution and over-exploitation. The isotopes help to establish an early 
warning system for recharge of contaminated water - for shallow aquifers, mainly stable 
isotopes and tritium for deep aquifers long-lived radioactive (e.g. 39Ar) isotopes are suitable. 
Similarly, qualitative comparison of multiple tracers (3H/3He, 85Kr, CFC-12, SF6) and age 
distribution simulations in a shallow aquifer in Denmark showed that numerical models could 
be validated by using the isotopic data. The isotopic snapshot investigation combined with 
tritium time-series highlights the importance of using transient simulation models when 
dealing with transport in shallow multi-aquifer systems. The use of tritium also enables 
reconstruction of the history of exploitation and flow patterns, as demonstrated in the Singen 
aquifer, Germany. Over-exploitation during the early 1970’s is reflected by the tritium 
content, which explains the accelerate dynamics of flow in the aquifer. The isotopic data 
explains the present contamination situation, which is different from what would expect from 
hydrodynamic data alone. Similarly, isotopic data obtained from the Carbonate Principal 
Aquifer of the Roswell basin, USA, confirm the results of a numerical finite element models 
that were preformed for the basin. The isotopic data enabled estimation of the recharge rate 
and showed rapid groundwater movement in the aquifer. 
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Natural recharge in the Jwaneng well field, Botswana, was investigated using long term 
isotopic data. The environmental isotope data provides unequivocal evidence of ongoing 
recharge to the Jwaneng well field.  It also quantified recharge rates and clarified important 
aspects of its hydrology not incorporated into operational modeling. Similarly, radioisotope 
sampling in the Amadeus Basin aquifer in central Australia indicates no changes in 
groundwater age despite 35 years of intensive extraction that has resulted in a decrease of the 
standing water levels by over 50 meters. Modern recharge is occurring in the area of the 
proposed new well field, which would mitigate over-use of the current well field thus 
ensuring the sustainability of Alice Springs’ water supply. The recharge patterns were 
evaluated also in Afyon basin in central Turkey. Stable isotopes were used to delineate the 
source of recharge water, which is derived from high elevation recharge. This conceptual 
model contradicts previous hydrological models for water recharge and thus the water budget 
estimations for the basin are not correct. Numerical modeling was performed based on the 
new isotopic constraints. Any future evaluation of the water budget and exploitation should be 
based on isotopic and hydrochemical data. 
 
In contrast, artificial recharge modifies the oxygen and deuterium isotopic composition of the 
natural groundwater. The long term impact of artificial recharge of imported water from the 
Sea of Galilee was evaluated in the Mediterranean coastal aquifer of Israel. It was shown that 
the distinctive isotopic and chemical signals of the recharged water could be used to delineate 
and to quantify the mixing relationships with regional groundwater. The isotopic tools are an 
essential tool to monitor the regional distribution of artificial recharge.   
 
In arid basins, long term exploitation also changes the water quality of the groundwater. Over-
exploitation of Azraq basin, Jordan, for 20 years resulted in decrease of water level, which led 
to elimination of spring discharge and consequently completely destroyed the unique Azraq 
oasis. This was accompanied by salinization due to upflow of deep mineralized formation 
water, confirmed by evidence from isotope data. A reduction in abstraction rates showed 
consequent resulted in recovery of water tables and improved water quality, which indicates 
that remediation of the basin is still possible. A similar situation is observed in the Complex-
Terminal aquifer in the south of Tunisia and particularly in Nefzaoua area. Long term 
exploitation for 30 years resulted in draw-down of water level, elimination of spring 
discharge, and salinization. The isotope data indicated that the salinity is derived from deep 
saline water. Further reduction of water level might lead to further contamination from 
hypersaline shallow Chott (sabkha) aquifer. Thus, in arid basins, the isotopic signature can be 
used as an alarm bell and a monitoring tool for the potential sources of salinity, particularly 
the distinction between up-flow of deep saline groundwater and down-flow of hypersaline 
shallow brines formed in sabkhas. A similar case study was demonstrated in western 
Rajasthan, India. The combined use of isotope, hydrochemical, and numerical modeling 
techniques helped in understanding the dynamics and changing water quality of a deep fresh 
water lens in response to long term exploitation. The isotope data indicates that the fresh 
water is old and no modern recharge occurs. Moreover, the salinization phenomenon is due to 
mixing with deep brackish groundwater, which is very old. In addition, the isotope data 
enabled the delineation of potential zones for safe groundwater abstraction in an ephemeral 
river-recharged phreatic aquifer. By using the isotopic data, it was possible to indicate that the 
river is recharging the aquifer and improving its water quality. 
 
In the geothermal system of Negros, Philippines, long term isotope and geochemistry data 
provided valuable information in determining the proper and sustainable reservoir 
management strategy. The degradation of the reservoir thermal quality was associated with an 
isotopic change, reflecting the influence of meteoric water. In the overlying shallow 
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groundwater basin, the spatial distribution and migration of outflow mineralized thermal 
waters under transient conditions were determined through the use of environmental isotopes 
and geochemistry. In thermal waters of western Turkey, extensive exploitation shows strong 
effects on chemical and isotopic composition of thermal water, especially in CO2 dominated 
thermal systems. In such systems the decrease of the artesian overpressure is accompanied by 
a drop in CO2 partial pressure and therefore also of the CO2 concentration in the water itself. 
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Abstract. Thermal waters systems in Western Turkey around the Marmara sea within the areas of 
Kuzuluk/Adapazari, Bursa, the Yalova Peninsula with the three spa centres of Yalova, Armutlu and Gemlik, the 
spa and geothermal plant of Gönen and the areas at the Aegean coast of Kestanbol, Tuzla and Bergama 
(Figure 1) were studied in the years 1988 to 1996 in the frame of the ITÜ/ETH Poly-Project [1] and from 1999 to 
2001 again as part of the IAEA coordinated project on “Investigation of Long Term Influences on Groundwater 
Systems (IAEA CRP Nr. 10730/ R0)”. Beside long term fluctuations of several isotope and chemical parameters 
the effects of the August 17th 1999 Izmit earthquake clearly have been recognised in the composition of thermal 
and mineral waters in the most affected areas along the North Anatolian Fault Zone of Kuzuluk, Bursa, and 
Armutlu, Yalova, Gemlik based on groundwater sampling campaigns before (July 1999) and after that event 
(October 1999). These changes were observed in the isotopic composition as e.g. 3H, 2H and 18O, 34S and 18O in 
SO4 and 13C of the dissolved species of inorganic carbon. Also changes in chemical constituents and physical 
parameters have been observed. According to our interpretation these changes are most probably related to the 
active tectonics of the area and induced groundwater circulation. 

1. Introduction 

The original goal of this project was to investigate thermal waters in Western Turkey as Bench Mark 
Systems in the frame of the IAEA Co-ordinated Research Project oriented to the study of changing 
conditions due to human and tectonic influences because they represent deep water circulation 
systems in geothermal areas. The included thermal areas of Bergama, Bursa, Yalova/Gemlik/Armutlu, 
Gönen and Kestanbol/Tuzla (Figure 1) were already studied before in the years 1988 to 1996 in the 
frame of the ITÜ/ETH Poly-Project [1]. These thermal systems can be described by the following 
hydrogeological characteristics:  

− The thermal waters of the Kuzuluk (Adapazari) and Gönen areas arise within subsidence basins 
(Graben structures) and show signs of tectonically isolated fluids, which were mainly not related to 
actual recharge: These thermal groundwaters show signs of intensive water/rock/gas (mainly CO2) 
interaction and are also related to paleoclimatic origin. Such thermal systems are sucseptible of 
changes as induced through forced exploitation by boreholes as the drop of artesian overpressure 
(which is maintained mainly by the uprising CO2) will lead to a inflow and mixing of shallow 
groundwaters.  

− The thermal waters system of Bursa, of the Yalova Peninsula (with thermal springs at the 
locations of Yalova, Armutlu and Gemlik) and of the Bergama area are related to the normal 
water cycle with active circulation: With recharge in the surrounding mountains or hills (as e.g. 
Uludag or Kozak massiv), deep circulation depths, and the flow of thermal water along deep 
regional hydrodynamic flow systems. The observed outflows at thermal spring sites represent short 
cuts of these deep flow systems by tectonic features as fault zones. Such systems are sensitive of 
overexploitation within the spring outflow areas along the fault zones: A decrease of the hydraulic 
head will lead to inflow of cold waters of higher hydraulic head and will therefore lead to mixing 
processes which can be monitored by isotope and hydro chemical methods. (a special situation 
exists for the thermal water contained within the unconsolidated sediments of the Bergama plain 
which present a thermal groundwater fed by deep thermal systems reaching the Graben along fault 
zones which are present within the surrounding bed-rock). 
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FIG. 1. Investigation area of the Maramara Project [2]. 

 

− Rather unusual thermal systems represent the hot very concentrated thermal brines which are out 
flowing at the thermal areas of Kestanbol -Tuzla (Cannakale) and of Bademli (Bergama). These 
thermal sites along coastal areas of the Aegean Sea are related to the combination of an active 
thermal circulation system of low mineralized thermal waters which are mixed in depth with 
tectonically squeezed brines and which are also arising to the surface along fault systems. Such 
systems yielding hot brines were until to the present only used according to the natural conditions. 

This IAEA Co-ordinated Research project has lead to new sampling campaigns in the years 1999 to 
2002 carried out by W. Balderer et al [3]. The first sampling was undertaken in the time span of 
6-11 July 1999, just about one month before the M 7.4 Gölcük – Izmit epi-centred earthquake of 
August 17th 1999 occurred. As the affected area of this earthquake is situated within the project area, 
especially investigated for its tectonic activity, this unforeseen event gave way to an additional 
objective of this new IAEA Co-ordinated Research project, which turned out to be the most important 
one. 

In order to observe possible effects of this catastrophic earthquake on the isotopic and chemical 
composition of thermal and mineral waters within the surrounding areas additional sampling 
campaigns were undertaken between the October 2nd and 6th 1999; it included the areas situated more 
close to the epicentre area of this Izmit 1999 earthquake as Kuzuluk (Adapazari), Bursa/Cekirge and 
the three spas of Yalova, Armutlu and Gemlik on the Yalova peninsula (Figure 1), and in order to 
follow the further chemical and isotopic evolution of the involved groundwater additional sampling 
campaigns were carried out on the time spans of October 3–8, 2000 and from July 8–14, 2001 (the 
time intervals of about one year were selected in order to obtain the succeeding observations in periods 
of again ceased tectonic activity).  
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The physical parameters such as temperature, electrical conductivity, and pH were directly measured 
at the sampling sites. Also the CO2, HCO3 and O2 contents of the sampled waters were directly 
determined by titration at the field site. 

The water samples were then analysed for its main chemical composition by Ion Chromatography (IC) 
at the hydrochemical laboratory of ETH Engineering Geology by Dr. Fanny Leuenberger. Its isotopic 
composition with respect to 2H, 18O, tritium and 34S and 18O in sulphate were determined at the GSF 
Hydrology Lab in Neuherberg, Germany and 36Cl at the AMS facilities of PSI/ETH Particle Physics 
Institute by Dr. H.A. Synal (these results are not included in this present study). In addition BaCO3 
precipitations made directly at the sampling sites (by adding Ba(OH)2 to the volume of about 20 l of 
the sampled water) were then processed for 13C and CO2 preparation (for 14C analyses by AMS) by 
HYDROISOTOP, Germany. 

2. Objectives of the presented study 

As it turned out that the effects of the August 17th 1999 Izmit earthquake with respect to short term 
changes of the isotopic and chemical composition of thermal and mineral waters were much more 
important than all other observed variations, it was decided to present in this work uniquely these 
observations. Therefore, in first priority the observed important variations of the waters of the most 
affected areas along the North Anatolian Fault Zone of Kuzuluk, Bursa, and of Gemlik, Yalova and 
Armutlu will be presented and discussed. 

2.1. Overview of the observed seismic activity 

2.1.1. Active faults – former earthquakes 

South of the Marmara Sea the Northwest Anatolian Fault Zone (NAFZ) is crossing the investigated 
area of Western Anatolia. In comparing the maps of Figures 2 and 3 it can be noticed, that west of 
Bolu the NAFZ is splitting up in several individual branches of sub parallel fault zones, mainly 
revealing a dextral strike slip movement. Within this pattern of fault zones in Western Anatolia several 
strong earthquakes happened in the interval last century: Gönen M 7.2 (18.3.1953), Yalova, M 6.3 
(18.9.1963), Manyas M 7.0 (6.10.1964) in the Western branches and Bolu Gerede M7.3 (1.2. 1944), 
Mudurnu M7.1 (22.7. 1967) in the Eastern branch. Therefore, the Izmit earthquake is indicating that 
the crustal movements as evidenced by the GPS based geodetic measurements of the Marmara Poly-
Project [4][1] are still continuing to induce strong earthquakes. 

2.1.2. Izmit earthquake and active fault zones 

According to the geographical situation as represented on Figure 3 the Izmit 17. August 1999 
earthquake epicentre area is situated in between the thermal areas of Kuzuluk (in the East), and 
Gemlik, Yalova, Armutlu (in the West), and Bursa Kükürtlü and Cekirge (in the southwest). Therefore 
main influences of this earthquake on the thermal water systems are expected for these areas and only 
these areas where also more sampling activities were undertaken will be presented in this report 
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FIG. 3. Tectonic Sketch Map of Western Turkey with active fault zones and epicenter of the 
Izmit,17 August 1999 earthquake [5]. 

 

 

3. Overview of the observed time variations: examples of sensitive parameters revealed 
by the waters in the affected areas 

3.1. Sensitive physical parameters 

3.1.1. Electrical conductivity and water temperature 

These two parameters which are easily measurable and which are also well suited for continuous 
monitoring reveal in two sites, the Armultlu thermal borehole and the Gemlik Kaplica (shallow 
thermal well) a quite significant change around the time window of the Izmit 17. August 1999 
earthquake (Figures 4 and 5). A decrease of the water temperature accompanied (or followed) by a 
decrease of the electrical conductivity indicates an induced hydrological process as the inflow 
(mixing) of shallow, colder and less mineralized water to the deep thermal groundwater. 
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Armutlu Thermal Borehole
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FIG. 4. Diagram of the measured water 
temperature and electrical conductivity of the 
Armutlu Borehole outflow at the instances 
between July 1992 and July 2001 (red star is 
indicating the occurence of the Izmit 17.8.1999 
Earthquake). 

FIG. 5. Diagram of the measured water 
temperature and electrical conductivity of the 
Gemlik Kaplica at the instances between July 
1992 and July 2001 (red star is indicating the 
occurence of the Izmit 17.8.1999 Earthquake). 

 
3.2. Sensitive chemical parameters 

In several areas variations of the chemical composition of the water with respect to the major ions as 
the following cations: Na, Ca, Mg, K, Li, NH4 and anions: Cl, F, SO4, Br, NO3 have been observed. 
For these chemical parameters some especially characteristic examples are shown by the following 
waters in Figures 6 and 7: 

3.2.1. Variations of K, Na,Ca, Cl and SO4: Yalova Thermal Spring (Esas Kaynak) 

The Yalova thermal water can be characterised as of Na-Ca-SO4-(Cl) type, with a total mineralization 
of 1300 mg/l, out flowing of volcanic rocks as andesites and metamorphic schists at the spring sites 
with temperatures of 60 - 75 °C. As main component the cations Na and Ca show a similar pattern of 
variations for the sampling instances of just before (July 1999) to after the earthquake (October 1999, 
2000 and July 2001). Quite similar is the pattern of the K as minor component. Considering the main 
components of the anions the SO4 is following quite similar variations as the Ca and Na for the same 
considered time period. The only exception presents the anion of Cl, for which an initial decrease in 
concentration after the Izmit earthquake is followed by a further and continuing increase in 
concentration. 

Gemlik Kaplica (Borehole)
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FIG. 6. Diagram of the Na and K concentration of 
the Yalova thermal spring at the instances between 
July 1992 and July 2001 (red star-> occurrence of 
the Izmit 17.8.1999 Earthquake). 

FIG. 7. Diagram of the Ca, SO4 and Cl 
concentration of the Yalova thermal 
spring at the instances between July 1992 
and July 2001 (red star-> occurrence of 
the Izmit 17.8.1999 Earthquake). 

 

The processes which may have induced the observed variations in concentration of the considered 
chemical components are:  

− Dilution by water which is lower mineralised with respect to Na, K, Ca and SO4, and for the short 
first period after the earthquake also with respect to Cl. 

− The following recovery of solely the Cl concentration cannot be explained by a mixing process as 
it is not accompanied by any of the analysed cations.   

− A much weaker but possible hypothesis would be the influx of deep gases (of mantle or volcanic 
origin) containing also HCl.  

3.2.2. Variations of K, Na, Ca, Mg, F, Cl, SO4, NO3: Gemlik Kaplica (Figures 8 and 9) 

The thermal water of Gemlik Kaplica is characterised as a low mineralised water of Ca-Mg-(Na)-
HCO3-(Cl) type, with a total mineralization of 350 mg/l, typical of limestone (marble) dissolution 
process, yielding a temperature of 22–37°C, caused by the short cutting of a deep regional flow system 
by a regional fault zone [6]. 

The time interval from before to after the earthquake is characterised by a strong increase of NO3, F, 
as also of Ca and Cl concentrations.  

The dissolved ions of Mg, Na, K, and SO4 , either show no variation in the concentration at all or only 
later of the sampling event of October 1999 and can therefore not directly be related the earthquake 
event. 
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As process which has induced the observed variations of NO3, F, Ca and Cl concentrations most 
probably is the intrusion of shallow groundwater of the Gemlik plain which contains also some 
amounts of pollutants, as indicated by the increase of the NO3 concentration. 

 

 

 

 

 

 

 

 

 

 

FIG. 8. Diagram of the K, NO3 and F 
concentration of the water of the Gemlik Kaplica 
at the instances between July 1992 and July 
2001. 

FIG. 9.  Diagram of the Na, Ca, Mg, SO4 and 
Cl concentration of the water of the Gemlik 
Kaplica at the instances between July 1992 
and July 2001 (red star  occurrence of the 
Izmit 17.8.1999 Earthquake). 

 

 

 

 

 

 

 

 

 

FIG. 10. Diagram of the Li, NH4 and Br 
concentration of the Kuzuluk thermal water at 
the instances between July 1988 and July 
2001. 

FIG. 11. Diagram of the Na and Cl 
concentration of the Kuzuluk thermal water 
at the instances between July 1988 and July 
2001 (red star-> occurrence of the Izmit 
17.8.1999 Earthquake). 
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3.2.3. Variations of Na, Li, NH4, Cl, Br, Kuzuluk Thermal Water (Figures 10 and 11) 

From before to after the occurrence of the Izmit earthquake a decrease of the concentration of the main 
components of Na and Cl and for the minor component of Br is observed for the Kuzuluk thermal 
water which is of Na-(Ca)-(Mg)-HCO3-Cl type. 

Whereas for the minor component of NH4 for the same sampling interval an increase in concentration 
results.  

The increase of the concentration of Li results only within the sampling interval of October 1999 to 
October 2000 and can therefore not directly be attributed to the earthquake event. 

The decrease in concentration of the main components may be caused by mixing with water with 
lower concentrations of these ions, but containing higher NH4 concentration. These could most 
probably result by a mixing / inflow of shallow groundwater which contains NH4 as direct faecal 
pollution agent. 

3.3. Trace elements as chemical indicators 

3.3.1. Boron, Uranium, Selenium, Arsenic 

Quite distinct variations of selected trace element concentrations were observed for the following 
thermal waters: Kuzuluk Mineral Spring, Bursa Cekirge Vakif Bahçe Thermal spring, Yalova Thermal 
Spring, Bursa Cekirge Zeynine Thermal spring, Bursa Kükürtlü Thermal Spring and the Armutlu 
Thermal Borehole. For all these analysed trace elements of the mentioned thermal waters an increase 
in concentration results with respect to the sampling of before to the one after the occurrence of the 
Izmit earthquake as represented on Figure 12 and 17.  

The most probable explanations are also related to mixing processes including i) components a of deep 
seated fluids, ii) the thermal water itself and iii) a shallow component of oxygenated water injected in 
the deep aquifer which would also react with therein contained uranium minerals. 

 

 

 

 

 

 

 

 
 

FIG. 12. Diagram of the Se and U 
concentration of the water of the Kuzuluk 
Mineral Spring at the instances between 
July 1999 and July 2001. 

FIG. 13. Diagram of the As  and Se 
concentration of the Cekige Vakif Bahçe 
thermal water at the instances between July 
1999 and July 2001. 
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FIG. 14. Diagram of the Boron and Arsenic 
concentration of the Yalova thermal Spring 
at the instances between July 1999 and July 
2001. 

FIG. 15. Diagram of the Boron and Uranium 
concentration of the Kuzuluk thermal water at 
the instances between July 1999 and July 
2001. 

 

 

FIG. 16. Diagram of the Boron and Selenium 
concentration of the Kükürtlü thermal Spring 
water at the instances between July 1999 and 
July 2001. 

FIG. 17. Diagram of the Selenium and Boron 
concentration of the Armutlu thermal water at 
the instances between July 1999 and July 2001.
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3.4. Sensitive parameters related to the isotopic composition 

3.4.1. Tritium (3H) concentrations of the thermal and mineral waters 

In the previous sections for several observed variations of the physical and chemical parameters a 
mixing process involving shallow groundwater was postulated. As tritium is a radioisotope with a 
short half-live of 12.4 years and enhanced concentration in the water cycle through anthropogenic 
production by atmospheric nuclear explosions since the 1960-ies it is mainly applied to detect young, 
shallow water components in deep waters of long residence time as e.g. the thermal waters. Therefore 
an increase of a shallow water mixing component in thermal water of long residence time (and 
normally with tritium contents at the detection limit should also be reflected by an increase of the 
measured tritium concentrations. 
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FIG. 18. Tritium contents of cold, mineral and thermal waters of the “Inner Investigated Areas” with 
respect to the long and short-term observations (D.L. Limit of Detection). 

For the waters which were already discussed in previous sections in the context of the variations of 
physical and chemical parameters the following variations of the tritium concentrations, as revealed by 
Figure 18 result: 

− Armutlu Thermal Borehole: the decrease of the electrical conductivity and the water temperature 
is not reflected by an increase of the tritium concentration, as would be expected by an increase of 
the shallow water mixing component. Instead a small increase of the tritium concentration results 
for the sample of July 1999, just before the occurrence of the Izmit earthquake.  

− Gemlik Kaplica: the decrease of the electrical conductivity and the water temperature as also of 
the concentration of chemical compounds and the increase of pollutants as NO3 indicate an inflow 
of shallow, low mineralised groundwater. With respect to the tritium concentration a steadily 
decreasing concentration is revealed by the analysed water sampled as represented on Figure 18. 
But as the input concentrations of tritium in precipitations are also decreasing in the last years and 
the modelled situation [7] involves high tritium concentrations for the deep end-member (of the 
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bomb peak period), a concrete statement with respect to the tritium concentration would only be 
possible by a new model calculation. 

− Yalova Thermal (Esas Kaynak): The tritium concentration analysed for several sampling periods 
are quite near the detection limit of < 0.7 to < 0.8 TU. Only the sample of July 1999 reveals a 
concentration of 1.2 ± 0.7 TU. This would rise the same observation as for the Armutlu thermal 
borehole that the tritium increase in concentration appeared just before the occurrence of the Izmit 
earthquake. 

− Kuzuluk thermal borehole: The evoked shallow mixing component for the water samples after the 
occurrence of the Izmit earthquake (based on chemical parameters and the U contents) is for this 
thermal water also in agreement with a small increase of the measured tritium concentration for 
the sample of October 1999. 

− Kuzuluk Mineral spring KuzMin: The water of Kuzluk mineral spring contains more Uranium 
after the occurrence of the earthquake in the sample of October 1999. For this reason, it was 
postulated that an influx of oxygen rich water could be the reason of uranium mineral dissolution 
process from the aquifer rock. As far as the tritium analyses are considered, the highest 
concentration is resulting for the sample of July 1999 and lower values for the succeeding samples 
of October 1999 (lowest concentration), October 2000 and July 2001. Another possible hypothesis 
would be that the water is enriched with uranium at shallow depth, just below the impermeable 
cap rock of ignimbrite through the contact with atmospheric air by freshly opened cracks and 
faults caused by the tectonic action of the earthquake. Such phenomena were already described 
[8][9]. 

3.4.2. Stable isotopes of the water: 2H and 18O 

In most of the investigated waters the variations in the stable isotope composition of δ2H and δ18O are 
only in the range of minor differences. This may be due to the fact that the infiltration conditions of a 
hydrogeological system are generally not influenced by an earthquake event. Even if mixing processes 
of different water masses occur the range of variation of the δ2H and δ18O values due to differences of 
altitude of recharge is generally too small to be able to differentiate mixing components. Only if water 
components which differ by very large altitude differences, or do not originate of meteoric origin, as 
sea water, formation water, or sedimentary brines, the range of variation would be large enough to 
figure out ongoing mixing processes. 

For the now presented waters such quite large variations of δ2H as also of the δ18O values are resulting 
considering the long as also the short periods of observations in the context of the Izmit earthquake 
occurrence. These variations are represented in δ2H versus δ18O diagrams as also in separate diagrams 
related to the sampling instances in Figure 19 to Figure 24 for the following thermal waters: 

− Bursa Kükürtlü Thermal Spring: The δ2H as also of the δ18O values indicate an evolution in 
several steps towards more enriched values (Figures19 and 20). The total resulting shift is for δ2H 
in the order of 2.5 ‰ and for δ18O of 0.4 ‰. These trends could indicate a change of the recharge 
conditions which would move towards lower altitude ranges at the Mt. Uludag (2500 m) to the 
Bursa plain (altitude ca. 400 m) as represented on Figure 24 [9]. 

− Bursa/Cerkirge Vakif Bahçe thermal spring: The variations of the δ2H and δ18O values are quite 
interesting (Figures 21 and 22) as they show towards succeeding sampling events always an 
opposite trend once increase for the δ2H value coupled with a decrease of the δ18O values of vice-
versa. This kind of behaviour seems to be driven rather by the induced tectonic processes before 
and after the earthquake occurrence than by a change of infiltration conditions. If therefore a 
mixing process is considered it would involve the following end-members: (i) a groundwater of 
deep origin, similar to the Bursa Kükürtlü thermal water, with depleted δ2H values (according to 
recharge at high altitude ranges of Mt. Uludag, [9]) and enriched δ18O (due to isotope exchange by 
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water rock interaction at higher temperatures) and (ii) a water of lower temperature of local 
infiltration at deeper ranges of Mt. Uludag, with therefore more enriched δ2H values and 
corresponding  δ18O values of the recharge conditions, but which are not affected by this water 
rock interaction process, and therefore are more depleted in δ18O as represented by the δ2H/δ18O 
diagram on Figure 23 [8][10][9]. 
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FIG. 19. Diagram of δ2H versus δ18O values 
of the water of the Kükürtlü thermal spring for 
the individual sampling events. 

FIG. 20. Diagram of the of the δ2H and δ18O 
values of the water of the Kükürtlü thermal 
spring versus the individual sampling events. 
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FIG. 21. Diagram of δ2H versus δ18O values 
of the water of the Vakif Bahçe thermal  
spring for the individual sampling events. 

FIG. 22. Diagram of the of the δ2H and δ18O 
values of the water of the Vakif Bahçe 
thermal spring versus the individual 
sampling events. 
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FIG .23. Diagramm of δ2H and δ18O values of cold, mineral and thermal waters of the Bursa area 
(modified [10]). 

 

 

FIG. 24. δ 2H altitude relationship for the cold and thermal waters of the Bursa and Cekirge Area 
[9].  
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FIG. 25. Diagram of δ 2H versus δ 18O values 
of the water of the Kuzuluk Mineral Spring for 
the individual sampling events. 

FIG. 26. Diagram of the of the δ 2H and δ 18O 
values of the water of the Kuzuluk Mineral 
Spring versus the individual sampling events.

 

 

FIG. 27. Diagramm of δ2H and δ18O values of cold, mineral and thermal waters in the Kuzuluk area 
(modified [11]).  

 

− Kuzuluk Mineral Spring (KuzMin): The δ2H and δ18O values of this mineral water show (as 
represented on Figures 25 and 26) exactly the same behaviour towards succeeding sampling 
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always an opposite trend as e.g. an increase for the δ2H value is coupled by a decrease of the 
δ18O value or vice versa. In the situation of the Kuzuluk mineral water, also a tectonically 
induced mixing process is indicated by these observations which coincides with the following 
observed end members as represented on Figure 27 [8][2][12]: i) The the unmixed mineral 
water with δ18O values which are enriched by up to 4 ‰ due to a water/gas interaction process  
by isotope exchange with high amounts of ascending CO2 produced by thermo metamorphic 
processes through the decomposition of carbonate rocks at depth. But the same water yields 
also much depleted δ2H values (Figure 27) which can only be explained by recharge under 
changed (colder) climatic conditions, and ii) the normal shallow groundwater, which yields 
δ2H and δ18O values which are situated on the local meteoric water line (Figure 27) which are 
less depleted with respect to δ2H but more depleted with respect δ18O compared to the 
described end member of the mineral water, as not affected by isotope exchange by ascending 
CO2. 

3.4.3. Stable Isotopes in SO4: 34S and 18O 

These two isotopes are known to be of interest in isotope hydrology as indicators of the formation 
specific origin of groundwater as related to processes of the evaporite formation and dissolution and of 
the sulphur cycle in general from its origin of magmatic sources to the primary and secondary 
sulphides, their oxidation to sulphate, and the sedimentary sulphates in evaporitic rock deposits and as 
remaining in dissolved state within sedimentary brines. The observed variations of these isotopes are 
especially marked for the following waters (Figures 28 and 31): 

− Bursa Kükürtlü Thermal Spring (Figures 28 and 29): The not very clear pattern in Figure 29 
seems to reflect a long term process leading from 5.9.1989 to 9.7.1999 up to 6.10.1999 to 
higher δ34S values. As the δ18O values of the dissolved sulphate remain almost constant in the 
range of freshly oxidized sulphides this change may be interpreted that also a mixing process. 
It takes place by an increasing amount of an additional water component containing sulphates 
originating from sulphides of primary origin in crystalline rocks. Such sulphides are probably 
contained in the granitic intrusion of Mt. Uludag. 

 

FIG. 28. Diagram of δ34S- versus δ18O- 
values of the sulfates in the  Bursa Kükürtlü 
thermal spring water for the individual 
sampling events. 

FIG. 29. Diagram of δ34S and δ18O values of 
the dissolved sulfates and the sulfate 
concentration in the water of the Bursa 
Kükürtlü thermal Spring versus the 
individual sampling events. 
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CekirgeVakif Bahçe Thermal Spring
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FIG. 30. Diagram of δ34S- versus δ18O- values 
of the dissolved sulftate of the Cekirge Vakif 
Bahçe Thermal Spring water for the individual 
sampling events. 
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FIG. 31. Diagram of δ34S and δ18O values 
of the dissolved sulfates and the sulfate 
concentration in the water of the Cekirge 
Vakif Bahçe Thermal Spring versus the 
individual sampling events. 

 The increase of sulphate concentration between the sample of 5.9.1989 to the sample of 
9.7.1999 and the following sudden decrease to the concentration of the sample of 6.10.1999 is 
also related to that mixing processes induced by the tectonic activity. This decrease in sulphate 
concentration just after the occurrence of the Izmit earthquake indicate a dilution by a water 
with lower sulphate concentration but containing sulphates of the same origin. Such a dilution 
may be due to infiltration of lower mineralized water as were analysed at the springs of the 
crystalline outcrops of Mt. Uludag [10]. 

− Cekirge Vakif Bahçe Thermal Spring (Figures 30 and 31): The variations evoke an inflow of 
shallow groundwater containing freshly oxidized sulphides, with lower sulphate 
concentration. The parallel decrease of δ18O and the sulphate concentration is seen as an 
indication for a mixing process, which is in agreement with the postulated mixing process 
based on the variation of the δ2H and δ18O stable isotope values of the water. Also the increase 
of δ34S to higher values is an indication of a mixing process with sulphates of different origin. 

 

3.4.4. Interpretation of the observed variations of the δ13C contents and concentration of 
individual species as HCO3 (Carbonate Alkalinity) and CO2 of the dissolved inorganic 
carbon (TDIC 

The changes of the δ13C values of the dissolved inorganic carbon in groundwater are related to water/ 
rock interaction processes (by dissolution or precipitation of carbonate species) and the exchange in 
isotopic equilibrium with CO2 of different sources of origin as:  

− CO2 of thermo - metamorphic or mantle origin by enhanced up-welling in tectonically induced 
fractures,  

− CO2 of atmospheric (in contact with air by open fractures), or  

−  CO2 of biogenic origin (as soil CO2). 
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Within the system of dissolved inorganic carbon (TDIC) in groundwater three different types of 
interaction between the dissolved species of inorganic carbon and the carbonate minerals (mainly 
calcites within crystalline rock environments, respectively calcite and dolomite in sedimentary rock 
environments) and gaseous or dissolved CO2 have to be considered [13][3]: 
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FIG. 32. Diagram of the HCO3 and CO2 
concentrations and δ 13

CTDIC values versus the 
individual sampling events of the water of the 
Bursa Kükürtlü thermal spring. 

FIG. 33. Diagram of the HCO3 and CO2 
concentrations and δ 13

CTDIC values versus the 
individual sampling events of the water of the 
Gemlik thermal borehole. 
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FIG. 34. Diagram of the HCO3 and CO2 
concentrations and δ 13

CTDIC value versus the 
individual sampling events of the water of the 
Yalova thermal spring. 
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FIG. 35. Diagram of the HCO3 and CO2 
concentrations and δ 13

CTDIC value versus the 
individual sampling events of the water of the 
Armutlu thermal borehole. 
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FIG. 36. Diagram of the HCO3 and CO2 
concentrations and δ 13

CTDIC value versus the 
individual sampling events of the water of the 
Kuzuluk thermal borehole.  

FIG. 37. Diagram of the HCO3 and CO2 
concentrations and δ 13

CTDIC value versus the 
individual sampling events of the water of the 
Kuzuluk Mineral Spring. 
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FIG. 38. Diagram of the HCO3 and CO2 
concentrations and δ 13

CTDIC value versus the 
individual sampling events of the water of the 
Cekirge Vakif Bahçe thermal spring. 

FIG. 39. Diagram of the HCO3 and CO2 
concentrations and δ 13

CTDIC value versus the 
individual sampling events of the water of the 
Cekirge Havuzlupark thermal borehole.
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(i) the open system reaction controlled by a large (independent) CO2 reservoir,  

(ii) the opposite case of a closed system reaction, where the TDIC is formed by the interaction of 
the CO2 with solid carbonate and then enters in partial equilibrium with the gas phase or in total 
equilibration with the solid carbonate phase, and 

(iii) a step by step case, where reactions occur first under open system and then proceeds under 
closed system conditions. 

The observed changes in 13C and HCO3 and CO2 concentrations triggered consideration of the “open 
system approach”, which is also adequate for systems with additional CO2 influx caused by tectonic 
processes, as observed for the areas of Kuzuluk, Gemlik and Bursa [11][6][14] by soil gas 
measurements [10][6]. 

For the open system case the following equations were used [15][16][17][18][19]: 

δTDIC = [δCO2(g) * mCO2 + δ Η2CO3*mH2CO3 +  δ ΗCO3 * mHCO3 + δCO3 * m CO3] / Σ mi 

Where: Σ mi stands for the sum of the concentrations of the inorganic carbon species in solution, 
which is equal to the total dissolved inorganic carbon = mTDIC. 

As in the case of open system conditions with the gaseous CO2 an isotopic equilibrium exists between 
all these dissolved carbon species i, their 13C contents are related to the following fractionation 
equations: 

εCO2(g) -i ≈ δCO2(g) - δi ,  

Where δi corresponds to the δ13C values of the considered dissolved carbon species 

The next steps are oriented to the determination of the 13C content of the TDIC by applying the above 
relationships by introducing the simplifications: 

mCO2 ≈ mCO2(g) + mH2CO3  and δ13CCO2 ≈ [δCO2(g) * mCO2 + δ Η2CO3*mH2CO3] / mCO2,  

And m CO3 ≈ 0 (as in the measured pH range of 6.6 to 7.6 the amount of the carbonate species is 
negligible. 

Finally this results in the following equations: 

δ13CTDIC = [δCO2 * mCO2 + δ ΗCO3*mHCO3] / [mCO2 + mHCO3] and with introduction of the corresponding 
fractionation factors: 

δ13CTDIC = [δ13CCO2 * mCO2 + (δ13CCO2 - εΗCO3-CO2)* mHCO3] / [mCO2 + mHCO3] 

With this final equation the δ13CCO2 can directly be calculated if the fractionation factor εΗCO3-CO2 is 
determined [18] by introducing the measured values of δ13CTDIC and the concentrations of the main 
carbon species mCO2 and mHCO3. 

The resulting modelled δ13CCO2 are represented in Figures 33 and 34. 

From this representation of the resulting modelled δ13CCO2 values for 4 sampling periods (July 1999, 
October 1999, October 2000 and July 2001) it results that the addition of the following mixing 
components of gaseous CO2 of the following sources are most probably responsible for the observed 
changes: 
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CO2 of atmospheric origin:  δ13C:  –7 ‰)    thermal waters of Yalova and 
           Bursa Vakif Bahce  

CO2 of biologic origin (root zone):  δ13C: -25 to –23 ‰  thermal waters of Gemlik 
           and Bursa Havuzlupark 

CO2 of mantle origin   δ13C: -8 to –2 ‰   thermal water of Bursa 
           Kükürtlü and Kuzuluk thermal 
           borehole (with possible  
           influence for Kuzuluk KuzMin 
           and Armutlu) 

CO2 of thermo metamorphic origin:  δ13C:  0 to +2 ‰     water of Armutlu 

These results demonstrate that the δ13C values of the total inorganic carbon are a quite sensitive 
indicator of the effect of changing conditions of the CO2 sources. 
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FIG. 40. Diagram of the resulting δ13C values 
of the equilibrium CO2 according to the 
application of the open system approach 
(isotopic equilibrium with the CO2 gas phase) 
for the investigated thermal and mineral waters 
of Bursa Kükürtlü, Armultlu, Kuzuluk mineral 
spring and Kuzuluk thermal boreholeK3/K4. 

FIG. 41. Diagram of the resulting δ13C values 
of the equilibrium CO2 according to the 
application of the open system approach 
(isotopic equilibrium with the CO2 gas phase) 
for the investigated thermal waters of Yalova, 
Gemlik, Cekirge Havuzlupark and Cekirge 
Vakif Bahçe spring.   

 

4. Summary 

Most of the variations of the now presented physical, chemical and isotopic parameters of normal, 
thermal and mineral water, which show clear deviations in the time span of the occurrence of the Izmit 
17 August 1999 earthquake, can be explained by hydrogeological processes as by:  

 mixing of waters of different origin as:  
− shallow groundwaters 
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− deep groundwaters 
− formation waters and deep seated brines of origin in bedrocks or sedimentary basins  
− changing of the infiltration conditions (recharge) 

 influences of the influx of gaseous components as CO2  (by gas/water interaction processes) of 
different origins as: 

− atmospheric (composition of air), especially occurring in fractured and karstified aquifers, 
− soil (modified by biological processes), mainly related to infiltration zones, as also in 

fractured and karstified aquifers, 
− by thermo-metamorphic processes in the deeper crust, 
− ascending from the mantle, in tectonically active zones, as represented by active branches of 

the North Anatolian Fault Zone (NAFZ). 

All these described processes are related to the actual configuration of the hydrodynamic flow systems 
and the disturbances and short cuts which are induced by the tectonic activity which is leading to 
strong earthquakes. 

The long term observations also reveal the fact that only abrupt changes as it represents a strong 
earthquake with its large release of energy are provoking the observed variations in groundwaters. But 
there may be a time of preparation of the enhanced tectonic stress which is reflected in a kind of build 
up, provoking e.g. the increase or decrease of concentration of chemical or isotope parameters before 
an abrupt change through the occurrence of a strong earthquake occurs. But this build up process 
could not be monitored by the present investigation with enough resolution because the long gap of 
time of sampling of about 4 to 8 years which is existing between the sampling activities of the 
previous Marmara Polyproject to the ones of this following IAEA Coordinated Research project. 

5. Conclusions 

The present study demonstrates that isotope methods are well suited for the study of abrupt changes as 
related to tectonic processes leading to earthquakes. These isotope methods present very important, 
even strongly needed tools in addition to chemical and physical parameters for a consistent monitoring 
of earthquake related tectonic processes. 

But there is not one unique, self sufficient method or parameter for this kind of monitoring. Therefore 
it is strongly recommended to apply for such kind of studies the whole set of available physical, 
chemical and isotope methods which have proved in studies as the now presented-one to monitor the 
hydrological processes occurring in the preparation and the actual event of an earthquake occurrence. 
In the parallel application, by periodic sampling and as far as possible also for some easy measurable 
parameters by continuous monitoring of groundwater parameters and eventually also including gas 
flow and gas composition and concentrations measurements the further research should be oriented, 
with the final aim to at least gather the necessary information, as necessary steps towards the future 
development of earthquake warning tools. 
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Abstract. Fifty-four water samples were collected from sites throughout the Roswell groundwater basin in 
southeastern New Mexico that were previously sampled in the 1970’s. These data sets were used to evaluate the 
transience of δ18O values in the basin in hopes of simulating transient conditions with a numerical model. No 
long term transient trend in the data was established. A compartmental (mixing cell) model was developed and 
calibrated with the spatial distribution of δ18O. The model was run as a steady-state simulation and produced 
estimates of groundwater flow paths, volumetric flow rates, recharge rates and residence times. The results 
estimate the total annual recharge to the carbonate aquifer as 284 million cubic meters (MCM), slightly lower 
than previous estimates. Furthermore, the model predicts that 114 MCM of the annual recharge to the carbonate 
aquifer is provided by underflow from deeper units whose source waters originate in the Sacramento Mountains. 
Mean groundwater ages in the basin ranged from about 230 to 920 years and were strongly influenced by the 
fraction of recharge derived from the underflow component. 

1. Introduction 

The Roswell Basin underlies approximately 20,700 km2 in semi-arid southeastern New Mexico 
(Figure 1). The groundwater system is comprised of an alluvial aquifer (geographically confined to the 
Pecos River Valley) underlain by a confined aquifer system whose principal unit is the San Andres 
Limestone, a karstic limestone deposited during the Permian. 

The Roswell Basin is believed to be an ideal location to study the transience of the ratios of 
deuterium(D)/hydrogen (H) and 18O/16O in water molecules and use these data to calibrate a 
compartmental mixing cell model. Firstly, the basin was the subject of extensive radiogenic and stable 
isotopic analyses during the 1970’s [1], [2], which established a sampling network and a data set with 
which to compare the newly acquired data. Secondly, the aquifer has been heavily pumped since that 
time, and one might expect transient isotopic compositions if the groundwater system itself is 
hydraulically transient. These changes could reflect changes in the source of water being extracted by 
the pumping well, which in turn may be observable in changes in the isotopic distribution of D/H and 
18O/16O ratios. 

In 1996 Daniel B. Stephens and Associates [3] completed a groundwater model of the basin using the 
United States Geological Survey (USGS) finite-difference code MODFLOW [4]. This model is used 
by the New Mexico Office of the State Engineer (OSE) to assist in the administration of groundwater 
rights in the basin. The model (referred to as the OSE model throughout this text) predicts that the 
bulk of the recharge to the carbonate aquifer is the result of upward leakage from deeper formations, 
with only minor recharge coming from tributary seepage and diffuse recharge. The construction and 
calibration of the compartmental mixing cell model will allow for verification as to whether underflow 
is the dominant recharge mechanism and provide an alternative model for comparison with the OSE 
model. 

2. Purpose and scope 

The goals of this project were to: 

(1) Challenge the assumption that subsurface flow systems are steady-state with respect to isotopic 
composition by resampling some of the locations sampled by Hoy and Gross [2] and analyzing the 
water samples for δD and δ18O values; 
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FIG. 1. Location map [2]. 

(2) Use the results of the isotopic analyses to calibrate a compartmental mixing cell model to simulate 
the flow distribution in the Roswell basin; 

(3) Use the raw data and the results of the model to further test the hypothesis that the principal source 
of recharge to the carbonate aquifer is underflow from the Glorieta Sandstone and Yeso 
Formation; and  

(4) Compare the simulated results with those of the OSE model. 

The initial task was to collect fifty-four samples (Figure 2) for isotopic analyses during two field trips, 
the first in March 2001 and the second in August 2001. Samples were collected from streams, snow 
pack, and wells completed into the alluvial aquifer, the Glorieta Sandstone and Yeso Formation and 
from unconfined and confined regions of the carbonate aquifer. These samples were analyzed for δD 
and δ18O values in the stable isotope laboratory at the Department of Earth and Planetary Sciences at 
the University of New Mexico. The data were then compared to previous data in order to assess the 
degree of transience and then were used to calibrate the compartmental mixing cell model to simulate 
groundwater flow in the basin. 

3. Description of study area 

The Roswell Basin is located in southeastern New Mexico and covers an area of approximately 20,700 
square kilometers (km2). The basin is bounded by the Pecos River fault to the east, the Sacramento 
Mountains to the west and by Arroyo del Macho and Seven Rivers Hills to the north and south, 
respectively. The basin consists of three vastly different physiographic regions [2]: the agricultural 
zone, the principal intake area and the mountain zone. 
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FIG. 2. Sampling locations and structural features. 

The agricultural zone includes the 3,900 km2 area along the Pecos River and the city of Roswell. This 
area has the highest groundwater extraction rates; the majority of the groundwater is used for 
irrigation. Over 95% of the 443 million cubic meters/year (MCM) of groundwater withdrawals in the 
basin is used for irrigation [3]. The period of irrigation in the area is from April through September; as 
a result, most groundwater extraction occurs during this period. Wells in this area produce from either 
the artesian aquifer (carbonate aquifer) or the shallower alluvial aquifer; however, 295 MCM of the 
total 443 MCM are withdrawn from the carbonate aquifer. The average elevation in this zone is 
approximately 1040 m above mean sea level (msl) with a mean annual temperature of 15oC (58oF) and 
an average annual precipitation of 249 mm [3]. 

The principal intake area [5] comprises the 11,650 km2 area draining the western slope of the 
mountain zone. The area is principally comprised of sparsely vegetated rangelands with desert flora; 
however the type of vegetation is controlled principally by elevation and pinion and juniper trees are 
common at higher elevations. Irrigation is sparse, and conducted in areas close to surface water 
features such as the Rio Felix and the Rio Penasco (Figure 3). Groundwater in this area occurs under 
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unconfined conditions in the San Andres Formation, a limestone characterized by strongly developed 
solution features. Surface water flows are transmitted rapidly by solution enhanced fractures and are 
incorporated into the carbonate aquifer directly [6]. Diffuse recharge in this area also infiltrates and 
directly recharges the carbonate aquifer. The average precipitation in Hope, NM, (Figure 2) is 
375 mm, which is a good approximation for the zone as a whole. 

The mountain zone is comprised of the landmass essentially west of longitude of 105˚ and is 
characterized by high desert rangelands and the mountainous areas of the Sacramento Mountains. The 
mountains serve as the main source of runoff to the tributaries of the Pecos River. The San Andres 
Formation becomes higher in the stratigraphic sequence (dip east) to the west and the lower members 
of the formation, the Glorieta Sandstone and the Yeso Formation, become important water producers 
[1]. The importance of these units will be discussed in greater detail in section 4.1. Precipitation in this 
zone varies from 417 mm/year in Elk, NM, to greater than 500 mm/year in Cloudcroft, NM (Figure 2). 

 

4. Hydrogeology 

4.1. General hydrogeology 

The Roswell groundwater basin (see Landsat image, Figure 3) has been extensively pumped since the 
turn of the last century and is currently being mined with respect to groundwater. Based on OSE 
pumping records the average yearly estimated withdrawals from 1970 to 1983 from the groundwater 
system were 473 MCM. The groundwater system is comprised of a shallow unconfined alluvial 
aquifer in the agricultural zone and a deeper carbonate aquifer that are separated by a thick aquitard as 
illustrated in Figure 4. 

The shallow aquifer is comprised of alluvial fill deposited during the Pliocene, Pleistocene and 
Holocene on eroded surfaces of east dipping rocks of Permian age (Table 1), such as the Artesia 
Group [7]. The thickness of the aquifer is varies from 0 at the western margin of the alluvial fill to 
greater than 90 meters [8]. The hydraulic gradient trends to the east-southeast and is generally steeper 
in the northern portion of the basin.  The alluvial aquifer contributes approximately 23 MCM to the 
baseflow of the Pecos River from Acme to Artesia. However, the Pecos River becomes a losing stream 
from Artesia to Lake McMillan and returns approximately 24 MCM to the alluvial aquifer [3]. 

The alluvial aquifer is hydraulically connected to the deeper carbonate aquifer through the Artesia 
Group, a Permian aged aquitard which functions as a semiconfining unit for the carbonate aquifer. The 
Artesia Group is comprised of five formations: the Tansill Formation, the Yates Formation, the Seven 
Rivers Formation, the Queen Formation and the basal formation, the Grayburg Formation. The group 
is comprised of dolomite, sandstone, gypsum, siltstones and red mudstones [7]. The OSE model [3] 
estimates the overall vertical hydraulic conductivity of the Artesia Group to be 2.7 x 10-5 
to 0.5 x10 7  m/d. 
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FIG. 3. Landsat image of the Roswell groundwater basin. 
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FIG. 4. Schematic cross-section of the Roswell Basin, New Mexico (modified [3]). 

The higher reported values are associated with structural features such as the K-M structural zone. 

The San Andres Formation is an east-dipping Permian aged karstic limestone interbedded with 
dolomite, gypsum and some mudstones. It serves as the principal aquifer for the basin and will for the 
remainder of this paper be termed the carbonate aquifer. The basal member of the San Andres 
Formation, the Glorieta Member, is a yellowish, fine-grained, well-sorted sand. 

TABLE 1. STRATIGRAPHY OF THE ROSWELL BASIN [3] 

Age Formations and Members Thickness 
(m) 

Description 

Holocene and 
Pleistocene 

 Assorted surficial deposits 0 – 92 Valley alluvium, terrace and pediment 
gravel, caliche soils, aeolian sand, 
travertine 

Pleistocene-
Pliocene 

 Gatuna Formation 0 – 61 Sandstone, sand gravel, siltstone, 
limestone, red, brown, tan, gray, yellowish 

Tansill Formation 61 – 92 Dolomite and siltstone (south); dolomite, 
gypsum and anhydrite 

Yates Formation 76 – 92 Siltstone, sandstone, dolomite, limestone, 
and gypsum (south); gypsum, siltstone, 
and thin dolomite (south) 

Seven Rivers Formation 137 – 183 Dolomite, siltstone (south); gypsum and 
siltstone (north) 

Queen Formation 61 – 122 Dolomite and sandstone (south); gypsum, 
red mudstone, dolomite (north) 
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Grayburg Formation 76 – 137 Dolomite and sandstone (south); gypsum, 
mudstone, dolomite (north) 
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 San Andres Formation   

  Froumile Draw Member 0 – 213 Dolomite, gypsum, reddish mudstone; 
sandstone locally at top; thin bedded 

  Bonney Canyon  Member 0 – 91 Dolomite, local limestone; gray, light-
gray, local black; thin-bedded 

 Rio Bonito Member 76 – 107 Dolomite, limestone, gray, brownish gray; 
thick-bedded 

 Glorieta Member 38 – 46 White to yellowish, fine-grained, 
subangular to subrounded, well sorted, 
friable sand 
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 Yeso Formation 0 – 732 Sandstone, siltstone, dolomite, gypsum; 
tan, red-yellow, gray, white 
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The majority of water flow in the San Andres occurs in the upper 15–23 meters of the formation [8], 
where extensive dissolution of evaporite, and carbonate interbeds, along fractures and bedding planes, 
has greatly enhanced the ability of the formation to store and transmit water. The carbonate aquifer is 
unconfined to the west of 105˚30’ (approximately) and confined east of 105˚30’. The significant 
confining pressures east of 105˚30’ result in upward leakage of groundwater through the Artesia 
Group to the alluvial aquifer. However, as a result of extensive pumping of the aquifer during the 
irrigation season, a reversal in the vertical gradient can allow for groundwater from the alluvial aquifer 
to leak into the carbonate aquifer [2][3]. 

Previous investigators have attempted to quantify the transmissivity of the carbonate aquifer. Rehfeldt 
and Gross [9] estimated the transmissivity in the north central portion of the basin to be 23,200 m2/d. 
DBS&A [3] calculated a range of values for the basin from 90 m2/d to 27,900 m2/d, with the highest 
values also occurring in the north central portion of the basin, likely the result of structural features, 
which substantially increase the secondary permeability. Generally, the transmissivity is lower to the 
southeast, particularly southeast of the Y-O structural zone. The storage coefficient of the aquifer is 
estimated to be 0.05 in the unconfined portion and 0.0005 in the confined portion of the formation [3]. 

The San Andres Formation is underlain by the Yeso Formation, a thick sequence (0-731 m) of 
sandstone, siltstone, dolomite and gypsum [7]. While the formation was initially thought to be a poor 
aquifer [10], more recent work suggests that the transmissivity of the formation is substantial [11][3]. 
Bean [5] suggests that the permeability of the Yeso Formation is likely greatest in the northern portion 
of the basin as a result of the evaporite sequences within the Yeso Formation in this area. The annual 
lateral inflow from the Glorieta Member and Yeso Formation to the carbonate aquifer is estimated to 
be 66 MCM [3]. This estimate is based on the length of the contact, the estimated transmissivity of the 
formation and the observed hydraulic gradient. These formations are believed to also contribute 
significant recharge to the carbonate aquifer by a deeper, upward-leakage mechanism that will be 
discussed in detail in section 4.2. 

4.2. Recharge mechanisms 

Previous investigators [6][1] have suggested that the carbonate aquifer has three natural recharge 
mechanisms: a slow component comprised of upward leakage from the Glorieta Member and Yeso 
Formation, a fast recharge component from stream channels and arroyos, and a minor component 
comprised of diffuse recharge from precipitation. These mechanisms are illustrated in Figure 5. 

 

FIG. 5. Illustration of recharge mechanisms proposed by Gross and Hoy [6] (modified [3]). 
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Tritium analyses performed by Gross et al.[1] and Gross and Hoy [6] at numerous sampling points in 
the Roswell Basin (including many of the locations used in this study) have played a major role in 
deciphering the recharge components of the basin. The samples collected from wells located near 
streams, particularly the Rio Hondo, suggested that local recharge is occurring rapidly, as evidenced 
by high tritium activities near the stream. In contrast, samples collected farther from the stream had 
very low tritium activities. This suggests that local recharge is occurring near the streams in the 
recharge area and that some other method of recharge (which proceeds at slower rates) is occurring in 
other portions of the aquifer. 

The majority of the recharge from streams in the basin occurs from the Rio Hondo, Rio Penasco, and 
Rio Felix; however, large precipitation events likely result in recharge from ephemeral tributaries of 
the Pecos River. This is further supported by the experiments performed [12] along the Rio Hondo and 
the Rio Penasco, which suggested that both streams lose significant amounts of water through the 
principal intake area. It also seems likely that the secondary permeability created by the Six-Mile Hill 
and Y-O structural zones may act as a conduit for increased channel loss resulting in enhanced 
recharge through these reaches [5]. 

While Fielder and Nye [12] acknowledged that the confining pressures in the Yeso were great enough 
to produce upward leakage into the San Andres Formation, they did not believe that sufficient water 
was present in the Yeso to provide a significant quantity of recharge. However, as discussed 
previously, more recent work [9][3] suggests that the Yeso has significant permeability in portions of 
the formation and carries enough water to be a significant recharge component to the San Andres 
Formation. Wasiolek [13] suggests that the Yeso Formation transmits water through a series of highly 
permeable layers separated by low permeability layers. These high permeability layers appear to be 
laterally extensive and the water being transmitted in these confined layers is under considerable 
pressure. The results of pumping tests on the Mescalero Reservation produced transmissivities ranging 
from 2 to 550 m2/d and hydraulic conductivities ranging from 0.03 to 28 m/d [11]. Wasiolek [13] also 
suggests that the Six-Mile Hill and Y-O structural zones could provide the necessary pathway for 
water to leak upward from the Yeso Formation and Glorieta Member to the San Andres Formation. 
Childers and Gross [14] suggested that the porosity of the Yeso Formation decreases substantially east 
of the Y-O structural zone (where the aquifer becomes confined, see Figure 2), suggesting that water 
flowing from west to east encounters progressively less permeable material (thereby increasing the 
gradient in the vertical dimension). 

Based on a water balance for the basin Rehfeldt and Gross [9] suggested that, due to the small volume 
of recharge originating as diffuse recharge from precipitation (16% to 20%) and the volume of 
recharge needed to reproduce the observed pressure heads in the San Andres Formation, upward 
leakage from the Yeso Formation and Glorieta Member must be contributing more than 50% of the 
total recharge. This hypothesis was supported by results of the [9] numerical mixing cell model 
(modeling only a small area in the north central portion of the basin) using tritium activities. 

The hypothesis is further supported by the most recent work in the basin, the OSE model, that predicts 
that over 50% of the recharge to the groundwater system is a result of upward leakage from the 
Glorieta Member, the basal member of the San Andres Formation, and the Yeso Formation.  Allowing 
for a substantial amount of flow to recharge the carbonate aquifer through upward leakage from the 
Yeso Formation was essential in order to achieve calibration of the model. 

The conceptual model (as illustrated in Figure 5) initially suggested by Gross and Hoy [6] and 
supported by more recent work is that precipitation originates on the western slope of the Sacramento 
Mountains and is transmitted through the Yeso Formation and Glorieta Member. A small portion is 
laterally transmitted to the carbonate aquifer, and a greater portion flows down dip and subsequently 
leaks upward through faults or primary permeability from the Yeso Formation to the San Andres 
Formation as a result of the high confining pressures. However, other processes are believed to be 
components of the slow recharge component. These processes included spring discharge that feed 
principally from the Yeso Formation (older water), and subsequently discharge into channels, after 
which water is recharged through the losing reaches of the channel [15]. 
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Two additional recharge mechanisms are the result of decreasing heads in the carbonate aquifer during 
the pumping season. The decrease may result in a gradient reversal from upward leaking to downward 
leaking from the alluvial to the carbonate aquifer. This causes water in the shallow aquifer derived 
from Pecos River water and irrigation returns to leak into the carbonate aquifer. Additionally, the 
decrease in the potentiometric surface is likely responsible for the saltwater intrusion northeast of 
Roswell that is associated with evaporite sequences in the San Andres Formation [6]. 

4.3. Quantification of recharge 

Previous investigators have attempted to quantify recharge to the Roswell Basin with a variety of 
methods. Fielder and Nye [12] estimated annual groundwater discharge to the Pecos River from all 
known sources prior to development as 289.3 MCM. Hantush [16] plotted the discharge for the basin 
(pumping rates, spring flow and baseflow) against the three-year average rainfall for three years in 
which he considered the system to be in a dynamic equilibrium. It was his conclusion that the annual 
recharge for 1941 through 1953 averaged 316 MCM in the carbonate aquifer, and 37 MCM in the 
alluvial aquifer, for a total of 353 MCM. 

Summers [17] provided recharge estimates based on stream gauge data on the Pecos River. By using a 
water balance approach Summers estimated that the annual natural recharge to the alluvial aquifer to 
be 52 MCM and 285 MCM for the carbonate aquifer, for a total of 337 MCM.  These estimates are 
relatively consistent with the OSE model that predicts a total natural recharge of 368 MCM, of which 
approximately 300 MCM recharges the carbonate aquifer.  Of the roughly 300 MCM of recharge to 
the carbonate aquifer, 74% is believed to be derived from Yeso Formation leakage, 16% from 
precipitation and 10% from tributary seepage. 

5. Isotopic analyses 

5.1. Isotopic composition of precipitation in the Roswell Basin 

Hoy and Gross [2] collected precipitation samples for a one-year period at Roswell and Elk, NM. As a 
result of collecting only δ18O data the validity of these data could not be evaluated, in that no δD 
versus δ18O plot could be produced to determine whether much of these data plotted above [18] 
Meteoric Water Line (MWL). However, the weighted mean δ18O values for the two sites were –6.0‰ 
and –7.1‰, respectively. From these values and the distance between the two sampling sites, Hoy and 
Gross calculated an altitude effect of only –0.18 ‰ / 100 m., which is significantly less than –2.1‰ / 
1000 m. that characterizes most of the world up to 5000 m [19]. 

Once recharge waters reach the saturated portion of the hydrologic system, they are generally treated 
as conservative tracers.  While some isotopic exchange reactions between water and evaporite bedrock 
were reported by Lambert [20] in the Carlsbad, NM area, Hoy et al. [2] determined that no exchange 
reactions with the aquifer matrix have taken place in the Roswell Basin. 

5.2. Isotopic analyses – this project 

Fifty-four (54) samples were collected from various sources and analyzed in the stable isotope 
laboratory at the University of New Mexico. The results of these analyses are illustrated in Figure 6 
(δD versus δ18O). Analysis of the data reveals that the δ18O values of the data are very closely 
clustered between –7 and –8.5 ‰, with the exception of some surface waters. 

Generally, the groundwater samples collected from the recharge area had the lowest δ18O values, 
followed by the samples from the principal aquifer, with the samples from the alluvial aquifer having 
the highest δ18O values. These results are logical because as groundwater migrates along flow paths 
they mix with water from faster recharge components. These faster recharge components typically 
have higher δ18O values as a result of undergoing evaporation (secondary fractionation) or condensing 
at warmer temperature. 
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While there was a difference in the average δ18O values from the recharge area and the principal 
aquifer area, it was very slight (Table 2). Additionally, the spread of the data for each of the sources 
was wide ranging and values from each source overlap. The spread in the data amongst the sources is 
further evidenced by the large standard deviations in the data sets from each of the sources. While this 
was initially a cause for concern, it was determined that this overlap is a result of recharge 
mechanisms involved in the groundwater system.  For example, the portions of the carbonate aquifer 
that receive a greater amount of recharge from underflow, would theoretically have lower δ18O values 
because the source of the water in the Yeso Formation condenses in the Sacramento Mountains and 
would have a lower δ18O signature than water originating as precipitation in the agricultural zone. 
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FIG. 6. δ18O versus δD. 

 

Surface water samples vary from some of the isotopically lightest samples to the most enriched of any 
of the samples collected. Generally, those collected in the recharge area are isotopically light and those 
collected from the Pecos River are enriched in the heavy isotope. An enrichment in the heavy isotope 
along surface water flow paths is observed in samples from both the Rio Penasco and the Rio Puerco, 
as expected. 
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TABLE 2. AVERAGE ISOTOPIC VALUES FOR VARIOUS SOURCE AREAS 

Source (# samples) Average 

δ18O, ‰ 

Average 

δ2H, ‰ 

Median 

δ18O, ‰ 

Standard 

Deviation, δ18O 

Wells in Recharge 
Area (14) -7.90 -56.49 -7.80 0.55 

Wells in the 
Principal Aquifer 

(12) 
-7.76 -56.44 -7.82 0.69 

Wells in the Alluvial 
Aquifer (11) -7.44 -54.45 -7.52 0.65 

Total Streams (12) -7.40 -53.72 -7.80 1.2 

“Recharge” Streams 
Only (9) -7.93 -57.96 7.99 0.56 

Springs (3) -7.41 -53.04 -7.63 0.50 

Snow (2) -8.06 -58.32 -8.06 1.61 

 

5.3. Comparison of results with previous investigators 

Comparison of new data with those of Hoy and Gross [2] provided an interesting result: no statistically 
significant changes in the δ18O of water samples have occurred in the carbonate aquifer since the mid 
to late 1970’s. For example, three of the samples collected in the principal aquifer became more 
enriched, while four others remained relatively constant. However, it is more likely this phenomenon 
is associated with seasonal variations in the aquifer hydraulics, rather than any long term trend. But 
our hypothesis that transience would be exhibited in the deuterium and 18O values in the Roswell 
Basin was rejected, and the model could not be a transient one. 
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FIG. 7. [18] Meteoric water line (as modified by Rozanski et al. [21]). 

 

6. Compartmental model theory 

6.1. Fundamentals 

A numerical compartmental or compartmental mixing cell model [22][23][24] was used to simulate 
groundwater flow in the basin. The model was set-up by subdividing the basin into 20 mixing cells 
based on the spatial distribution of isotopic data and the subsurface geology. Each cell in the model 
represents a distinct region of the hydrogeological system, based on uniformity of the subsurface 
geology, determined principally by the work of Welder [8] and δ18O values. The compartmental model 
is a mass balance code that solves a more elaborate version of the continuity equation applied to a 
control volume: 

dV/dt = I – O   (1) 

where: 

dV/dt = time rate of change of volumetric storage in the system; and  

I , O  =  the volumetric inflow and outflow rates, respectively. 

As a result of being unable to determine any significant transience in the δ18O data the model was run 
as a steady-state simulation. In this case, I=O, and dV/dt = zero (cell volume is constant) and no 
information on storage properties can be obtained from the model; however information on 
groundwater flow paths, residence times distributions and recharge rates can be generated 

6.2. Tracer mass balance 

The model simulates a mass balance equation for each individual cell as follows [23]: 

S(N) = S(N-1)+[BRV(N)*BRC(N)]-[BDV(N)*BDC(N)]  (2) 
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where: 

S(N)       =  the cell state at iteration N, the mass of tracer within the cell 

BRV(N) = boundary recharge volume, the input volume of water at iteration N 

BRC(N) = boundary recharge concentration, the input tracer concentration 

BDV(N) = boundary discharge volume, the output volume of water leaving the cell 

BDC(N) = boundary discharge concentration, the output tracer concentration. 

Recharge entering from outside the model boundaries is given a characteristic system boundary 
recharge concentration (SBRC), a characteristic system boundary recharge volume (SBRV), as well as 
system boundary discharge concentrations (SBDC) and a system boundary discharge volume (SBDV).  
During each iteration, equation (2) is applied to each cell. Discharges from bordering upstream cells 
are converted to recharge values for downstream cells. It follows that the only unknown in equation 
(2) is the BDC(N), which can be determined by assuming a particular mixing rule, such as piston flow 
or perfect mixing. In this model the author has decided to use the modified mixing cell (MMC) based 
on the experiences of previous investigators (Campana, verbal communication). The MMC mixing 
cell simulates pure piston flow (no dispersion) as the BRV→VOL and perfect mixing as BRV→ zero. 
The governing equation for the MMC is as follows [23]: 

BDC(N) = S(N-1)/VOL  (3) 

where: 

VOL = volume of water in the cell . 

 

6.3. Age calculations 

When the system boundary recharge values are held constant for each time-step of a simulation the 
calculation of mean age or residence time of the water in a cell is possible [22]. For the MMC (the 
selected mixing cell rule used in this model) the calculation is as follows: 
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where: 

AGE = mean age of the water in the cell 

DELT = real time between iterations 

FBRVi = fraction of all incoming water to the cell BRV which is from cell i 

AGEFBRVi = mean age of FBRVi 

k = number of upgradient cells which contribute water directly to the cell. 
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7. Model development 

7.1. Introduction 

The model was developed in order improve understanding of groundwater flow and recharge 
mechanisms in the carbonate aquifer. The model includes a network of 20 mixing cells as illustrated 
on Figures 8 and 9. Four cells are located in the mountain zone where groundwater occurs 
predominantly in the Yeso Formation and flows eastwards into the very conductive unconfined 
regions of the San Andres Formation or continues downwards in the less transmissive Yeso 
Formation.  Five cells are located in the unconfined region and ten cells are located in the confined 
regions of the carbonate aquifer. The number of cells in the confined zone is principally a function of 
having collected more data in this zone, rather than discretization based on heterogeneities in the 
subsurface. 

7.2. Effective cell volumes 

The effective volume (Table 3) of each cell was calculated as follows. The area of each cell was 
calculated using AutoCad software and a properly scaled drawing of the subdivided basin. The 
calculated area was multiplied by the thickness of the producing zone [8]. The producing zone in the 
carbonate aquifer varies from approximately 23 m thick in the north to 15 m in the south. This zone 
represents the interval that has the greatest secondary permeability, resulting from the dissolution of 
enhanced features such as fractures and cavities. As a result, this zone has much higher 
transmissivities than the unaltered sections of the formation below, which transmit water only through 
primary porosity. The thickness of cells 1, 2, 8, and 9 where calculated using an estimated thickness of 
305 m and an effective porosity of 0.02, a typical value for sandstones [25]. 

7.3. Initial system boundary recharge conditions 

Four components of recharge to the carbonate aquifer (or Yeso Formation in mountain zone) were 
incorporated into the model: 

(1) Tributary seepage; 

(2) Direct infiltration of precipitation and irrigation return flow into areas where the top of the 
carbonate aquifer is not overlain by a confining unit; 

(3) Underflow from the Glorieta Member and Yeso Formation; and 

(4) Lateral inflow from the Glorieta Member and Yeso Formation. 

The third and fourth processes listed are incorporated into the groundwater flow model and therefore 
are not considered system boundary recharge (SBR). The details of how these two mechanisms 
contribute to carbonate aquifer recharge were discussed in section 4.2. 

The greatest contributor, other than underflow (which is simulated by flow in the model), is areal 
recharge (precipitation), which accounted for 16% or approximately 48 MCM in the OSE model. The 
initial SBRV for areal recharge was calculated using the closest rain gage for each cell and assuming 
that 5% of the precipitation eventually recharged the underlying carbonate aquifer. Table 4 shows 
what cells this SBRV was applied to and the manner in which the SBRV was calculated for each cell. 
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TABLE 3. EFFECTIVE CELL VOLUMES 

Cell Area Thickness Volume 
Effective 
Porosity 

Effective 
Volume 

Effective  
Volume, 

  Km2 m m3  m3 MCM 

1 1906 305 5.81E+11 0.02 1.16E+10 1.16E+04 

2 3286 305 1.00E+12 0.02 2.00E+10 2.00E+04 

3 1178 15 1.77E+10 0.05 8.83E+08 8.83E+02 

4 684 15 1.03E+10 0.05 5.13E+08 5.13E+02 

5 326 23 7.49E+09 0.05 3.75E+08 3.75E+02 

6 355 23 8.16E+09 0.05 4.08E+08 4.08E+02 

7 826 23 1.90E+10 0.05 9.49E+08 9.49E+02 

8 2598 305 7.92E+11 0.02 1.58E+10 1.58E+04 

9 7244 305 2.21E+12 0.02 4.42E+10 4.42E+04 

10 773 15 1.16E+10 0.05 5.80E+08 5.80E+02 

11 258 23 5.94E+09 0.05 2.97E+08 2.97E+02 

12 127 23 2.91E+09 0.05 1.46E+08 1.46E+02 

13 171 23 3.94E09 0.05 1.97E+08 1.97E+02 

14 179 23 4.11E+09 0.05 2.06E+08 2.06E+02 

15 154 23 3.54E+09 0.05 1.77E+08 1.77E+02 

16 106 23 2.43E+09 0.05 1.21E+08 1.21E+02 

17 30 23 6.81E+08 0.05 3.40E+07 3.40E+01 

18 19 23 4.30E+08 0.05 2.15E+07 2.15E+01 

19 361 23 8.31E+09 0.05 4.16E+08 4.16E+02 

20 5544 366 2.03E+12 0.02 4.06E+10 4.06E+04 

 

 

 

 

 

 

43



FIG. 8. Top layer of the cell network.  

 

 

44



FIG. 9. Bottom layer of the cell network. 
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M. Gabora and M.E. Campana 

TABLE 4. ESTIMATES FOR ANNUAL AREAL RECHARGE 

Cell Area Precip. Station Name Index Est. recharge Est. recharge

  km2 mm/yr   Number1 to deep aquifer,% MCM 

1 1906 418 Elk 2865 0.05 39.8 

2 3286 418 Elk 2866 0.05 68.6 

3 1178 375 Hope 4112 0.05 22.1 

4 684 418 Felix 3174 0.05 14.3 

5 326 287 Hagerman 3792 0.05 4.6 

6 355 360 Roswell FAA  7610 0.05 6.4 

7 826 250 Roswell WB 7609 0.05 10.3 

8 2598 363 Picacho 6804 0.05 47.1 

9 7244 421 Capitan 1440 0.05 152.3 

Number assigned to the station by the National Atmospheric and Oceanic Administration 

 

The SBRC was estimated using the average δ18O value of precipitation samples from Elk, NM (-7.1‰, 
recharge zone cells) and Roswell, NM (-6.0 ‰, agricultural zone cells) calculated by Hoy and Gross 
(1982). A value of 8.4 ‰ was assigned to precipitation in cells 1 and 9, to account for the altitude 
effect between Elk, NM, and topographically higher locations within these cells. A slightly lower 
value of 7.7‰, the average of 8.4 ‰  and 7.1‰, was used in cell 8. 

Another significant contributor to recharge of the carbonate aquifer is tributary seepage, which 
accounted for 10% or 30.1 MCM of recharge to the carbonate aquifer in the OSE model. Tributary 
recharge to the carbonate aquifer occurs in the western portion of the region where the San Andres 
Formation is under unconfined conditions and water in streams can seep through fractures and cavities 
into the formation. The SBRC for the source was estimated to be –7.9 ‰, the average of the stream 
samples collected in the recharge areas. However, tributary seepage also occurs in cells 1, 2, 8 and 9 
where water infiltrates into the Glorieta Member and Yeso Formation. The SBRC for these cells was 
assigned based on the δ18O value of the stream samples collected at the respective locations, with the 
exception of cell 9, where no samples were collected and an initial estimate of –8.5 ‰ was used. 

The SBRV for tributary seepage to each cell was initially estimated using a total value of 30 MCM as 
quantified by the OSE model. The distribution was estimated based on the work of previous 
investigators [5][6][3] that identified the reaches of various tributaries to the Pecos River where 
channel infiltration is an important process. Generally, streams in the northern portion of the basin 
such as the Rio Hondo are believed to contribute greater volumes of water to the carbonate aquifer 
through channel infiltration than streams in the southern portion, such as the Rio Felix and Rio 
Penasco. For the purpose of this model both the SBRV and SBRC were assumed to be constant 
throughout the entire period of simulation. 
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7.4. Additional initial conditions 

A time step of one year was used since most of the input data was on yearly basis. The period of 
simulation is 1401 years, from 600 to the year that the samples were collected, 2001. Initially the 
model was run using a period of simulation from 1900 to 2001, to simulate the onset of groundwater 
pumping in the basin. However, using this period of simulation very few of the cells reached steady-
state with respect to δ18O values during the simulation due to the long flow paths and residence times 
in the subsurface. 

The model assumes that the initial groundwater in the year 600 is similar to that of the precipitation in 
the Sacramento Mountains, or –8.5 ‰. The initial estimates of intercellular flow distributions were 
accomplished using hydraulic head gradients in the carbonate aquifer, as reported by DBS&A [3] for 
the year 1984.  

The model requires that a discharge be associated with each cell and that the sum of the total 
intercellular flow and the discharge be equal to one cell volume. The initial discharge rates were 
nominally estimated from the discharge inputs from the OSE model. However, because discharge in 
the model incorporates discharge by springs, upward leakage to the alluvial aquifer and groundwater 
pumping, many of the cells on eastern margin of the model discharge all of the inflow for a given 
iteration 

8. Results 

8.1. Calibration results 

The goal of the modeling effort was to achieve a calibrated δ18O for each cell that was within 0.1‰ of 
the target δ18O value. This was accomplished in 13 of the 20 cells with target δ18O values (Table 5) by 
adjusting the intercellular flow paths and to a lesser extent the flux boundary conditions until 
calibration was achieved. The remaining cells were calibrated to within 0.5 ‰ of the target δ18O 
values, with the exception of cell 12 which is off by 1.2 ‰. 

The target δ18O value of –6.18 ‰ in cell 12 was not attainable as there is no mechanism in the model 
to reach such a high δ18O value. It seems likely that this well is heavily influenced by downward 
leaking waters from the alluvial aquifer resulting from gradient reversals caused by heavy 
groundwater pumping. This process is further supported by a δ18O value increase of more than one 
permil since Hoy and Gross [2] sampled the same well in 1978. The volume of water leaking from the 
alluvial aquifer should increase over time as continued aquifer pumping will continue to decrease the 
potentiometric surface in the carbonate aquifer resulting in more extensive leakage. However, since 
the alluvial system is not considered in the model this could not be modeled appropriately. 

In contrast, several cells could not reach their target values due to the lack of a mechanism to reach 
such low δ18O values. This was true in cells 7,17, and 19 where the cells were -8.4 permil or lighter 
and the lightest SBRC in the model was -8.5 permil. When the mixing out SBRV’s with lower 
concentrations is considered, it is impossible to reach the values of -8.4 and lower. This condition is 
quite troubling as it indicates that waters with values lower than -8.5 permil play a role in recharging 
the carbonate aquifer. It may be that the Glorieta Member and Yeso Formation should not be lumped 
into a single cell beneath the San Andres Formation. In this scenario the flow from cells 2, 8 and 9 into 
the Yeso Formation are thoroughly mixed. It may be that a model that describes the Yeso Formation 
with three cells would be more accurate. This would allow for water in the northern portion of the 
Yeso Formation to reflect the isotopic composition of the water flowing into the formation from cell 9, 
which is considerably lighter than the δ18O value of the modeled Yeso underflow as a whole. 

 

 

47



TABLE 5. CALIBRATION RESULTS (PERMIL) 

Cell Target δ18O Calibrated δ18O Difference

1 -8.5 -8.5 0.0 

2 -8.0 -8.0 0.0 

3 -7.5 -7.5 0.0 

4 -7.2 -7.2 0.0 

5 -7.7 -7.7 0.0 

6 -7.8 -7.7 -0.1 

7 -8.5 -8.2 -0.3 

8 -7.4 -7.4 0.0 

9 -8.5 -8.4 -0.1 

10 -8.0 -7.8 -0.2 

11 -7.3 -7.3 0.0 

12 -6.3 -7.5 1.2 

13 -7.8 -7.8 0.0 

14 -7.9 -7.8 -0.1 

15 -7.4 -7.8 0.4 

16 -7.6 -7.7 0.1 

17 -8.7 -8.2 -0.5 

18 -7.8 -8.2 0.4 

19 -8.5 -8.2 -0.3 

20 -8.2 -8.2 0.0 

 

All of the cells in the model reach a steady-state δ18O value within the period of simulation. It was 
anticipated that the cells near recharge areas would reach steady-state quite rapidly, and that the 
easternmost cells would take considerably longer as a result of long flow paths in the subsurface. 
However, this was not the case. Nearly all of the cells reach a steady-state at approximately 1000 years 
(except with cell 1 and 9, whose steady-state values are very close to the initial state). Early changes in 
concentration are observed in the first hundred years, as a result of the “fast” recharge components. 
The second change in concentration for many cells is a manifestation of the “slow” recharge 
components, in this case, Yeso Formation underflow. 
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8.2. Groundwater flow and recharge estimates 

The model provides some insight into the flow of groundwater, not characterized by previous 
investigators. The total recharge estimates agree well with previous estimates as seen in Table 6. 

 

TABLE 6. COMPARISON OF ANNUAL RECHARGE ESTIMATES FOR THE CARBONATE 
AQUIFER 

Source Lateral 
Inflow 

 

Yeso Form. 

Underflow 

Tributary 
Seepage 

Areal 
Recharge 

Total 

Recharge to 
Carbonate Aquifer 

CMC Model 86.3 113.7 42.1 41.9 284.0 

DBS&A (1996) 71.3 222.72 30.1 48.2 301.0 

Summers (1972)     285.2 

Hantush (1957)     316.1 

* the units of volumes in the above table are MCM 
1 These values were adjusted to include only the recharge over the unconfined/confined zones of the model to allow for comparison  with 
previous investigators.  
2 lateral inflow is included as Yeso underflow in the DBS&A MODFLOW model, but estimated it based on the hydraulic gradient, 
transmissivity, and the length of the contact 

 

The total recharge and the total volume of recharge emanating from the Glorieta Member and Yeso 
Formation are very comparable to the conclusions of the OSE model. However, the amount of lateral 
inflow is considerably higher, particularly through cell 8 where the inflow was 2.3 MCM/mile. This 
inflow would require a transmissivity of approximately 25000 m2/d (calculation follows assumptions 
listed in DBS&A, [3]). This is substantially higher than the 8400 m2/d estimated by DBS&A [3] for 
the average transmissivity along the contact. Cell 8 is separated from the highest transmissivity zone in 
the entire OSE model in the San Andres Formation (27900 m2/d) by a narrow zone with a 
transmissivity of 9300 m2/d. Therefore, the OSE model may underestimate the transmissivity of the 
Yeso Formation in this area, in which case the same processes, which have increased the 
transmissivity of the San Andres Formation in the area, may also have done the same for the Yeso 
Formation, which has extensive evaporite sequences in the northern portion of the basin [5]. The 
calculated transmissivities for cell 2 and 9 are nearly an order of magnitude lower so the overall 
transmissivity of 8400 m2/d remains reasonable. 

As seen in Table 7, the calibrated recharge values for tributary seepage are considerably higher than in 
the OSE model. The greatest amount of channel infiltration occurs along the Rio Hondo, as expected.  
There is also a large volume of seepage occurring in the southern portion of the basin along the Rio 
Penasco and the Rio Felix, where little seepage was thought to be occurring. The values predicted by 
the compartmental model are approximately three times that calculated with the OSE model along 
these reaches. However, previous investigators such as Bean [5] calculated estimates consistent with 
the model for seepage along the Rio Penasco, based on stream gauge measurements. 
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TABLE 7. CALIBRATED SYSTEM BOUNDARY RECHARGE VOLUMES 

Recharge  cell                 

Source 1 2 3 4 5 6 7 8 9 

Areal 25.8 12.7 15.9 12.4 3.7 8.7 1.2 23.5 61.4 

Tributary Seepage 9.2 17.7 11.1 8.0 11.7 10.6 0.7 26.1 24.6 

Total SBRV 35.0 30.4 27.0 20.4 15.4 19.3 1.9 49.6 86.0 

* all values reported are in million cubic meters (MCM) 
 
 
The cells receiving the greatest amount of recharge from underflow are 10, 14, 5, 6, 13, 7 and 19 (see 
Table 8). Large structural features (see Figure 2) pass through each of these cells (except cell 13), 
suggesting that these faults may be providing the necessary conduit for waters to be rapidly 
transmitted upward as initially hypothesized by Wasiolek [13]. The model also confirms the 
hypothesis that the bulk of the underflow occurs in the northern half of the basin, with the exception of 
cell 10. Previous investigators [3] have concluded that no upward leakage occurs east of the K-M 
structural zone and that very little underflow occurs in the southern portion of the basin. However cell 
10 (southernmost cell), which the K-M structural zone runs through, received significant underflow. It 
may be that the K-M structural zone provided the necessary conduit for recharge after which the water 
continued to flow southeast to the sample location (as predicted by the hydraulic gradient). 

It is interesting to note that the initial isotope data for cells receiving significant Yeso underflow also 
had much lower deuterium excess parameters. For example, the five cells that receive the most 
underflow in the confined zone, 10, 13, 14, 17 and 19, have an average deuterium excess of 3.01 
permil. In contrast, the five other cells in confined zone of the carbonate aquifer had a deuterium 
excess of 6.01 permil. This further supports the conclusion that water with a source in the Sacramento 
Mountains that would be expected to have a lower deuterium excess parameter, is recharging these 
cells. The lower deuterium excess is due to the smaller moisture deficits in the mountain climate.  In 
contrast, in cells where recharge is principally in the form of diffuse recharge, the deuterium excess 
parameter is greater as a result of greater moisture deficits in the more arid climate of the agricultural 
zone. Therefore, the lower deuterium excess in the cells receiving recharge waters from Yeso 
underflow in the model provides further supports for this hypothesis. 

8.3. Mean groundwater ages 

The minimum mean groundwater ages in the system range from 243 years to 924 years old (Figure 
10). As expected the youngest waters occur in the recharge area cells; however, the groundwater ages 
of cells in unconfined and confined portions of the carbonate aquifer are mixed. That is to say that the 
mean age of groundwater in an unconfined zone cell can be older than that of a confined zone cell if 
the mass balance is such that the cell receives more recharge from upward leakage than tributary 
seepage and diffuse recharge. Therefore, groundwater age is principally controlled by how much 
recharge a cell is receiving from the Yeso underflow. Recharge to the upper layer cells from the Yeso 
Formation is old, as a result of the long flow paths and residence times in cell 20. This water mixes 
with younger recharge waters to the cell such as flow from another cell in layer 1 or from tributary 
seepage to achieve a final cell state. 
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TABLE 8. CALIBRATED FLOW DISTRIBUTION 

Discharging  Receiving Flow  Discharging Receiving Flow  

Cell Cell Fraction Cell Cell Fraction 

9 8 0.010 20 19 0.053 

9 7 0.150 7 6 0.020 

9 6 0.080 7 19 0.980 

9 20 0.760 6 5 0.670 

8 1 0.020 6 19 0.090 

8 5 0.520 6 16 0.110 

8 2 0.250 5 4 0.002 

8 20 0.200 5 14 0.768 

1 2 0.990 4 3 0.020 

2 3 0.340 4 11 0.540 

2 4 0.080 4 12 0.275 

2 20 0.580 4 13 0.055 

20 3 0.050 4 14 0.000 

20 4 0.030 3 10 0.500 

20 5 0.140 19 18 0.040 

20 6 0.107 18 17 0.010 

20 7 0.080 17 16 0.002 

20 10 0.258 16 14 0.090 

20 11 0.019 16 15 0.005 

20 12 0.000 14 15 0.030 

20 13 0.085 14 13 0.700 

20 14 0.125 15 13 0.150 

20 15 0.000 13 12 0.100 

20 16 0.001 12 11 0.010 

20 17 0.040 11 10 0.050 

20 18 0.000       
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FIG. 10. Mean groundwater ages (years). 

 

9. Summary and conclusions 

The data suggest that the δ18O values of waters in the basin have remained relatively constant since the 
1970’s. The exceptions are several wells in the southeastern portion of the basin where downward 
leakage of water from the alluvial aquifer through the Artesia Formation is likely raising δ18O values. 

In general the results of the compartmental model are in agreement with the OSE model. The model 
predicts an overall recharge to the carbonate aquifer of 284 MCM, 6% less than the OSE model. The 
results also suggest that recharge from Yeso underflow is the dominant recharge mechanism for the 
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carbonate aquifer. Most of the upward leakage occurs in the northern portion of the basin and is likely 
transmitted through structural features that have enhanced secondary permeability as a result of 
fractures and subsequent dissolution of the carbonate rock as a result of the increased flow. However, 
some upward leakage does appear to be occurring in the southeasternmost section of the basin, a 
phenomenon not previously thought to be occurring. The model predicts significantly more lateral 
inflow than previously thought, particularly in the north central portion of the basin. This may be 
indicative of high transmissivity values for the Yeso Formation (or Glorieta Member of the San 
Andres Formation) in this area, which would coincide with the very high transmissivities determined 
for the carbonate aquifer just east of the contact by previous investigators [9] [3]. Lastly, the model 
predicts greater channel infiltration recharge (than the OSE model) in the southern portion of the 
basin, consistent with previous field investigations [5]. 

While not mathematically well-constrained the model is still a valid tool in assessing groundwater 
flow in the basin. However, for the same reason future efforts may want to focus on using alternative 
subsurface tracers. 

10. Recommendations for future work 

Any future work with a similar focus should concentrate on establishing more accurate SBRC’s, to 
increase model accuracy. A larger number of samples from all areas would be very beneficial in that it 
would allow for greater discretization and likely more accurate modeling results. Incorporating an 
additional layer to simulate flow paths in the alluvium would allow for downward leakage to be 
incorporated into the model. Additionally, the Yeso Formation underneath the San Andres Formation 
should modeled as more than one cell. However, it may not be possible to obtain samples from wells 
screened only in the Glorieta Member and Yeso Formation in the eastern portion of the basin, which 
would make this difficult. The collection of samples in the structural zones and comparing these 
samples with ones farther away from these zones where waters are likely more mixed could confirm 
the role of these structures in the recharge dynamics of the basin. However, as a result of the 
homogeneity in the stable isotope data the authors suggest that mixing cell models calibrated with 
other geochemical tracers may prove more fruitful in discerning groundwater flow in the basin. 
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Abstract. Environmental isotopes (2H, 18O, 3H and 14C), hydrochemistry and numerical modelling techniques 
were used to understand the hydrodynamics, recharge conditions and change in flow pattern due to long term 
exploitation in the arid regions of northern Barmer and Jalore basins of western Rajasthan, India. It is reported 
that in these areas groundwater levels are declining at a rate of ~1m/a because of large-scale abstraction for 
municipal supply as well as irrigational requirements. In the Barmer basin, the effect of long term exploitation 
on the deep freshwater lens was studied. Analyses of isotope and hydrochemical data reveal that long term 
exploitation of deep groundwater has resulted in the influx of more and more brackish and isotopically enriched 
water having 14C content :~27 pMC, which are probably recharged during an arid phase in the past. Different 
groundwater recharge episodes could also be delineated from the study. Interaction of an ephemeral river with an 
unconfined alluvial aquifer in the Jalore area was investigated using environmental isotopes and numerical 
modelling. A three-dimensional transient groundwater flow model was used to interpret the measured isotope 
and chemical data collected during 1983 and 2000. Analysis indicate that (a) the shallow aquifer receives 
recharge through river channels during episodic floods caused by intense rain events (b) increased flood events 
in the recent years have resulted in lowering the brackishness in some places (c) lowered piezometic levels in the 
deep aquifers induce leakage of relatively enriched younger water from the intermediate zone. The study also 
helped to identify the affected areas and delineated potential zones for the safe groundwater abstraction. 

1. Introduction 

The state of Rajasthan is located in the northwestern part of India (Figure 1). More than 60% of this 
state is under Thar Desert. It is one of the highest populated desert regions of the World. The rainfall 
pattern in Rajasthan varies widely according to the geographical division of the state. As one goes 
west, the rainfall decreases rapidly. Since the rainfall is highly erratic in Western Rajasthan, the 
districts of Jalore and Barmer often face drought conditions. In this region, a number of municipal 
supply and minor irrigation schemes and other development projects have been implemented in the 
late 70’s for the exploitation of groundwaters. As a consequence of these programmes, certain 
freshwater areas have been over exploited. The situation is even severe because of the problem of 
salinisation. To evaluate the available groundwater resources and its sustainability in view of long 
term exploitation, an isotope hydrological investigation was initiated in Jalore and Barmer basins of 
Western Rajasthan. These studies were carried out in collaboration with Groundwater Department, 
Rajasthan. 

 

FIG. 1. Location map of the study areas. 
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2. Barmer basin 

Barmer basin, covering an area of about 7000 km2, is situated in the northern part of Barmer district in 
western Rajasthan, India (Figure 1). The area around Barmer consists of low hillocks, mainly of 
rhyolites and granites. The area is generally desolate with wind blown sand and dune covers. There is 
no well-defined surface drainage pattern in the area. Drought is a frequent and regular phenomenon in 
this region (Figure 2). The area receives a mean annual rainfall of about 280 mm mainly during 
southwest monsoon (June to September). The recharge rate estimated from an unsaturated zone study 
carried out near this area using isotopes and chemistry is about 14 mm/a, which represent about 5% of 
the mean annual rainfall [1]. 
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FIG. 2. Rainfall data collected at Chohtan 
station, near Barner tow. 

FIG. 3. Estimated groundwater abstractions 
from various aquifers in Barmer basin. 

Since there are no surface water bodies in this basin, groundwater is the only source of water for 
domestic as well as irrigational requirements. The deep groundwater is being extensively exploited for 
the municipal supply of Barmer town. Figure 3 shows the increase in groundwater abstraction over the 
years from various hydrogeological units in Barmer basin. In recent years, reduction in groundwater 
levels and consequent deterioration of water quality has been reported at many locations in the basin. 
In order to evaluate the sustainability of these aquifers by understanding the hydrodynamics, recharge 
conditions and change in flow pattern due to long term exploitation of groundwater, an environmental 
isotope study was carried out in the Barmer basin. 

 

FIG. 4. Geology of Barmer basin with sampling points. 
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2.1. Hydrogeological settings  

Barmer basin is an oval shaped synclinal depression covered by quaternary sediments at the centre, 
lathi sandstone in the north and other sides by rhyolites and granites (Figure 4). The central portion of 
the basin is mainly underlain by tertiary sediments. A vertical cross section at the centre of the basin 
along EW direction (A-A in Figure 4) is given in Figure 5. Malani suite of igneous and metamorphic 
rocks forms the basement, and is exposed in some parts of the study area The rhyolites and granites 
are generally poor aquifers and groundwater flow in these aquifers is restricted only to weathered and 
fractured zones. Quaternary sediments consist of older alluvium having fine to coarse sand with 
kankar, gravel and minor amount of clays, which ranges from 6 to 25m depth. Although Lathi 
sandstone formation occupy only a small area in the north, it forms an important aquifer yielding 
copious supply of water. A large number of public water supply schemes are being supported by the 
deep tertiary sandstone aquifer situated at the centre of the basin. It consists of shale with 
intercalations of fine to coarse loosely cemented sandstone [2]. 

 

FIG.5. A vertical cross section along A-A. 

 

2.2. Sampling and measurement 

Three water sampling campaigns were conducted in the Barmer basin during 1987, 1996 and 2000. 
During each sampling programmes, water samples were collected from dug wells as well as deep tube 
wells tapping different aquifers for 2H, 18O, 3H, 14C and hydrochemical analyses. Locations of 
sampling points are shown in Figure 4. Field parameters like temperature, pH, dissolved oxygen, 
electric conductivity and alkalinity were measured in-situ. During second and third sampling 
programmes, in some places, due to deterioration of water quality or wells being dried out, samples 
were collected from nearby wells. Isotope analyses were performed in Isotope Hydrology Lab at 
Bhabha Atomic Research Centre, Mumbai. Groundwater department, Jodhpur, Rajasthan, carried out 
the hydrochemical measurements. Stable isotopes were measured using 602E VG ISOGAS isotope 
ratio mass spectrometer. Stable isotope results are reported in standard δ notation and accuracy of 
measurements is ±1 ‰ for δD and ±0.1 ‰ for δ18O. δ18O was measured in the form of CO2 after 
equilibration with water, while δD was measured after reduction of water to H2 gas using zinc at 
450oC. Tritium concentrations were measured using liquid scintillation counting following electrolytic 
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enrichment. The precision for these analyses was ± 0.5 TU. 14C content was measured by CO2 
absorption technique using liquid scintillation counting subsequent to the precipitation of dissolved 
inorganic carbon in BaCO3 form. 14C values are expressed as percentage Modern Carbon (pMC). 

 

 

 

 

 

 

 

 

 

 

 

 

FIG. 6. Piezometric map of Barmer basin in 1978 and 1998. 

 

2.3. Results and discussion  

Generally, the shallow aquifers in the Barmer basin are under phreatic conditions while deeper 
aquifers are in semi-confined to confined conditions. Contour maps representing the piezometic levels 
in 1978 and 1998 are shown in Figure 6. It is seen that the groundwater flow in this region is mainly 
controlled by local physiographic setup. Due to the synclinal lithology of the Barmer basin, 
groundwater flow occurs from all directions and converges towards the centre of the basin. However, 
the major direction of groundwater flow is from northwest to the centre. Chemical analyses show that 
the water quality of shallow aquifers is brackish to saline while deep aquifers is fresh at the centre of 
the basin and brackish in other areas. 

2.3.1. Groundwater flow condition in 1987 

The results of isotope analyses for the samples collected in 1987 are given in Table 1. The stable 
isotopic composition of shallow aquifers varies from –6.5‰ to –4.0 ‰ for δ18O and –45.1‰ to -
20.3‰ for δD. These samples have measurable tritium (1.7 –21 TU) indicating modern recharge. In 
the δD - δ18O plot, two groups are identified for shallow aquifers (Figure 7). The first group consists of 
samples from the hard rock terrain. They are having high tritium (20 TU) similar to the precipitation 
value in 1987 and fall on the Global Meteoric Water Line (GMWL) with an average isotopic 
composition of –4.1‰ for δ18O and –23‰ for δD. The high tritium content indicates that they are in 
good hydrodynamic condition which is expected in hard rock terrain where groundwater flow is 
mainly through fractured and weathered zones. The enrichment in δD & δ18O is because of the scanty 
rainfall in 1987 (amount effect). The second group consists of samples from the older alluvium. 
Tritium content of these samples varies from 1.7 TU to 6 TU indicating that they are receiving some 
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component of modern recharge. The lower tritium content represents longer residence time of 
groundwater in this formation compared to the hard rock terrain. These samples fall in an Evaporation 
Line (EL), δD= 5.1 δ18O + 11.7 (r2=0.96, n=4). Hence, the observed brackishness could be due to 
evaporation effect. The isotopic composition of these shallow groundwaters prior to evaporation is 
estimated from the intercept of evaporation line with the GMWL and it is about –8.1‰ for δ18O and –
53.4‰ for δD. The depletion in δD & δ18O shows that recharge to this aquifer takes place only during 
storm events (amount effect). From the above observations, it is seen that the amount of recharge to 
the shallow aquifer is highly varying year after year. It is also confirmed from the temporal variation 
in rainfall data. 
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FIG.8. δD – δ18O plot (1987). FIG.8. δD – δ18O plot (1996). 

 

Most of the deep groundwaters in the Barmer basin are free from bomb tritium indicating that these 
waters are not replenished annually by modern recharge. 14C content shows that they are very old 
waters. The temporal variation of recharge rate to the deep aquifers is clearly seen by the heterogeneity 
in groundwater ages depicted by 14C concentrations. Due to the intercalation of aquifer matrix with the 
shales, as seen in the lithology of the deep aquifers, the various episodes of groundwater recharges are 
well preserved. Most of the deep waters in the centre of the basin are fresh and fall in a single group in 
the δD - δ18O diagram (Figure 7). These samples are highly depleted in stable isotopes and 14C 
concentration varies from 22-50 pMC. 

It shows that these paleowaters are probably recharged during a cooler pluvial phase in the past. From 
this group, two episodes of recharge can be delineated. Groundwaters from Bheemda and Jogasariya 
are having 14C content varying from 22 to 25 pMC while Nimla and Bhadka are having 42-50 pMC, 
respectively. One sample from DR ki Dani is found to be enriched in δD & δ18O and having 14C 
content equal to 23 pMC. This sample is brackish with EC of about 4500 μS/cm. Two samples from 
Lathi formation in the northern part of the area have 14C content about 54 pMC and are enriched in 
stable isotopes. 
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TABLE 1. RESULTS OF ISOTOPE ANALYSES, BARMER BASIN (1987) 

ID 
No. 

Location Depth 
(m) 

EC 
(µS/cm) 

δ2H 
(‰) 

δ18O 
(‰) 

3H±0.5 
(TU) 

14C (pMC) 

Deep wells 
1 Bheemda 1 280 1830 -50.1 -7.3 <1.0 22 
2 Jogasariya 285 2450 -51.7 -7.7 1.4 25 
3 Bhadka 1 200 4500 -51.5 -7.5 0.6 42 
4 Nimla 220 1560 -56.1 -8.0 1.0 50 
5 D. Ram ki Dhani  100 3850   -43.2 -6.0 <1.0 23 
6 Rajdhal 125 1380 -53.4 -8.1 1.7 81 
7 Bhiyar 100 3000 -36.3 -5.2 - 54 
9 Ratari 100 1820 -35.9 -5.2 - - 

10 Nagurda 300 1710 -53.4 -8.0 0.7 27 
11 Balasar      0.5 53 

Shallow wells 
D1 Bheemda - 6700 -40.8 -5.6 6.0 - 
D2 Bataru - 5600 -34.1 -4.5 3.0 - 
D3 D. Ram ki Dhani - 4450 -45.1 -6.5 3.0 - 
D4 Balasar - 630 -20.3 -4.2 21.0 - 
D5 SP. ki Dhani 70 3200 -38.9 -5.0 3.0 76 
D6 Bhisala 40 4400 -26.9 -3.95 20.7- - 

 
 
 
 
 
TABLE 2. RESULTS OF ISOTOPE ANALYSES, BARMER BASIN (1996) 

 
ID 
No. 

Location Depth 
(m) 

EC 
(µS/cm) 

δ2H 
(‰) 

δ18O 
(‰) 

3H±0.5 
(TU) 

14C (pMC) 

1 Bheemda 1 280 4180 -37.9 -5.5 0.3 28.7 ± 1.2 
2 Jogasar 285 2430 -39.6 -5.5 0.6 28.8 ± 1.2 
3 Bhadka 1 204 4190  -51.7 -7.8 0.4 43.2 ± 1.4 
4 Bhadka 2 180 2780 -52.6 -7.9 -  
5 Nimla  220 1870 -51.9 -7.6 0.4 44.0 ± 1.4 
6 D Ram ki 

Dhani  
300 4100 -37.9 -4.9 0.3 27.3 ± 1.2 

7 Rajdhal 125 3390 -54.7 -8.3 0.3 73.9 ± 2.3 
8 Mahabar 1 40 6140 -30.2 -5.3 1.4 84.6 ± 2.0 
9 Mahabar 2 40 1840 - - 5.3 - 

10 Mahabar 3 57 4300 - - 1.1 - 
11 Bhiyar 200 3150 - -5.3 0.3 59.1 ± 1.6 
12 Ratari 150 1530 -42.0 -6.7 0.3 58.0 ± 1.6 
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TABLE 3. RESULTS OF ISOTOPE ANALYSES, BARMER BASIN (2000) 

 
ID No. Location Depth 

(m) 
EC 

(µS/cm
) 

δ2H 
(‰) 

δ18O 
(‰) 

3H±0.5 
(TU) 

14C (pMC) 

1 Bhadka 3 170 3250 -44.4 -6.3 - 40.4 ± 1.4 
2 Bhadka 4 150 1870 -50.9 -7.5 1.2 - 
3 Bhadka 5 215 1830 -49.6 -8.0 0.9 44.6 ± 1.5 
4 Jogasariya 2 225 2730 -40.6 -5.1 0.9 - 
5 Jogasariya  310 2620 -21.2 -4.3 1.3 20.0 ± 1.0 
6 Khanji ka tala 320 2900 -38.4 -4.6 1.2 - 
7 Bataru 200 1670 -37.2 -5.3 0.6 - 
8 Bheemda 1 210 3850 -33.5 -4.2 0.4 25.5 ± 1.1 
9 Bheemda 2 210 2840 -35.2 -4.7 0.6 - 
10 DR ki Dhani. 250 3860 -37.1 -4.7 1.5 27.2 ± 1.3 
11 Neemla - 1620 -43.2 -7.6 - 43.9 ± 1.5 
12 Bhiyar - 4450 -29.7 -4.2 0.5 25.8 ± 0.8 
13 Bothya 220 5550 -37.1 -5.6 0.5 - 
14 Mahabar 4 57 3300 -32.8 -5.3 1.4 - 
15 Mahabar 5 135 - -32.6 -5.1 1.7 - 
16 Mahabar 6 70 - -35.8 -5.3 - - 
17 Balasar 170 2600 -40.3 -5.7 1.6 48.3 ± 1.1 
18 Rajdhal 125 3220 -58.7 -8.2 1.0 75.0 ± 1.4 
19 Ratari 192 1470 -42.9 -6.6 0.5 61.0 ± 1.3 
20 Bhisala - 4450 -31.5 -4.5 -  

 
 
The above findings are substantiated by the hydrochemical data. 
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FIG. 9. δD – δ18O plot (2000). 
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2.3.2. The scenario in 1996 

Results of isotope analyses are given in Table 2. Since the hydrodynamics of shallow aquifers are well 
understood to some extent from the previous data set, later isotopic studies concentrated more on the 
deep aquifers. Two clusters of deep groundwaters are identified from the δD - δ18O plot prepared for 
1996 samples (Figure 8). The first group consists of samples from Bhadka 1, Bhadka 2 and Nimla. 
They are depleted in δD & δ18O and 14C content equal to about 43 pMC, which is similar to the group 
seen in 1987. The second cluster consists of samples from DR ki Dani, Bheemda and Jogasariya. 
These samples are relatively enriched in stable isotopes and 14C content equal to about 27 pMC. 
Samples from Bheemda and Jogasariya, which were lying in first group in 1987 have now shifted to 
this group, possibly because of the influx of more enriched δD,δ18O brackish water to these wells, 
which is induced by the large scale abstraction of deep groundwaters. The enrichment in stable 
isotopic values point out that these inflowing brackish water might have been recharged during an arid 
environment in the past. Alternative episodes of arid and humid climate which prevailed in Rajasthan 
was reported from paleontological studies [3]. One sample from lathi formation shows slight depletion 
in δ values and 14C content compared to its signature in 1987. 

2.3.3. The situation in 2000 

Isotope results of samples collected in 2000 is given in Table 3. Precipitation samples were collected 
during this sampling programme and the Local Meteoric Water Line (LMWL) was constructed for the 
Barmer basin (Figure 9). The LMWL is found to be similar to the GMWL. Most of the precipitation 
samples are highly depleted in δ values depicting amount effect. 

In the δD - δ18O plot for samples collected in 2000, deep groundwaters from Nimla and Bhadka have 
similar isotopic signatures to that of  1996 samples (Figure 9). They have depleted δD & δ18O and 14C 
content varies from 40 - 45 pMC. It is interesting to note that because of the increase in groundwater 
exploitation during this period, many more samples from the centre of the basin have fallen into the 
mixing line between the group of depleted stable isotopes and 14C equal to 40-45 pMC and enriched 
stable isotopes and 14C equal to 25-27 pMC group. One sample from lathi formation, namely, Bhiyar 
having 14C content equal to 54 pMC in 1987 is found to be enriched in stable isotopes and 14C content 
equal to 26 pMC in 2000. The enrichment in stable isotope values is accompanied by increase in 
brackishness indicating upward flow of saline water from the formation. Another sample from Ratri is 
found to be unaffected by pumping. 
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FIG. 10. Plot of δ18O versus 14C for deep 
aquifers in 1987. 

FIG. 11. Plot of δ18O versus 14C for deep 
aquifers in 1996. 
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FIG. 12. Plot of δ18O versus 14C for deep aquifers in 2000. 

2.3.4. Isotopes as indicators of the effect of long term exploitation 

From the comparison of piezometic maps of 1978 and 1998, it is clearly seen that the piezometric 
levels have been considerably modified because of large scale pumping. The effect is more 
pronounced in the periphery of the basin than at the centre, as depth to water table has been increasing 
in these areas. Groundwater flow paths have been changed in many locations accompanied by 
deterioration of water quality. Many deep wells located at the centre of the basin, which were fresh in 
1987, have now turned to brackish or saline in 2000. 
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FIG. 13. Depthwise distribution of 14C. FIG. 14. Depthwise distribution of 18O.

 

As seen in Figures 10, 11 & 12, in 1987 there is no correlation exists between δ18O and 14C content, 
but it is slowly builds up in 1996 and in 2000, the correlation has become strong. This indicates that 
because of the long term exploitation of this non-renewable resource resulted in drawing more and 
more saline waters from deep and adjacent areas, which were recharged during an arid phase in the 
past. Figure 13 gives the depthwise distribution of 14C in the Barmer basin. One shallow sample shows 
increase in 14C with time indicating that the shallow waters are receiving modern recharge. 14C of deep 
groundwaters are, by and large, decreasing due to the inflowing of old waters. Few deepest samples 
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show slight increase in 14C content. This may be due to mixing of old waters with slightly more 14C 
content water. Figure 14 shows the distribution of δ18O with depth. It is seen that there is appreciable 
variation of 18O in the shallow aquifers. It may be because of the spatial and temporal variation of 
recharge rates in the basin. In many shallow wells 18O of groundwater is depleting with time indicating 
the frequent occurrence of storm events. Deep groundwaters are enriching with time. It is attributed to 
the influx of old evaporated waters. The temporal variation of hydrochemical constituents as shown in 
the piper diagram reveals that deep groundwaters becoming more and more Na-Cl type (Figure 15). 

 

FIG. 15. Piper diagram for deep groundwaters of Barmer Basin. 

2.4. Conclusion 

Analyses of isotope and hydrochemical data reveal that (a) piezometric levels have been considerably 
modified because of pumping (b) shallow groundwater is slightly replenished by direct infiltration of 
precipitation (c) deep groundwater is devoid of vertical recharge (d) different groundwater recharge 
episodes could be delineated (e) deep water in the centre of the basin is depleted in stable isotopic 
composition and having 14C values : 40-45 pMC, indicating that they are recharged during a cooler 
climate in the past (f) long term exploitation of deep groundwater has resulted in drawing more and 
more brackish and isotopically enriched water having 14C content : ~27 pMC, which are probably 
recharged during an arid phase in the past (g) deep groundwater in Nimla, Bhadka and Ratri are 
unaffected by pumping. 

From the study, it is concluded that the long term exploitation has resulted in the influx of brackish 
water probably recharged during an arid phase in the past into the deep freshwater lens located at the 
centre of the basin. 

3. Jalore basin 

Jalore basin, with an areal extent of about 10640 km2, is located in the south-western part of Rajasthan 
(Figure 16). It lies in the arid region of Rajasthan with extreme climatic conditions. The maximum and 
minimum temperature recorded is 46.50C and 1.20C respectively. The mean annual rainfall observed at 
Jalore station is about 380 mm. Analyses of rainfall data indicated that most dry conditions prevailed 
over this area up to 1978 while wet periods are observed from 1979 onwards. Most of the area is 
covered by excessive alluvial plains with a few scattered isolated hills and rugged hill ranges towards 
south-east. Sand dunes are common topographic features in mid-eastern and western part. 
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Geomorphologically, the alluvial valley floor belongs to mature landscape system and both erosional 
and depositional landforms are found in the region [4]. 

The area is well drained by Luni river drainage system, with a few ephemeral rivers which flow in 
direct response to precipitation. The main river namely river Sukri having well graded and meandering 
courses with wide flood plains flows east to north-west up to Paharpura and then follows a westerly 
course along the general slope of the terrain. The average width of the river is about 800 m. Although 
60% of the cultivable land has no irrigation facilities, the present water requirements for irrigational 
purposes are mostly met by shallow wells. 
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FIG. 16. Location of sampling sites in Jalore area. 

 

3.1. Hydrogeological settings  

Jalore area forms the extreme southwestern continuation of dissected precambrian plateau of the 
Aravalli ranges. In the central and eastern part of the area, the quaternary and pleistocene deposits rest 
directly on the late paleozoic formations which are crystalline intrusives (granites) and volcanics 
(rhyolites). The crystalline basement rocks are exposed in the form of scattered hills in the southern 
parts. No other formation is encountered between late paleozoic and quaternaries indicating that the 
region stood above sea level after the formation of crystalline rocks. These rocks were subjected to 
weathering and erosion and thus quaternary formations have formed. Quaternary alluvial deposits 
form the most significant lithological unit in this region. These sediments are broadly classified as 
younger alluvium and older alluvium. Younger alluvium occurs in the form of river flood deposits and 
is seen along the river channels. These are heterogeneous sediments comprising of unconsolidated 
sand, gravel and intercalated clay and silt beds. Their thickness gradually increases towards west and 
is maximum in the southwestern part. Older alluvium in the form of piedment alluvial sediments and 
high river terrace deposits occupies larger part of this region. These consist of unsorted disintegrated 
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rock fragments — accumulated as a result of weathering, gravel, sands with high clay content. Thick 
layers of tertiary sediments are observed at depths in the western and southwestern parts. They are 
generally sticky, variegated clays and silts with intercalation of medium to coarse sand and gravel.  

Correlation of bore hole data indicates that the depth to basement suddenly increases towards west of 
Saila Sankad axis, and basement has not encountered in the western parts even up to 300m depth. 
Another dislocation (fault) having east west trend is deciphered along the Sukri river course. It appears 
that the southwestern part of the basin was sinking even during Holocene period. 

Generally groundwater occurs under unconfined to semi-confined conditions in younger and older 
alluvium. Confined conditions have also been observed in alluvial deposits and tertiary formations 
towards west and south-southwestern part.. The younger alluvium has very good hydraulic properties. 
The transmissivity varies from 150 to 5400 m2/day. In older alluvium, transmissivity varies from 45 to 
1000 m2/day. Tertiary formations generally do not form good aquifers. However, occasional thick 
gravel horizons encountered in the boreholes of the southwestern part are very much productive. 
Generally shallow groundwaters along the river course are relatively fresh. While both the shallow and 
deep groundwaters in other areas are brackish to saline. 

 

 

FIG. 17. The water table contour in 1998, Jalore area. 

 

3.2. Results and discussion  

First isotope sampling in Jalore basin was carried out in 1983 [5]. Locations of sampling points are 
shown in figure. In December 2000, another set of 25 groundwater samples were collected from wells 
tapping younger alluvium, older alluvium and tertiary formation and analysed for 2H, 18O, 3H and 14C. 
Isotope results are shown in Table 4 & 5. 

3.2.1. Groundwater flow 

The groundwater contour map indicates that the general direction of groundwater movement is 
southeast to northwest in the southeast to west in the northern and western part of the basin 
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(Figure 17). Slope of the water table is steep towards east of Saila-Sankad axis and gentle towards 
west of it, which shows the control of fault on the groundwater movement. 

Water levels in most of the wells are almost constantly fluctuating in response to change in storage. 
The amount of water in storage depends on the rate of recharge from precipitation and infiltration of 
river waters to the aquifer and discharge in the form of pumping and groundwater outflow from the 
basin. Over the years, large-scale abstraction and low rainfall in this area resulted in lowering of 
groundwater levels at the rate of 1 to 1.5 m per annum. Many dug wells in this area have now turned 
to dug-cum-bore wells. An artesian well at Jodawas tapping the tertiary aquifer stopped flowing in 
1988. Analysis of water level fluctuation indicates that water level marginally decreasing in younger 
alluvium. In older alluvium, the wells located in the northwestern part also show only slight change in 
storage. However, all other wells show significant depletion in water levels. 

3.2.2. Environmental isotopes and hydrochemistry 

δD - δ18O relationship of groundwater samples collected during 1983 is shown in Figure 18. The 
spatial variation in electric conductivity and 18O indicate the heterogeneity in recharge rates. Major ion 
chemical data shows that the shallow wells in the younger alluvium near the river course (Jalore, 
Ahore, Sayla, Surana, and Nimbawas) are freshwaters with EC ranging from 900 to 1500 μS/cm with 
dominant Na+ and HCO3

- ions. Tritium content of these samples range from 12 TU to19 TU, which is 
near to the precipitation values in 1983. They are slightly evaporated waters and falls in an 
evaporation line (δD= 6.1 δ18O – 2.6; r2=0.98, n=5). Hence it is evident that these shallow waters are 
recharged through the riverbeds during episodic floods which occur once in few years [5]. Even 
though Harmu and Elana are located near to the Sukri river, the contribution to these areas seems to be 
less as indicated by low tritium (1.4-6 TU). Shallow wells in the older alluvium which are away from 
the river courses such as Narsana, Jeevana, Bautra, Phagotra and Megalwa are brackish with electrical 
conductivities ranging from 3000 to 4500 μS/cm. These waters are NaCl type and are more enriched in 
18O and falls in another evaporation line, δD= 3.1 δ18O –21 (r2=0.74, n=5). The difference in slope 
between the two evaporation lines indicates the temporal variation in recharge rates to this aquifer. 
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FIG. 18. δD - δ18O plot (1983). FIG. 19. δD - δ18O plot (2000). 

 

Deep groundwaters from Bautra, Sayla and Punasa are fresh (EC less than 1500μS/cm) with depleted 
stable isotopic composition compared to shallow groundwaters indicating that these waters are not 
subjected to evaporation prior to infiltration. They have measurable tritium (1-3 TU). Their 14C 
content varies from 71-78 pMC. Hence it is evident that these deep wells receive some amount of 
modern recharge and there is no discontinuity between shallow and deep zones. Deep wells tapping 
the confined tertiary formation in the southwestern part of the study area such as Jodawas and Meda 
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are free from tritium; their 14C contents are 12 pMC and 62 pMC, respectively indicating very old 
waters. 

Most of the groundwater samples collected during 2000 falls on the GMWL indicating quick 
infiltration without evaporation (Figure 19). Samples with less tritium are found to be slightly more 
depleted in δD and δ18O compared to those having measurable tritium. The less evaporation effect 
seen may be due increase in rainfall in the recent years. Comparison of shallow groundwaters 
collected in 1983 and 2000 shows that the stable isotopic composition of most of the groundwaters are 
depleting with respect to time. This may be due to the increased infiltration rates caused by the floods 
(Figure 20). The enrichment seen in a few groundwaters could be due to the mixing of evaporated 
water with the local (native) groundwater. The deep groundwaters show enrichment in δD and δ18O 
with time along with increase in 14C (Figures 21 and Table 4&5). This could be due to the leakage of 
relatively enriched younger water from the intermediate zone which is induced because of the 
lowering of piezometic levels. Figure 22 shows the mixing between the two end members namely, the 
flood waters which are fresh and depleted in stable isotopes and local groundwater (away from the 
river course) which is enriched and saline. It is apparent from the figure that samples which were away 
from the mixing line in 1983 has now come closer to it in 2000. Many cases, this mixing is 
accompanied by the reduction in electric conductivity. The reason for this mixing could be due to the 
increased flood discharges in river in recent years along with induced recharge because of the 
lowering of water table. 
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FIG. 20. δD - δ18O plot for deep wells. FIG. 21. δD - δ18O plot for shallow wells. 
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TABLE 4. RESULTS OF ISOTOPE ANALYSES, JALORE BASIN (1983) 

ID 
No. 

Location Depth 
(m) 

EC 
(μS/cm) 

δ2H 
(‰) 

δ18O 
(‰) 

3H±0.5 
(TU) 

14C ± 2 
(pMC) 

Deep wells 
T1 Bautra 290 1215 -41.8 -5.8 0.8 78 
T2 Megalwa 205 3800 -51.6 -6.8 0.6  
T3 Punasa 300 1500 -42.2 -6.1 2.4 73 
T4 Jodawas 305 5350 -35.3 -5.1 0.3 12 
T5 Meda 280 5400 -35.1 -5.5 1.6 62 
T6 Posana 182 3800 -50.9 -7.0 0.9  
T7 Phagotra 150 - -50.2 -6.7 -  
T8 Sayla 174 1320 -42.2 -6.4 3.0 71 

Shallow wells 
D1 Bautra 50 1230 -39.8 -6.5 1.9  
D2 Megalwa 12 3950 -42.0 -6.6 3.0  
D3 Punasa 46 1350 -44.4 -5.9 4.0  
D4 Phagotra 40 3550 -42.3 -5.7 1.4  
D5 Narsana - 3400 -35.9 -4.8 5.2  
D6 Jalore 21 1080 -12.5 -1.8 12.0  
D7 Elana 15 5300 -35.7 -5.3 6.4  
D8 Jeevana - 4400 -34.0 -4.3 2.4  
D9 Harmu 12 2910 -46.1 -7.0 1.4  

D10 Surana - 1230 -39.9 -6.0 17.5  
D11 Bhadri - 4000 -41.4 -6.7 4.8  
D12 Nimbawas 41 960 -32.5 -4.5 12.1  
D13 Keshwana 14 3000 -30.1 -5.0 11.2  
D14 Bhadrajun 12 1230 -27.5 -3.7 19.5  
D15 Valera 43 - --53.2 -7.1 - - 
D16 Sayla 15 750 -48.1 -7.3 - - 
D17 Pasana - - -50.4 -7.0 -  
D18 Ahore 27 1380 -42.5 -6.0 2.0  
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TABLE 5. RESULTS OF ISOTOPE ANALYSES, JALOURE BASIN (2000) 
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FIG. 22. Plot of EC versus δ18O. 

ID 
No. 

Location Depth 
(m) 

EC 
(μS/cm) 

δ2H 
(‰) 

δ18O 
(‰) 

3H±0.5 
(TU) 

14C (pMC) 

1 Bautra 60 1210 -37.2 -5.8 0.75 83.0 ± 2.1 
2 Megalwa 85 4630 -41.4 -6.1 1.7 83.3 ± 2.2 
3 Punasa 75 1300 -38.2 -6.1 1.7  
4 Jodawas 165 6270 -34.9 -5.8 0.9 30.3 ± 1.0 
5 Meda 150 5770 -35.6 -5.8 2.7 38.6 ± 1.2 
6 Punasa 180 1700 -37.3 -5.4 2.8  
7 Punasa 75 1300 -38.2 -6.1 1.7  
8 Sayla 45 840 -44.1 -6.7 4.0  
9 Sayla 48 5380 -37.1 -5.8 2.1 95.2 ± 2.2 
10 Bhadrajun 90 1880 -34.7 -5.4 3.6  
11 Jalore 52 960 -39.2 -5.6 4.2  
12 Elana - 4260 -41.7 -6.5 2.8  
13 Jeevana 48 2640 -42.3 -6.2 1.6  
14 Hamru 35 1880 -44.9 -6.7 0.9  
15 Surana 30 1580 -44.5 -6.7 4.7  
16 Bagoda 32 2430 -43.9 -6.8 0.6  
17 Nimbawas 130 1360 -34.7 -5.8 1.2  
18 Keshwana 45 4960 -36.8 -5.8 2.3  
19 Bhinmal 50 13160 -30.1 -4.5   
20 Posana 64 3000 -41.8 -6.5 1.6 76.8 ± 1.9 
21 Bhootwas - 3490 -33.4 -5.9   
22 Dhumbadia 15 2050 -49.0 -6.1 5.6  
23 Balera 50 2480 -37 -5.4 5.1  
24 Tejakiberi 105 1900     
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3.2.3. Groundwater flow modeling 

A three-dimensional transient groundwater flow model was developed for the unconfined aquifer in 
Jalore area using MODFLOW package. The simulated model domain consists of two layers covering 
an area of 104000 m X 81000 m. Near the river coarse and pumping wells, a fine grid of 200 m X 200 
m is generated while in other areas a coarse grid of 500 m X 500 m was used. Based on the natural 
boundary, all the sides except the western part were assigned as impermeable boundary. The measured 
water levels were taken as the western boundary of the model domain. Groundwater recharge rate of 
18 mm/a estimated from an unsaturated zone study in the nearby area is used for the simulation. 
Seepage from the ephemeral river which is flowing only in the monsoon season was used as an 
additional recharge to the model. Spatial distribution of hydraulic conductivities estimated from 
pumping test was used in the model. Measured groundwater levels in 1978 are taken as the initial 
condition. Distribution of water levels and groundwater velocities for 2001 was computed under 
various hydrologic stresses (Figure 23). Although the model was not properly calibrated, the 
simulation exercise provided better insights into the flow dynamics of this shallow aquifer. It is seen 
from the model simulation that the western and northwestern part of the shallow aquifer is getting 
more recharge from the Sukri river during monsoon season and is not significantly affected by large 
scale pumping. Probably that may the reason for the observed lower electrical conductivity compared 
to the other areas. Since many pumping wells are located near Saila - Elana area, it is seen that in these 
places the water levels have gone down appreciably. It is further confirmed by the brackishness in the 
groundwaters. In the northeast and southeast areas, it is seen that the unconfined aquifer is dried out 
with deteriorations in water quality. Thus the modeling study helped to delineate potential zones for 
safe groundwater extraction. 

 

 

FIG. 23. Simulated hydraulic heads and flow direction. 
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3.2.4. Conclusion 

From the study it can be concluded that (a) the shallow aquifer receives recharge through river 
channels during episodic floods caused by intense rain events (b) increased flood events in the recent 
years have resulted in lowering the brackishness in some places (c) northwestern part of the study area 
is not significantly affected by large scale pumping, where as northeast and southeast areas are 
significantly affected (d) lowered piezometic levels in the deep aquifers induce leakage of relatively 
enriched younger water from the intermediate zone The study also helped to delineate potential zones 
for the safe groundwater abstraction. 
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Abstract. Groundwater-surface water interaction, groundwater flow dynamics, and temporal evolution of 
contaminant concentrations in groundwater and surface water were investigated in a sandy aquifer at Odense, 
Denmark. Contaminant trends were investigated by evaluating four 30-year long 3H time series from 
precipitation, groundwater and surface water, and supplemental 85Kr, 3H/3He, CFC-12 and SF6 dating results. 
The tracer and dating results were used for calibration of a transient 3-D flow model that includes groundwater-
surface water interaction. The calibrated model was applied to analyse groundwater-surface water interaction 
and the general response of the flow system to long-term aquifer exploitation. The applications include 
simulation of travel times to wells, changes in flow paths and groundwater velocities, water balance, and summer 
and winter runoff. The results were compared to the general hydrochemical evolution of groundwater and 
surface water with special emphasis on the nutrients nitrate and phosphate. Results show that significant seasonal 
variations occur for the content of these nutrients in Odense stream. They furthermore demonstrate that the 
response of the stream to changes in the isotopic composition and hence the hydrochemistry of precipitation and 
infiltrating water is fast especially in the winter due to efficient drainage systems. During the winter the observed 
nitrate concentrations in the stream are 2-3 times higher than during the summer. For phosphate the picture is 
reversed with summer concentrations being about two times higher than winter concentrations. This illustrates 
the relative importance of shallow aquifer (drainage systems) and waste water discharge to the stream, 
respectively. Geochemical modelling demonstrate that the observed sulphate and CaCO3 increase in 
groundwater, at an abstraction site abandoned due to this increase, probably is a combined effect of redox and 
acidification processes in the unsaturated zone induced by lowering of the water table, and nitrate oxidation of 
pyrite in the saturated zone. 

1. Introduction 

Groundwater and surface water resources are heavily exploited in many parts of the world, and fresh 
water demands are increasing globally. An optimal and integrated management of the groundwater 
and surface water reserves is therefore becoming increasingly important in order to optimise 
abstraction while at the same time assuring sustainable exploitation. Many aquifers have been (over) 
exploited for several decades or more, resulting in a serious decrease in groundwater and surface water 
quantity and quality. Isotope tracers and numerical flow models are among the most important 
research and management tools for evaluation and analysis of the response of the hydrological systems 
and for prediction and control of the future evolution of the groundwater and surface water quantity 
and quality. This study demonstrates the use of these tools for investigating quality and quantity trends 
in a shallow aquifer system in the humid Temperate Zone.  

Generally, water supply problems are considered to be most severe in arid and semi-arid regions. 
However, this study demonstrates that water quality problems are also increasing in humid areas 
because groundwater resources are threatened by both deep lying saline waters and near surface 
contaminants. Additionally, anthropogenic effects disturb natural processes and equilibrium within the 
unsaturated and saturated zones, and may also increase the contents of undesired substances in 
groundwater. All of these processes potentially deteriorate the excellent natural baseline groundwater 
and surface water quality and deplete the potable water reserves. Hence high quality groundwaters are 
threatened from above, below and inside the aquifer itself and careful and sustainable management is 
therefore needed in order to protect the drinking water resources. A sound knowledge of the natural 
baseline quality of groundwaters [1] as well as the water balance is important for the recognition of 
significant quality and quantity changes and implementation of the necessary remediation. 
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The presented study is unique in that four 3H time series have been available for precipitation, 
groundwater (two wells) and surface water from the period 1963 to 1990, together with hydrochemical 
time series from the same period and a transient regional 3D integrated groundwater/surface water 
model. Results from the regional model were used for defining the boundary conditions of a more 
detailed local model. The study evaluates the use of the 3H time series together with the hydrochemical 
data and the submodel of the regional Funen model for the investigation of the dynamics of a complex 
quaternary aquifer system. The model results which are compared to and calibrated by the 3H time 
series and 3H/3He, 85Kr, CFC-12 and SF6 groundwater dating results, are then used to elucidate the 
consequences of a long term groundwater abstraction from the investigated sandy aquifer. Abstraction 
from the aquifer was initiated in the late 19th century and peaked in the early 1970’s. The quality of 
the abstracted groundwater has generally been good, however since the 1980’s increasing 
contamination by pesticides, pesticide degradation products and chlorinated solvents has created 
severe problems for the Odense Water Supply Company. At the same time human impacts such as 
fertiliser application, atmospheric pollution (acidification) and lowering of the water table have 
accelerated natural processes inside and above the aquifer itself. For example, this has resulted in an 
increase in the mineral content in groundwater (e.g. of CaCO3 = hardness) forcing the abandonment of 
a well site. The established dynamic integrated groundwater/surface water model for the Odense area 
partly calibrated by the isotope dating results and combined with geochemical modelling is an 
important tool for future sustained management of the water resources at Odense.  

2. Ceological/Climatological setting of study area 

Denmark and the island of Funen (Figure 1) is located in the humid temperate zone and has an average 
estimated precipitation and potential evaporation of about 780 and 600 mm, respectively. The 
estimated net recharge of 239 mm infiltrates to a shallow semi-confined aquifer system of quaternary 
glacial sediments. All the major glaciations during the Quaternary covered the island of Funen and 
deposited a typically 30-60 m complex sequence of mainly clayey and sandy tills and glaciofluvial 
sands. The glaciofluvial sands which constitute the main aquifer on the island overlie a sequence of 
mainly Paleocene marls and clays of varying thickness (typically 10 – 20 m) that form the lower 
boundary of the quaternary aquifer system. Locally though buried Quaternary valleys have been 
eroded through the Paleocene clays and into bryozoan limestone to depths of up to more than 200 m? 
below the surface. In a few places drinking water is abstracted from the bryozoan limestone but 
increased chloride concentrations are observed locally due to up-coning of saline waters. 

 

 

 

 

74



OdenseOdense

FIG. 1. Location of test site on the island of Funen, Denmark. 

 

The spatial distribution of the shallow Quaternary aquifers and aquitards is complex and difficult to 
describe in a simple geological model, that groundwater flow models can be based upon. Generally, 
the recharge areas and the connections between different sand aquifers are poorly known, however, 
data indicate that several local aquifers separated by clayey tills may exist (Figure 2). The tills, which 
confine the aquifers in most of the area, are of varying sand and clay contents. Although the tills 
reduce the recharge significantly recent research have demonstrated that Danish tills are not efficient 
barriers to tracer and contaminant migration due to fractures, root holes and other zones with high 
hydraulic conductivity. Although the biogeochemistry of the fractured clayey tills seem to create 
environments that quite efficiently degrade some contaminants (e.g. nitrate) before they reach the 
shallow aquifers, other contaminants are migrating fast into these. 
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FIG. 2. Location of the investigated wells and a cross section through these close to the Odense 
stream. 
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3. Materials and methods 

3.1. Tracer data and applied groundwater dating techniques 

3.1.1. 3H time series from precipitation, wells and surface water 

The study is based on tritium analyses performed by the IAEA on a water sample archive collected 
and stored by the Odense Water Company from 1963 to 1995. The water sample archive contains 
163 x 5L groundwater samples, 80 x 5L surface water samples and 160 x 5L precipitation samples 
collected at intervals from 1 month up to 6 months. The groundwater samples were collected from two 
water supply wells, 146.34h and 146.74e, which are screened between 18–23 and 26–29 meter below 
the surface, respectively. Well 74e (drilled in 1952) was still operating when this study was initiated in 
1999, but was shut down in 2001 due to an increasing very high hardness (high CaCO3 content – 
Figure 8). Well 34h (drilled 1946) was closed down in 1989 due to contamination with chlorinated 
solvents. The precipitation samples and the samples from the stream  “Odense Å” were all collected in 
Odense within few kilometres of the groundwater wells. The collected 5 litre samples were stored in 
the cellar of the water works until few years ago, when the samples were send to the Geological 
Survey of Denmark and Greenland. From here selected samples were send to the IAEA laboratories in 
Vienna for analysis. 

3.1.2. 3H/3He, 85Kr, CFCs and SF6 data from three investigation wells 

Three wells 34h, 74e and Od J, were recently sampled by the Climate and Environmental Physics 
Division at the Physics Institute, University of Bern for the analyses of 3H/3He, 85Kr, CFCs and SF6. 
Two samples were collected from Od J, one mixed sample from the complete screened section at 46 – 
56 mbs, and one sample from the bottom of screen at 56 mbs. In order to identify any processes that 
could affect the interpretation of tracer concentrations and the estimated groundwater residence time 
the whole set of available modern dating tools for recent water components was applied. Water 
samples for noble gases, 3H, SF6 and CFCs analysis were sampled in 45 ml copper tubes and sealed 
with pinch-off clamps. The analyses were performed at the EAWAG laboratories, Zurich 
(Switzerland). For 85Kr analysis several hundreds litres of water were degassed in the field. The 
extracted gas was compressed into evacuated cylinders and the Krypton was separated by gas 
chromatography. 85Kr activities were measured by proportional counting at the Physics Institute, 
University of Bern, Switzerland. 

3.2. General hydrochemistry of precipitation, groundwater and Odense stream 

Hydrochemical data from precipitation in Odense in 1970 and 1971 is obtained from a station  
investigated in the International Hydrological Decade program. Hydrochemistry from the wells and 
Odense stream is available from the water quality monitoring program at the Odense Water Supply 
Company (OWS) from the time when the wells were established until they were closed down 
(approximately a decade longer than the tritium data cover). The analyses, which are performed by 
professional commercial laboratories, include all major ions + selected trace elements and other 
parameters and show acceptable ion balances (difference < 5 %). 

3.3. Contaminants (nutrients, pesticides and chlorinated solvents) in investigated wells 

During the 80’s an increasing amount of contaminated wells were observed in Denmark. 
Consequently, the Danish Groundwater Monitoring Program was initiated in 1989 and since that time 
a wide range of contaminants especially nutrients, pesticides and chlorinated solvents have been 
analysed frequently in around 1000 wells in the National Groundwater Monitoring Network. Regional 
authorities (counties) operate the monitoring networks and samples are send to selected certified 
laboratories. Every year the status of the groundwater quality is reported by the counties and by the 
Geological Survey of Denmark and Greenland (GEUS). GEUS is responsible for the national database 
and for the annual status report at the national level. The annual reports document that an increasing 
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amount of Danish groundwater is contaminated especially by pesticides [2]. Selected certified 
laboratories perform the analyses in the monitoring program. 

3.4. Groundwater model 

An integrated groundwater/surface water hydrological model for the Isle of Fyn (DK-model Fyn) is 
constructed on the basis of the Mike She system under the National Water Resource Model project. 
The DK-model Fyn includes a simple root model for estimation of net precipitation, 2D surface water 
component (overland flow), 1D channel routing with exchange between aquifer and rivers, drainage 
component and a 3D groundwater component discritized into 9 geological layers and 1 km2 grids. The 
purpose of DK-model Fyn was to simulate all parts of the hydrological circle with special emphasis on 
the groundwater system and water resource assessment under different climate conditions and 
subtraction schemes. The hydrological model used in the investigation is a submodel to the National 
water resources model for Fyn. The submodel utilises a 100m grid size and covers an area of 15x15 
km2. Most of the geological framework, river set-up and surface component from DK-model Fyn 
were kept in the initial submodel runs. Boundary conditions were retrieved from modelruns with the 
DK-model Fyn which covers an area of approximately 3000 km2 with numerous smaller catchments 
(Figure 2).  

The reasons for using the framework of an already working and documented model are self-
explanatory. It is, however, worth noticing that an integrated and dynamic hydrological model is 
needed to investigate many of the problems related to streamflow contamination and groundwater-
streamflow interaction and that is the prime reason for choosing to work within the Mike She system. 

3.4.1. Conceptual model  

The numeric hydrological model is discritized into calculation layers and boxes, which is adapted to 
the geological settings and the working scale. In this case the scale issue is important as these 
“hydrostratigraphical units” used in the conceptualisation on DK-model Fyn scale might not work on 
sub-model scale. The hydrostratigraphical units represents geological units lumped together based on 
the investigation-scale hydrological properties, hence the parameter estimation must reflect the same 
scale considerations. Estimation of effective parameters depends on the degree of heterogeneity within 
each hydrostratigraphical unit, again dependent on scale, as fractures sand-windows and glacial 
tectonic variability. Although setting up the conceptual model (the hydrological working model) is 
independent of parameter estimation, a feed-back mechanism might occur. One model with one set of 
effective parameters might not produce the desired resolution or results, thus a feed-back to the 
conceptualisation produce a new hydrological working model and so on. 

Building of the conceptual model for DK-model Fyn were carried out focusing on water transport 
capabilities through systematic analysis of filter intervals in combination with numerous geological 
profiles. Based on this an interpretation of the spatial continuity and interconnection of 9 
hydrostratigraphical units were digitised into a 3D “conceptual” model. Although this 
conceptualisation was found adequate for the large scale DK-model Fyn initial sub-model simulation 
showed it too course to simulate water movement in the complex aquifer system close to Odense 
stream. Reinterpretation of geological profiles based on well logs from more than 1000 wells with 
special focus on aquifer “short-cuts” and near stream heterogeneity’s resulted in a conceptual model 
that consist of 7 hydrostratigraphic units:  

(1) Top 3 meter of the model assumed to be partly fractured and permeable. 
(2) Low permeability layer (non-fractured till). 
(3) High permeability layer (first regional aquifer, sand and gravel). 
(4) Low permeability layer (till). 
(5) High permeability layer  (second regional aquifer, sand and gravel). 
(6) In the upper part of the catchment a high permeable secondary aquifer of sand and gravel is 

present within the 1st low permeability layer. 
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(7) Within the 1st regional aquifer parallel to Odense stream, elongated (2000x100 meters) islands of 
low permeable material is present. 

 

Hydrostratigraphic unit 1 to 6 is found in DK-model Fyn as well, the exact extent of unit 6 and exact 
horizontal position of unit 1–5 is reinterpreted using data from the national well log archive taking the 
new gridsize into account. Two additional hydrostratigraphic units are found in the DK-model Fyn: 1) 
a low permeable layer covering 2) a carbonate aquifer, but these seems of lesser importance within the 
area of interest. 

The low permeable layers are dominated by clayey till, but Lillebelt clay and Paleocene clay are found 
as well. The hydraulic conductivity of the low permeable layers might depend on smaller sand pockets 
and fracture density, but the presence of these are not know in detail, hence hydrostratigraphic unit 2, 
4 and 7 is assumed to have the same hydraulic conductivity with constant ratio between vertical and 
horizontal direction. The presence of fractures in the upper part of the till is seen in several places in 
Denmark. The exact depth of the fractured zone requires detailed study and it is not readily available 
at present time. Instead, the fracture depth is roughly approximated to include top 3 meter of the upper 
moraine till (hydrostratigraphic unit 1). 

Outwash sand and gravel is dominant in the high permeable layer 3, 5 and 6. Most of the production 
wells are screened in unit 3 and 5 whereas unit 6 is of minor importance to groundwater abstraction. 
The number and spreading of pumping tests does not justify a transmissivity distribution within the 
high permeable units, thus uniform hydraulic parameters are used. It is assumed that the transmissivity 
of a hydrostratigraphic unit is controlled by the layer thickness (proportional with layer thickness). 

3.4.2. Boundaries 

A simple method is used to calculate the net precipitation that is subsequently used as boundary 
condition for the top layer of the model. The simple net precipitation model describes partitioning 
water between evapotranspiration/plant uptake and groundwater recharge in the rootzone. Calculations 
take spatial variation into account as land use (agriculture, forest and wetland), clay-content in soil and 
topography, together with temporal data of precipitation, snowmelt and potential evaporation. Net 
precipitation varies spatially between 150-350 mm/year for a normal year, with a clear topographic 
dependency.  

Depending on the precipitation intensity, potential of the top layer and hydraulic parameters, output 
from the simple rootzone model will recharge groundwater, generate drain flow or generate surface 
flow. Surface - and drainage flow follows the topographical variation towards rivers. Most surface 
features as rivers, land use, DEM and soil maps were combined in GIS from vector or grid data many 
different sources into a grid independent data usable in the coarse as well as finely discritized models.  

The sub-model is cut of from below by an impermeable boundary at the position of pre-quaternary 
deposit. Outer boundaries for the sub-model are placed at topographical divides, thus no-flow 
boundaries are applied for the top-two layers. At depth extensive groundwater abstraction makes it a 
questionable affair to delineate conservative boundaries as no-flow or constant pressure, hence 
boundaries are taken from model runs with DK-model Fyn. Exchange between groundwater and 
streams (inner boundaries) are defined by a leakage factor and head difference between stream and 
calculation layer. The leakage factor is for the sake of simplicity and transparency kept constant. 

The catchment of Odense stream is a well-developed area for groundwater abstraction with more than 
10 Mm³/year in groundwater abstraction. All well fields with abstraction of more than 25.000 m³/year 
are included in the model, most of them as a single sink term without yearly variations. The well fields 
where environmental tracers were sampled were split up into individual wells (sink terms) with yearly 
variation in production depending on data availability. 

79



3.4.3. Model code 

The numerical code used in the present study is a deterministic, fully distributed and integrated 
hydrological model, Mike She [3] capable of describing important flow processes as surface flow 
(overland and channel), evapotranspiration, unsaturated flow and groundwater flow. For the sake of 
saving computational time a simplified rootzone model was used to pre-process precipitation and 
evaporation data. The simplified method represents root - and unsaturated zone in the hydrological 
model. Comparison with a more advanced physically based model, Daisy (REF), showed relative good 
agreement in annual and monthly net precipitation (REF). 

Modelling of capture zones and age distribution at well fields was carried out using a forward particle 
tracking procedure. Particle tracking is chosen as it is grid independent and computational fast relative 
to finite element, finite difference and MOC models. The particle movement is calculated for the 3 
dimensional saturated groundwater part. Particles are moved deterministic according to the local 
groundwater velocity calculated by Mike She. All particles are assigned mass, thus it is possible to 
simulate solute transport where it in some cases is superior to the advection-dispersion equation since 
numerical dispersion is negligible. Input of particles can occur either as precipitation or as direct input 
to the saturated zone. 

Automated model calibration on a steady-state solution of the Mike She is possible if coupled with a 
standard calibration procedure. Using UCODE as the optimization routine ensured an objective and 
automated calibration. 

3.4.4. Model set-up 

The model covers a 15 x 15 km area south of Odense, stretching well beyond the actual capture zone 
for the investigated wells. Several large groundwater production well fields are established within the 
catchment of Odense stream making it impossible to position reliable conservative boundaries. To 
minimise the unwanted effects from the chosen head dependant boundaries, it was decided to include a 
buffer zone surrounding the estimated capture zones. The trade off from this procedure is an increase 
in the number of calculation elements. The model is set-up in a 100x100 m grid size summing the total 
number of calculation elements in the saturated zone to 78.000. 

The DEM originated from KMS 25 m grid, the soil map from GEUS 1:25.000 digital soilmap and land 
use from the national database system AIS. Drainage is represented by a constant drainage depth and 
drainage constant (l/s) due to the general unreliable drainage information available. River set-up were 
adapted from DK-model Fyn.  

The initial geological interpretation were based partly on the coarse 3D geological framework of DK-
model Fyn (1x1km) and partly on well log information from more than 1000 well logs taken from the 
national geological well log archive. Modelruns with the initial geological interpretation showed 
inconsistency between simulated groundwater age distribution and apparent CFC ages as well as 
discrepancy between conceptual understanding of local flow pattern and simulated potentials. This led 
to a reformulation of the conceptual model to include a pattern of local occurring islands of low 
permeable material. The hydrostratigraphic units in the conceptual model might not be present at all 
locations, meaning that at places, a thinning out of a given hydrostratigraphic unit is possible as well 
as collapsing of two units into one apparent unit. The Mike She model, however, imply the existence 
of all calculation layers at any given position. In the sub-model the calculation layers comply with the 
geological model at large, but the calculation layers have a minimum thickness of 1 meter. Based on 
experience from the national water resources model it seems of minor importance to the flow results 
that a minimum thickness of 1 meter is applied. Early estimates on hydraulic parameters have been 
assessed based on calibrated parameters from DK-model Fyn. 
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3.4.5. Model calibration 

Most of the parameters were assessed directly from field data or taken from DK-model Fyn. Some 
parameters where considered too scale dependant and sensitive to assess directly. These hydraulic 
parameters were split into three classes and subsequently subject to automated steady-state calibration 
(Figure 3): 

(1) A parameter for the water bearing units (KS), hydrostratigraphic units 3, 5 and 6 mainly outwash 
sand and gravel. 

(2) A parameter for low permeable units (KML2), hydrostratigraphic units 2, 4 and 7 mainly 
unfractured clayey till. 

(3) A parameter for the upper low permeability unit (KML1), hydrostratigraphic unit 1 — fractured 
till. 

It was emphasised to obtain a simple and transparent parameterisation in order to evaluate the 
geological influence on the water movement and transport properties. The transmisivity of the 
individual calculation layer is solely dependent on layer thickness and distribution of the individual 
hydrostratigraphic unit within the layer. 
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FIG. 3. Estimated confidence intervals for estimated hydraulic parameters layers within reasonable 
limits compared to initial values taken from DK-model Fyn. 

The automated calibration routine utilises head data from the national database as well as water level 
measurements from Odense Waterworks monitoring network. The total uncertainty related of the 
calibration targets (measured groundwater levels) is crucial to a successful automated model 
calibration. Uncertainty related to measurements error lays within a couple of centimetres, but the total 
uncertainty originates from more than just measurement error. 
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• Errors in assessing the elevation of the well relative to the observation (often assessed from 
topographic maps (1–2 m). 

• Temporal contribution (over a few years groundwater level can fluctuate considerably and it might 
not be measured the same year as precipitation data or abstraction data exist) (0.1–2 m). 

• Scaling contribution due to geological heterogeneity within a model grid (2 m) as well as 
topographic variation within a model grid (20 cm). 

 
The aggregated standard deviation on observations can be calculated to 2 – 3 meters, assuming mutual 
independence between the individual errors. As a measure of how well the model is calibrated a RMS 
(root mean square between observation - and simulation points) criteria is applied. RMS for individual 
calculation layers should be compared with the uncertainty related to the observations. With a 95% 
confidence interval an acceptable performance of the RMS should equal 1.96 times observation 
uncertainty roughly 4-6 meter. 75 observations within the upper sand unit and 12 observations within 
lower sand unit is taken into account in the calculation of RMS. The RMS for the two regional 
aquifers are 4.2 meter for the upper sand aquifer and 2.9 meter for lower sand aquifer. Some 
observations are affected by local drawdown, which is not possible to model with a 100x100 m grid 
size. Figure 4 shows the spatial variations of weighted residuals between observed and simulated head. 
The residuals are weighted with the total uncertainty related to the individual observation points. 

In the model calibration solely head measurements were utilised, thus age data from environmental 
tracers were used to investigate the model capabilities of transport simulations. The residence 
(transport) time in different parts of the aquifer is important for understanding the nitrate, phosphor 
and pesticide problems that we see in this area. 

R

 

FIG. 4. Residuals between weighted observed and simulated head. The weight is determined by the 
total uncertainty associated with the individual head measurements.  

 

4. Results and discussion 

4.1. Tracer results 

4.1.1. 3H time series 

The results from the 3H analyses are illustrated in Figure 5. The results show that a 3H peak 
corresponding to the ’63 tritium peak in precipitation is observed in both wells and Odense stream. 
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Odense stream responds quite fast initially (after 1-2 years) due to rapid discharge of the uppermost 
groundwater through the drainage system and then again after approximately 12 years. Well 34h and 
74e responds with around 10 and 20 years delay, respectively. Note that well 34h responds about two 
years before the second response in Odense stream which may indicate that the second stream peak 
corresponds to a peak in the discharge from the upper sand aquifer (Figure 3). More 3H analyses are 
however required to confirm this. 
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FIG. 5. 3H time series for Odense precipitation, groundwater(at well 34h and 
74e) and surface water (Odense Stream). 

 

3H/3He, 85Kr, CFC and SF6  groundwater ages at investigated wells (”snapshot” in 2001) 
The groundwater ages estimated by all the applied methods are compared in Figure 6. 
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FIG. 6. Comparison of groundwater ages/residence times at four investigated sampling points 
estimated by four different dating techniques for young groundwater (SF6, CFC-12, 3H/3He and 
85Kr). 

 
The tracer concentrations of the 3H/3He, 85Kr, CFC-12 and SF6 measurements were interpreted 
assuming dispersive flow and the possible presence of an old, tracer free water component. The model 
parameters were varied until an optimal agreement between the modelled and measured values was 
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obtained. It was not possible to fit the data within the uncertainties including the CFC measurements. 
The ratios of the modelled versus the measured concentrations without considering the CFCs are 
plotted in Figure 7 for the three wells. 

 

FIG. 7. Ratios between the modelled and the measured concentrations in groundwater of the five 
tracers (85Kr, 3H, 3He, SF6 and CFC-12) for the investigated wells in the Odense aquifer. The CFC-
12 measurements were excluded from the fitting routine. The model parameters that best fit the 
data are given at the bottom of the Figure. “To” refers to the mean residence time of the young 
water components. Also listed are the mixing ratios of the young water component.  

 
In general the 3H/3He and 85Kr results agree very well. Except for the deeper part of Od J also the SF6 
dating agrees fairly well. However, the modelled CFC concentrations overestimate the measured 
values in particular in the deep part of Od J. It has been shown that CFCs are unstable in some 
reducing environments. Degradation of the CFCs is therefore most probably the reason of the 
observed discrepancy. The model parameters obtained from the fitting procedure are given at the 
bottom of Figure 7. The mean residence time “To” range from 17-27 years. In Od J an admixture of 
30-40% old water was found. The tracer dating results are compared to a travel time analysis 
performed by particle tracking (Figure 13 and 14). The obtained dating results indicate slower travel 
times to the wells (about 5-10 years) than the breakthrough of the 3H peaks (Figure 5) and the 
hydrological model indicate (Figure 13,14). For well 34h groundwater dating were performed more 
than 10 years after the well was shut down and this may be part of the explanation as the fraction of 
young groundwater may be higher during pumping. Another possible explanation for this observation 
could be related to the complex geology at the site where the mix of sand and fractured clay sediments 
may affect the tracer concentrations e.g. due to diffusion between sand and clay and fractures and 
matrix. During this process the groundwater in the aquifers may loose some of the tracer content to the 
clayey aquitards. However, based on the excellent agreement of the dating results from all the applied 
tracer methods this process seems to be of minor importance. 

4.2. General hydrochemistry of investigated wells and Odense stream (with emphasis on 
nutrients) 

Selected dissolved elements and compounds from precipitation, groundwater and Odense stream are 
compared in Figure 8. The results illustrate that the total amount of dissolved minerals are highest in 
groundwater at well 74e, slightly lower in Odense stream and as expected significantly lower in 
evaporated precipitation (evaporated to a third of original volume). 

The Figure furthermore demonstrate the increasing hardness and amount of dissolved minerals in well 
74e which led to abandonment of the well site. The increase of the dissolved compounds is due to 
”natural” geochemical processes in the aquifer and in the unsaturated zone above (primarily carbonate 
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dissolution and sulphide oxidation), however, the processes are enhanced due to anthropogenic 
influence (acid precipitation, nitrate leaching and water table lowering). The sulphate and calcium 
concentrations in the wells at this site increased by more than 100 mg/l from the time where the wells 
were established until they were closed down in 2001, while HCO3 increased by around 50 mg/l 
during the same time. Different mechanisms of anthropogenic origin could be responsible for this 
significant increase including increased leaching of nitrate and water table lowering. In this case both 
processes probably play a role as can be demonstrated by geochemical modelling by e.g. PhreeqC. The 
resulting pyrite oxidation by oxygen and nitrate according to equation 1,2 and 3 below is the most 
significant reactions responsible for the observed sulphate increase: 

Pyrite oxidation by oxygen: 

(1)  FeS2 + 15/4O2 + 7/2H2O  Fe(OH)3 + 2 SO42- + 4H+ 

Pyrite oxidation by nitrate: 

(2)  6FeS2 + 18NO3
-+6H2O  9N2 +  12SO4

2- + 6FeOOH + 6H+  

or if CaCO3 is present in the aquifer:  

 FeS2 + 3NO3- + CaCO3 + H2O  2 SO42-  + 1½N2 + FeOOH + Ca2+ + HCO3-   
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FIG. 8. Comparison of selected parameters (Ca, Mg, HCO3, Cl, SO4, NO3, NH4, NO3+NH4, PO4, K, 
TOC, pH, electrical conductivity) in precipitation, groundwater at well 74e and Odense stream. * 
Evaporation is performed by PhreeqC (Parkhurst and Appelo, 1999). Stream data are summer and 
winter means. Hyphenated years on x-axis show averages of 10-25 analyses. A single year represents 
one analysis. 
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The oxygen reduction process can produce only about 15 mg/l sulphate in groundwater, that is 85 mg/l 
sulphate still need to be produced by other processes. Nitrate is an obvious candidate as 85 mg/l 
sulphate is equivalent to the reduction of about 80 mg/l of nitrate. This nitrate concentration level is 
commonly observed in shallow groundwater in Denmark and other countries in Europe [2], and it is 
also similar to concentrations measured in drainage water in the investigated area. An evaluation of the 
possible reactions in the system by PhreeqC, however, indicate that oxidation of pyrite in the 
unsaturated zone by the mechanism is another and perhaps even more important process responsible 
for the observed increase. This is supported by the fact that the water table has been lowered up to 15 
m during abstraction (pers.comm Johan Linderberg, Odense Water Company). Resubmerging partially 
oxidised pyritic sediments may release large quantities of Nickel and create new groundwater quality 
problems. Dry deposition of SO2 is probably another source increasing the acidity of the infiltrating 
precipitation. 

The temporal evolution of selected hydrochemical compounds in Odense stream is illustrated in 
Figure 9. It is interesting to note that while Ca and HCO3 concentrations in groundwater increased at 
well 74e this increase has not yet had an effect on the Ca and HCO3 concentrations in Odense stream. 
There is no general trend on these two dissolved components to be observed in Odense stream so far. 

0

20

40

60

80

60 65 70 75 80 85 90 95

year

m
g/

L

Nitrate winter 

Nitrate summer

0

0.2

0.4

0.6

0.8

1

1.2

1.4

60 65 70 75 80 85 90 95

year

m
g/

L
Phosphate winter

Phosphate summer

0

50

100

150

200

60 65 70 75 80 85 90 95

year

m
g/

L

Ca winter

Ca summer

0

100

200

300

400

60 65 70 75 80 85 90 95

year

m
g/

L

Bicarbonate winter

Bicarbonate summer

 

FIG. 9. Time series for NO3, PO4, Ca and HCO3 in Odense stream, 1963-1990 (source: Odense Water 
Company). The inserted Figures in the upper Figures of NO3 and PO4 illustrate the median trends of 
NO3-N and total-P for an average of 15 streams on Fyn from 1975-2000 (Fyns Amt, 2001a). 

 
The trends for the nutrients nitrate and phosphate is especially interesting. There is a clear seasonal 
variation for these in the concentration levels in Odense stream. During the winter the nitrate 
concentrations in the stream are 2-3 times higher than during the summer. For phosphate the picture is 
reversed and the summer concentrations are about two times higher than the winter concentrations. 
The reason for these variations is primarily the difference in the seasonal variation in baseflow and 
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surface runoff via drainage systems (Figure 12). During the winter the groundwater table is high and 
there is a relatively high and fast surface runoff via the drainage system. That is, during the winter the 
shallow high nitrate waters (application of fertilisers when no crops) dominate the stream, while 
during the summer the inputs from deeper nitrate free parts of the aquifers are relatively more 
important. It is also interesting to note that the nitrate increase to the maximum values in the 1970’s 
and 1980’s in Odense stream occur at the same time as the increase in fertiliser application in 
Denmark (Figure 10). A similar and more or less synchronous event has been observed in the U.S.A. 
The observed seasonal variations and concentration levels in the present study agrees well with data 
from the Water Environment Monitoring Program which was initiated in the late 1980’s. The nitrate 
level seems to have dropped slightly at three stations in Odense Stream since the initiation of the 
program. From 30-40 mg/l nitrate during the first half of the 1990’s to 25-35 mg/l nitrate during the 
second half of the 1990’s. The decrease in phosphate show the same trend but perhaps slightly more 
pronounced. The average median trends for NO3-N and total-P for 15 streams on the isle of Fyn during 
the period 1975-2000 is shown as inserts in Figure 9 (data source:) for comparison with the Odense 
Water Company 1963-1990 time series. 

 

FIG. 10. Nitrate in CFC-12 dated oxic groundwater, 1940 - 1994, compared to fertilizer use in 
Denmark since 1940 (in kgN/ha). 

Phosphate concentrations have probably also increased in shallow groundwater due to agricultural 
practices, but the phosphate contents in Odense stream is dominated by waste water discharge, which 
is relatively higher during summer time when the stream flow is low. These observations have 
important implications for the coastal waters as the nutrients nitrate and phosphate may cause algae 
blooming resulting in oxygen depletion and fish kills during the summer period. 

4.3. Contaminants (pesticides and chlorinated solvents) in the investigated wells 

When the Danish Groundwater Monitoring Program was initiated in 1989 it was realised that well 34h 
was contaminated with chlorinated solvents and the well was closed down immediately. Well 74e was 
never contaminated with xenobiotics but was closed down in 2001 because of an increasing very high 
hardness (CaCO3 content) resulting from enhanced calcite dissolution in the aquifer due to 
acidification by nitrate reduction and acid precipitation/ SO2 dry deposition (mainly of anthropogenic 
origin).  
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The wells Od J and D4 (Figure 11), which are just 100 m from each other, were both recently found to 
contain BAM (2,6-dichlorobenzamide). BAM is a widespread contaminant in Danish groundwaters 
originating from the degradation of the pesticide Dichlobenil. Dichlobenil  was never used in 
commercial agricultural practices in Denmark and is now completely banned. The source to this 
contamination is not known but application of pesticides prior to establishment of  a new housing area 
in the late 60’s is a suspected source.  

Geochemical observations alone indicate that the groundwater at all the investigated wells is modern 
contaminated groundwater recharged during the past 50 years. This is in accordance with the 
groundwater dating results from these wells (Figure 6 and 7) and with travel times to the wells 
estimated from particle tracking by the established hydrological model (Figure 13 and 14). 
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FIG. 11. Geophysical logs, BAM concentrations and CFC-12 ages at five different levels in the 
screened section of well D4. 

 

4.4. Model results 

4.4.1. Evaluation of the water balance 

The simulated water balances in mm pr. year are calculated for situations with and without abstraction 
(Figure 12). A large part of the precipitation evaporates or generates stream flow, while only a minor 
part is actually used for water supply. The stream flow is split up into a fast response (land-drainage - 
matter of days) and a slow response (groundwater flow to stream “baseflow” – years or tens of years). 
The water balance shows that abstraction equals 10% of the net precipitation (amount of water 
recharging from the rootzone after evaporation/plant uptake). Groundwater flow to streams “baseflow” 
equals 10% of net precipitation, while the drainage system (and a tiny bit of surface water flow) takes 
the remaining 80% of the net precipitation.  
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Comparison of the two scenarios (with and without abstraction) shows an increase of groundwater 
recharge to the upper regional aquifer. Groundwater recharge to the upper aquifer increases with 25% 
when abstracting is included compared to the situation without abstraction. The increase in recharge 
relates to half of the abstracted water. 

 

FIG. 12. Water balance for present and “baseline” condition (with and without abstraction). 

 

The yearly mean stream discharge is affected by abstraction in the order of 6% in drainage 
contribution and 14% in groundwater contribution. There is a significant seasonal variation in the 
drainage contribution and thus the “baseflow” part of the total discharge. During the winter, when it is 
rainy and cold, the baseflow contribution is less than 5% of the total discharge, while during the 
summer, when it is hot and dry, the baseflow contributes to 35-40% of the total stream flow. 
Wastewater discharged into the river is expected to be unaffected by seasonal variations. The 
wastewater contribution amounts to 10 mm/year within the Odense stream catchment. When the 
seasonal variation is taken into account, the waste water contributes up to 20-25% of the daily summer 
flow situation while it is insignificant to the daily winter flow situation. This corresponds with the 
temporal trends of nitrate and phosphate in Odense stream with high nitrate and phosphate contents 
during winter and summer periods, respectively, as discussed in section 4.2.  

4.4.2. Travel time to investigated wells 

The groundwater age is calculated using a particle tracking simulation. The flow field, taken from the 
steady-state flow simulation, determines the particle movement.  Initially no particles are present in 
the model, but as the simulation moves on particles are released with precipitation. The particle 
simulation is run to a steady-state situation, hence an equal number of particles are released with 
precipitation as are subtracted through streams, wells and outer boundaries. Due to grid size and 
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vertical discritization, it might be ambiguous to simulate individual filters if they are positioned within 
the same aquifer and equally problematic to discriminate between wells within 100-500 meters. The 
simulation will, however, provide information on traveltime to well fields or surface water bodies as 
streams and lakes. 

Age distributions on well fields are calculated by selecting particles within a bufferzone surrounding 
the wells under investigation. Looking at particles within that bufferzone to some extent equals a 
dispersion term in a purely advection transport. The calculated transport time distribution is 
constructed selecting all particles within a certain radius to the wells, and arranging them in a transport 
time histogram. Thus the “transport” age distribution depends on water movement search radius and 
porosity. In this case a constant porosity of 0.2 were used as a coarse estimate for the different 
geological facies. Literature shows that a porosity of 0.2 can be used as an estimate for outwash sand 
as well as clay till, thus for transparency and simplicity a single value was used. Porosity can be 
calibrated against concentration data as from environmental tracers. In this case the tracers were used 
to validate the model results rather than calibrate the model itself.  

The simulated age distribution (Figures 13 and 14) at well OD J shows a mix of young and old water. 
About 60% of the water seem to be less than 40 years. This is in excellent agreement with the findings 
from the multi tracer approach (Figure 7). Abstraction seems to change the age distribution at the site 
towards a higher percentage of young water, although the largest increase in relative frequency is in 
the 20-30 year old water interval. 
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FIG. 13. Simulated age distribution at well 34H, 74E and OD J – present situation with abstraction. 
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FIG. 14. Simulated age distribution at well 34H, 74E and OD J – baseline situation without 
abstraction. 

 

In well 74E most of the water is simulated to be between 20 and 40 years old. This is in accordance 
with the ³H time series, where some indication of breakthrough is observed in the mid 80’s 20-25 years 
later than the tritium peak in precipitation. A minor change towards a higher percentage of old water is 
observed when comparing the age distribution from the simulation with and without abstraction. 
Abstraction seems to boost the fraction of water with a transport time of 20-30 years. 

Well 34H have a even more narrow age distribution than well 74E. The water is simulated to have a 
age less than 10 years. This is in accordance with the ³H timeserie (Figure 5), where some indication 
of breakthrough is observed in the early 1970’s approximately 10 years later than the tritium peak in 
the precipitation. There is some discrepancy (5-10 years) between the SF6, 85Kr and 3H/3He age dating 
results (Figure 6) and the simulated age distribution at well 34H (Figure 13 and 14). It is possible that 
seasonal changes in flow pattern could influence the age distribution of well 34H. The well is 
positioned in a shallow part of the aquifer, on a local topographic high point and overlain by less than 
10 meter of moraine clay. Seasonal variation with upward flow in the summer period and downward 
flow in the winter period would not be simulated with a steady state flow simulation. 

The baseflow age distribution (Figures 13 and 14) seems to be uniform distributed with minor 
variations between the two scenarios (with and without abstraction). From this age distribution a clear 
tritium signal is not expected in the baseflow contribution. It is likely that seasonal variations in 
baseflow contribution from different part of the aquifer system might change the age distribution in 
summer baseflow and winter baseflow. A closer look at the water balance shows an increase in the 
“deep” groundwater component during the summer period as compared to the winter period, not only 
a relative increase but an absolute increase as well. This suggest that the age distribution will change 
towards the older part (transport age >100 year). Further investigations would include running a 
particle tracking simulation based on a dynamic flow simulation and preferable a more detailed 
description of the near-river aquifer (groundwater-surface water interaction). 
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4.4.3. Evaluation of contaminants at investigated wells 

The contaminant BAM is a breakdown product from a pesticide widely used until recently within the 
catchment of Odense stream. It’s primary use was in the newly developed neighborhood, where the 
ground were prepared with pesticide before laying down foundations for houses or making of streets. 
BAM is found in concentration up to 0.142 μg/l at Dalum well field where Od J and D4 (Figure 11) 
are located. Estimations of BAM release from the rootzone combined with the simulated age 
distribution at Dalum well field provides a basis for estimating a temporal development of BAM 
concentrations. The BAM release from the rootzone is expected to peak around year 2000, but for 
obvious reasons data is not available on larger scale.  

A simulation of future BAM development at Dalum well field (Figure 15) shows a steady increase in 
BAM contamination until it peaks in year 2020-2030. Peak concentrations for the entire well field 
(mean concentrations) will reach the national drinking water limit (0.1 μg/l). 
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FIG. 15. Estimated present and future BAM pollution at well Od J. 

 

The geology near the well field is not in detail included in the model. Larger structures as well as local 
inhomogenities are included in the conceptual model, but geophysical logs from the well field (e.g. 
Figure 11) shows a diverse flow pattern in vertical direction and a horizontal small scale geological 
complexity that is not possible to model. Estimation of the source concentration illustrates a, however 
unlikely, scenario where a single well abstracts solely polluted water. The argument being that under 
such complex geological settings, barriers of low permeable material might change the flow pattern 
locally, thus only water within a limited part of the capture zone (city area with BAM release) will be 
abstracted by this well. The scenario has a peak concentration at the same time (year 2020-2030), but 
the peak concentration is expected to be five times higher. 
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5. Conclusion 

We evaluated groundwater/surface water interaction, groundwater flow dynamics and temporal 
evolution of hydrochemistry and contamination in groundwater and surface water in a complex aquifer 
system composed of glacial sediments (clayey tills and outwash sands). This was done by using four 
30 year long 3H time series from precipitation, groundwater and surface water, and supplemental 85Kr, 
3H/3He, CFC-12 and SF6 dating results in combination with dynamic hydrological and hydrochemical 
modelling. The calibrated hydrological model was used in analysing groundwater/surface water 
interaction and the general response of the flow system to long term aquifer exploitation and changes 
in abstraction. The hydrochemical model was used to determine important geochemical processes in 
the system. Our results show that travel times to wells, flow paths and velocities, water balance, 
summer and winter runoff, and the hydrochemical evolution of groundwater and surface water have 
changed significantly due to human activities during the past 40 years. Results also show that the 
response to changes in the isotopic composition of the infiltrating groundwater occurs fast in the 
stream due to efficient drainage systems, and that at least one delayed response from deeper parts of 
the aquifer is observed. Isotopic and hydrochemical time series of nitrate indicate that the 
hydrochemistry of the summer baseflow from the early 1960's may represent baseline groundwaters 
with no significant or minimal human impact.  

Generally, it is demonstrated that the combined use of tracer and dating tools and integrated dynamic 
groundwater/surface water models is a very strong tool not to say imperative, for understanding the 
flow dynamics of the hydrological system and for evaluation and prediction of responses to long term 
exploitation. For quantitative and qualitative understanding of the evolution of the hydrochemistry and 
water quality the simulations of the flow system furthermore have to be combined with simulations of 
the geochemical reactions by hydrochemical models. A sound physical, geological and 
biogeochemical understanding of the complete hydrological cycle is needed when evaluating the past, 
present and future evolution of the quantity and quality of the water resource. This knowledge should 
be combined in a hydrological model capable of integrating all information. The resulting model can 
then be applied as a valuable tool for sustained integrated water resource management and for 
evaluation of future development scenarios.  
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Abstract. The background to the long term isotopic study of the northern well field supplying the Jwaneng 
diamond mine in the Kalahari of SE Botswana is sketched. Isotope, hydrochemical and other data obtained over 
the period 1983-1993 give rise to an isotope-based conceptual model of the aquifer supplying the well field. The 
model explains the apparent anomaly of increasing radiocarbon values with increasing degree of aquifer 
confinement. Radiocarbon values and hydrochemistry over ten years of increasing exploitation were remarkably 
constant. This “rigidity” is ascribed to the aquifer remaining relatively unstressed and receiving reverse leakage 
from the aquitard. Early isotope-based recharge estimates correspond well with those obtained later from the 
analysis of the long term hydrograph following more than 10 years’ exploitation. Water balance considerations 
support the proposed discharge mechanism. Research objectives for the study reported here, a continuation of the 
earlier 10 year investigation, are highlighted. Four sets of samples were collected from 1999 to late 2002 and 
results obtained are presented in detail. Important changes in radiocarbon values over the past few years at some 
wells are ascribed to frequent stopping and starting of the well field pumps following automation. Finer stable 
isotope structure of the well field confirms details of the conceptual model, as do the distribution of strontium 
isotope values. Radon measurements do not appear to correlate with any of the isotopic, hydrological or 
chemical indicators. The results of recent hydrochemical surveys show small but distinct shifts in both ionic 
ratios and concentrations in some boreholes and may support the concept of return flow from the aquitard. In 
spite of increasing variability in radiocarbon, and possibly in hydrochemistry, the essential rigidity of these two 
parameters w.r.t. exploitation is maintained. 

1. Introduction 

The existence of a high-yielding aquifer in the semi-arid Kalahari region of southern Africa has been 
an intriguing phenomenon ever since it was discovered in the mid-seventies [1]. Exploration for 
ground water resources for the Jwaneng diamond mine in the Kweneng District of south-eastern 
Botswana (Figure 1) discovered an unusual fault-controlled delta or alluvial fan-like structure in the 
Ecca (Carboniferous) facies of the otherwise near-horizontal sedimentary sequence of the Karoo 
system. The sedimentation of the structure underwent various phases [1], producing the main 
sandstone aquifer dipping NW-wards under increasing thicknesses of mudstones and siltstones (see 
cartoon, Figure 2). The final phase of the sedimentation emplaced 20-40 m surface Kalahari deposits 
of unconsolidated aeolian sand and calcrete. The aquifer, composed of various coarse-grained 
fluviatile Karoo sandstone layers, allows for the development of wells with yields of up to 30 L s-1.  
The high blow yields and shallower diabase bedrock in the south-east limited the depth attainable 
during percussion drilling of the production wells to some 230 m. 

When the original 14 wells of the well field commenced operation in 1979, drawdowns soon proved to 
be substantially less than predicted by initial modeling, requiring various updates during the first few 
years of production (Figure 3). In the initial model, recharge was ignored in the then still generally 
held belief that diffuse rain recharge would be inhibited by the sand and calcrete cover of the Kalahari 
Beds [2]. Some seven years later, the well field was extended to 25 production wells. From an 
extraction rate of some 4.5 x 106 m3 a-1 in the 1980's it has risen to around 9.5 x 106 m3 a-1 in 2000 
(Figure 4) and is expected to rise to 12 x 106 m3 a-1 and possibly higher with extensions to the mine. 

The area in which the well field is situated is featureless terrain, generally sandy bush savannah.  
Long term mean annual precipitation is 350 mm.  Rainfall is seasonal, mostly confined to the summer 
months (October to March) and is highly variable (Figure 5). There is no developed surface drainage 
system. 

Isotope data obtained from the Jwaneng well field in 1983 (Figure 6) provided the first unequivocal 
proof that recharge of economic proportions was occurring in the Kalahari region and that aquifer 
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structure is of fundamental importance in the exploitability of such recharge [3].  As such, the study of 
this well field forms an integral part in the overall understanding of economic ground water resource 
exploitation and management in the Kalahari and similar environments.  It also relates directly to work 
performed on similar aquifers developed on the same fault system which controlled the deposition of 
the Jwaneng well field delta aquifer [4].  It furthermore relates to studies at Orapa diamond mine in 
Botswana (Figure 1), where resource evaluation, recharge and aquifer behaviour have been studied, 
i.e. in a project sponsored by South African Water Research Commission [5]. 

2. Early isotopic and chemical observations 

First samples for isotope analysis were taken from the well field in 1983. Tritium concentrations were 
found to be below measurable levels (0.2±0.2 TU). Radiocarbon values in the range of 55 to 75 pMC 
(Figure 7) showed that, contrary to earlier expectations ([1], following [6]; [2]) the aquifer was 
receiving significant ongoing recharge. This was in accord with other observations:  

a) Drill cores of the sandstone aquifer (mean porosity ~ 15%) showed cavities, occasionally 
containing clay particles - clear signs of development through ground water flow and 

b) The distinct Ca, Mg-HCO3 - dominant chemical composition of the ground water in the delta 
Figure 7) as compared with the cation exchange and higher mineralization characteristics 
(Na,Ca-HCO3,Cl dominance) of the less mobile ground water in the rest of the region where 
the sedimentary sequence is horizontally bedded, with argillaceous members. 

  

Exploration pump testing revealed more or less confined conditions. This is in accord with the 
presence of clays and shales in the upper part of the geological section. The thickness of this aquitard 
tends to increase in a north-westerly direction (Figure 8). Radiocarbon values in the original well field 
also increased north-westwards, paradoxically with increasing confinement of the ground water below 
the aquitard. A few kilometers further northwards, village wells intersecting the aquifer at greater 
depth and confinement gave near-vanishing radiocarbon values (Figures 6 and 9). 
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FIG. 1. Map of Botswana showing location of Jwaneng mine northern well field. 

 

 

 

FIG. 2. Cartoon of the sedimentation history of the well field aquifer (After [1]. 
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FIG. 3. Predicted and observed drawdowns after updates of the well field model (1987). 

 

FIG. 4. Monthly abstractions from the well field 1981 – 2001[7]. 
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FIG. 5. Monthly rainfall figures for Jwaneng 1980 – 2000 [7]. 

 

 

 

FIG. 6. Map of Jwaneng well field before 1989, showing well locations with 14C values and pipe lines. 
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FIG. 7. Piper diagram comparing the range of ionic ratios for the well field (1) and for the 
surrounding Kweneng District (2). 

 

FIG. 8. Map of extended Jwaneng well field showing estimated aquitard thickness (m). 
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3. Isotope-based conceptual model 

The apparently contradictory set of data on the well field was explained at the hand of a conceptual 
model [3][8][9], and is illustrated by a schematic section in Figure 9. The model proposes that where 
the sandstone subcrops beneath the Kalahari cover, recharge episodes raise the rest level and drive the 
water towards the N-W. Here, wells only partially penetrate the aquifer and thus preferentially intersect 
more recent flow lines. Beyond the fault, further northwards, at the deep village wells intersecting the 
same aquifer at more than 400 m, vanishing radiocarbon values show that ground water flow 
effectively has ceased. The flow induced by the recharge is therefore assumed to be dissipated by 
leaking upwards into the aquitard over the large contact area (~100-200 km2). This assumption is given 
credence by the original, undisturbed water level gradient which was some 10-3 in a W – NW direction.  

An implication of this model is that during exploitation and the resulting drop in pressure, the leakage 
into the aquitard is reversed, which could explain the additional storage not accounted for in earlier 
models. Subsequent operational rest level modeling [7], based on 15 years of geohydrological 
observations on a considerably extended well field, now more closely predicts well field behaviour 
and incorporates recharge of the order of a few per cent of mean annual rainfall. 

The present, expanded field extends SW-wards, as well as NE-wards beyond the Maboane fault 
(Figure 6). Radiocarbon values for the new wells confirmed in general terms the original conceptual 
flow model. The fault clearly has a profound influence on the flow pattern that shows rapid stagnation 
of ground water flow north of the fault. Very low radiocarbon values have been observed elsewhere in 
association with the same fault further eastwards and far beyond the Jwaneng well field [4]. 

4. Initial radiocarbon time series 

Over the period 1983 – 1993, several sets of samples for isotope analysis were taken from some of the 
original wells at different times (Figure 11). The time series showed only minor radiocarbon 
variations, in spite of the greatly increased abstraction over the period (Figure 4). In terms of the 
conceptual model, the radiocarbon values are mixtures of water with different, depth dependent, transit 
times through the aquifer (section 3). If this is indeed the case, the time series suggests surprisingly 
little long term disturbance in the natural flow pattern, in spite of ongoing major abstraction over the 
initial observation period of 10 years. It was seen that this “rigidity” of the data needed to be 
understood, its limits investigated and implications assessed. 

5. Recharge based on radiocarbon data 

Recharge values (R) were calculated for the dynamic part of the well field using the exponential model 
mean residence times T based on radiocarbon values [10] 

R = n.H/T 

where n = porosity; H = estimated mean depth of penetration by the wells of the productive aquifer. 
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FIG.9. Schematic SE-NW geological section, showing generalized carbon-14 values and conceptual 
flow pattern (model). 

 

FIG. 10. Map of extended Jwaneng well field showing carbon-14 values(pMC). 
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FIG 11. Carbon-14 (pMC) time series for repeatedly sampled wells up to 1993. 
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FIG. 12. Mean water level (m.a.m.s.l.) and saturated volume (m3) fluctuations 1981 – 2000 [8]. 

 

 

As vanishing 3H values (≤ 0.2±0.2 TU) have consistently been observed, it can be assumed that the 
effect of thermonuclear 14C is as yet minimal. Therefore [11]:  

T =  8270 [(Ao/A) - 1] 

where Ao is the initial 14C value and A is the observed radiocarbon concentration. An average value of 
porosity n  = 0.15 was used, based on the total porosity measured on several drill cores obtained from 
the sandstone aquifer during original well field development [1]. The sandstone aquifer is well-leached 
and essentially free of carbonate. Infiltration during recharge occurs through 10-20 m of near-surface 
calcrete. The vegetation in the area is predominantly C4 grassland. δ13C values in the range –10‰ to –
12‰ are interpreted in terms of a mixture (section 10.3) rather than through carbonate chemistry 
evolution. Therefore the initial, or recharge, value Ao of 14C is set at 85 pMC.   

 For the SE :  H = 100 m;  A = 55 pMC;  T =  4500 a ;    R = 3.7 mma-1 

For the NW: H = 50 m;  A = 74 pMC;   T =  1200 a ;    R = 4.7 mma-1 

 

6. Recharge based on hydrograph analysis 

An analysis [7] of a 15-year hydrograph of average water levels for the well field (Figure 12) revealed 
a number of periods of equal water level. Recharge was calculated on the basis of the equal volume 
method [12], which assumes that the abstraction over the period equals the recharge. A best fit of the 
data for the relationship between inferred recharge and the rainfall over the same period was obtained 
for a (confined) storativity of 0.008, giving a recharge of 1.4% of mean annual rainfall of some 350 
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mma-1. In the modified Hill method [12], assuming a 200 mm threshhold of rainfall before recharge 
can occur, a recharge of 1,98% of rainfall and a storativity of 0.005 is obtained.   

The long term apparent S-value, given by the ratio (cumulative abstraction)/(cumulative dewatered 
volume), has been increasing over 15 years to a value of 0,04 [7]. This value is likely to increase 
further with time, as the volume of rock being dewatered comprises both the sandstone aquifer as well 
as the aquitard rocks, which yield water much more slowly. The range of resulting recharge values of 
3.0 – 4.9 mm a-1 overlaps the range of isotope-derived values. This excellent correspondence stresses 
the potential power of the isotope “snapshot” approach, which in this study provided useful 
information on recharge long before meaningful results could be obtained from hydrograph analysis. 

7. Assessment of water balance 

In an attempt to assess the feasibility of this model, an order-of-magnitude estimate of recharge and 
discharge (leakage) is made roughly to establish a water balance. 

The mean long term rain recharge R was calculated at ~4 mma-1 on the basis of radiocarbon values, 
confirmed by subsequent hydrograph analysis (section 6.). 

After the initial assessment of the delta structure [1], no further rigorous structural analysis has been 
attempted. The spatial factors used below are therefore rough estimates. 

It is assumed that the recharge area ai relevant to, and towards the south of, the well field is of the 
order of 100-200 km2. The total recharge input Qi is therefore 

Qi = R.ai ≈ 10-2 m3s-1 

 

 

The relevant area of contact ao between the dynamic part of the sandstone aquifer and the 
siltstone/mudstone aqui tard further northwards is also of the order of 100-200 km2. Assuming long-
term mean hydraulic gradients in the range of 10-3 and hydraulic conductivities for the aquitard in the 
range 10-8 to 10-7 ms-1, this should produce a discharge Qo due to leakage  

Qo = K.ao.dh/dl ≈ 10-3 to 10-1 m3s-1 

These order-of-magnitude estimates show that the fairly well-established recharge can readily be 
balanced by leakage into what is probably a highly heterogeneous aquitard. 

In comparison, abstraction is approaching 107 m3a-1 or 3x10-1 m3s-1 - on the order of 10-30 times the 
estimated average natural turnover of the aquifer. This implies massive ground water mining and it can 
be expected that the aquifer system will eventually come under stress. 

8. Research objectives of present project 

The overall and ongoing research objective of the isotope study of the Jwaneng mine well field is to 
gain a fuller understanding of the geohydrology of the aquifer which is tapped by the well field and to 
generate numerical information such as independent estimates of recharge for use in the aquifer model. 

The specific research objective is to understand the long term behaviour of the isotope indicators of 
the well field under the influence of full exploitation. It is generally assumed that environmental 
isotope concentrations will respond to exploitation and might give an early warning of over-
abstraction [10] and of deteriorating water quality/pollution. A 10 year series of 14C data for several 
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production wells has shown a remarkable rigidity of values where the conceptual model suggests that 
radiocarbon values are produced by mixtures of water of different transit time. 

9. Activities during the project 

9.1. Sample collection - 1999 

A first series of samples under the present project was taken from all production boreholes of the 
Jwaneng northern well field in August 1999. Isotopic measurements on this and subsequent batches of 
samples were done in the Environmental Isotope Laboratory of the Schonland Research Institute, 
University of the Witwatersrand. Results are presented in Table 1. All hydrochemical data is by 
courtesy Debswana Ltd. 

The first set of samples taken in 1983 consistently gave values of tritium around 0.0±0.2 TU. Tritium 
analysis of the 1999 sample set was suspended when it became clear that vanishing tritium was again 
observed for a wide range of 14C values. Tritium data therefore sets the MRT values conservatively at 
grater than two hundred years. 
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9.2. Sample collection - 2000 

Samples for stable isotopes, radon and radiocarbon analysis were taken. Unforeseen maintenance work 
on the well field hampered sampling activities severely, with the result that various sections ("legs") of 
the field could not be sampled.  Furthermore, the various legs were constantly being switched on and 
off. The results are regarded as unreliable and not reported. 

9.3. Sample collection - early 2001 

A further set of 26 samples for isotopic analysis was collected from the well field in February 2001. 
The pumping schedule for the well field had by then been largely automated centrally, which 
complicates the logistics of sampling, as legs are occasionally switched off and on more or less 
unpredictably. The time between switch-on and sampling might have been between several hours to 
minutes in some cases, and stable drawdown conditions might not have been attained. 

Sampling for 222Rn from individual wells was undertaken in order to assist in more fully understanding 
the flow regime in the well field. Possible aeration during sampling on account of the high pressure in 
the pipelines was avoided by using appropriate fittings and collecting samples through a length of 
flexible tubing. The isotopic data is presented in Table 1 

9.4. Sample collection – September 2002 

A final sample collection was performed in September 2002. Several wells were inoperative at the time 
of sampling and logistical difficulties were experienced with the automatic switching of certain legs. A 
reasonably full set of samples was obtained, although with the uncertainty of unstable drawdown. 
Additional samples were taken for 87Sr/ 86Sr, and analysed by the isotope laboratory of the Council for 
Geoscience, Pretoria.  

The isotopic data is presented in Table 1, along with field observations. 

10. Discussion of isotope data 

10.1. Radon 

Radon concentrations (Table 1) were found to be considerably lower than had been suspected. It was 
encouraging to note that the concentration in the domestic water in Jwaneng town, supplied exclusively 
by the well field, lies between about 1/2 to 1/3 of the average value measured in the individual 
production wells, an effective mean residence time of some 4-6 days in the system. This mitigates 
further the concerns held for the potential domestic dose rate.  

Values (in cpm/litre) vary by a factor of about 3 over the entire well field with C1 at almost double the 
highest value found elsewhere. As yet, no obvious pattern can be discerned in these values, nor any 
correlation with the other analytical parameters. Coal measures were observed in various drill cores 
during exploration and development of the well field. Higher radon values could be associated with 
the presence of coal in the aquifer sandstone. 

10.2. Radiocarbon 

Radiocarbon values for the wells A1, A2, B2, C1, C2, D1 and E1 - i.e. those for which the long term 
data series was available, are plotted in Fig. 13 along with the mean values for 1983-1993. It can be 
seen that whereas the 1983-1993 concentrations remained remarkably constant (Figure 11) changes are 
beginning to appear in the more recent samples. Initially, these changes were thought to be related to 
significant shifts in the hydrological regime. The generally random variations over the past three years 
rather seem to reflect non-steady-state drawdown conditions in individual wells at the time of sampling 
(see Section 9) as a result of the automatic switching off and on of the various legs introduced in the 
latter 90’s. In terms of the conceptual model, which proposes that wells produce mixtures of water of 
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different residence times, this would result in short-term variability of 14C values which otherwise show 
remarkable long term stability.  

The 14C data for 1999 and 2001 are plotted against those of 2002 in Figure 14. For both 1999 and 2001, 
and in spite of significant scatter, an essentially 1:1 correlation is obtained. This shows that no 
significant basin-wide changes have occurred such as would be reflected by 14C values over the three 
year project period. Reproducibility to ± 2σ is achieved between e.g. results for A2, C4, E1, F1, H2, H3, 
G3. The considerable displacement on some of the 2002 data, such as C4 and H3 from the correlation 
line, is ascribed to random switching. 

Originally, the radiocarbon values obtained for the two deep village boreholes north of the well field 
were 3 pMC for Setse and 2 pMC for Borabane. The most recent radiocarbon value for Borabane 
confirms these values, and the near-complete stagnation of ground water. The radiocarbon result for 
Kadiche conforms to the geographical trends foreseen in the original concept. The 1999 and 2002 
samples taken at Masope village, which lies within the well field area, conform to the values of nearby 
production wells. 

10.3. Carbon-13 

Carbon-13 values give an indication of the evolution of the inorganic carbon chemistry of the ground 
water. Observed δ13C values fall in a relatively narrow range. A plot shows a significant correlation 
with 14C, with the suggestion of two clusters for both 2001 and 2002 (Figure 15). This confirms: 

a) as with the correlations with stable isotopes and alkalinity, that mixtures are occurring and  

b) that the carbonate chemistry is essentially established during recharge.  

Also of note is that the δ13C values become more negative with decreasing radiocarbon values. The 
opposite is usually the case for confined ground water, and ascribed to exchange with the aquifer 
material [13]. The absence of the usual dilution with matrix carbonate implies that radiocarbon values 
can be compared and can be taken as reliable - at least relative - indicators of ground water 
transit/residence times. 

10.4. Deuterium and oxygen-18 

The stable isotope values for 2001 and 2002 are plotted on a δD-δ18O diagram in Figure 16. The 
narrow range of values (δD ~ 8 ‰ and δ18O ~ 0.8 ‰), is closely reproduced. There are no clear 
temporal changes to be discerned over the period, either of this study nor since 1983 in the Jwaneng 
well field. 
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FIG. 13. Carbon-14 time series for repeatedly sampled wells 1999 – 2002 w.r.t. means for 1983-1993 
(Figure 11). 
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FIG. 14. Plot of carbon-14 values for 1991 and 2001 against carbon-14 values for 2002. 

 

 

                     FIG. 15 Plots of δ13cagainst carbon-14 for 2001 and 2002. 
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            FIG. 16. Plots of δD against δ18O for 2001 and 2002. 

 

With the presently attainable analytical precision (δD ± 0.7 ‰; δ18O ± 0.05 ‰) the differences within 
each range are significant and reproducible, within the limits of the sampling constraints (see Section 9 
and 10.3). A mean linear regression for the data sets gives δD = 8.8 δ18O + 15.4, somewhat off the 
global meteoric water line. Stable isotope values for the early study period 1983-1993 lie in the same 
range, if at lower precision. 

Figure 17 shows a clear negative correlation of δ18O with 14C and suggests a mixing line. The more 
positive values are associated with the older, deeper water, derived from recharge conditions which 
differ from those of present-day recharge. As for δ13C, this is opposite to the trend often reported where 
the older water reflects a cooler, moister “palaeoclimate”. 

Based on this model, the mean stable isotope composition of present-day local recharge to the well field 
aquifer is extremely constant, probably within some δ18O ± 0.2 ‰. This is in accord with the well field 
conceptual model which proposes fairly localized, direct and uniform recharge controlled by a 
featureless terrain, with little or no surface evaporation before infiltration. A single playa or pan in the 
NE of the well field, influences the hydrochemistry (high NaCl) of well G1 locally (see: Figure 22 and 
Section 11), but not its stable isotope contents.  

The geographic distribution of δ18O values (Figure 18) shows the more negative values lying in the 
centre of the well field, around the pumping station, and resembles the distribution of 14C, as is to be 
expected from the pronounced correlation of δ18O with 14C. 

10.5. Strontium isotopes 

Strontium isotopes are useful as hydrological tracers in that dissolved strontium equilibrates with 
aquifer material, the dissolved species gradually assuming the isotopic ratio of the strontium in the 
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aquifer matrix. The 87Sr/86Sr ratio for modern sea water is 0.709. The ratio rises with the decay of 87Rb 
with the result that the ratio for continental rocks lies in the range of 0.710 to 0.740 [14].  

Sr isotope analysis was undertaken for a selection of 19 wells, in order to obtain independent 
information on the conceptual model. The results are presented in Table 1 and their spatial distribution 
in Figure 19. The analytical laboratory (Council for Geosciences, Pretoria) quotes the precision of the 
data as ±0.0007.  

The highest 87Sr/86Sr ratios (> 0.7220) are observed in the south. Towards the centre of the well field 
there is a cluster of values around ~ 0.7210±0.0007. A distinct drop in values is observed to the north of 
the Maboane fault, to below 0.7200. 

The distinct SE-NW pattern seen in the 87Sr/86Sr resembles the spatial distribution of e.g. δ18O and 14C. 
However, there is no reversal in trend, as in the latter, which is the basis of the hydrological model. 
Wells in the SE were drilled through the Karoo sediments into the floor rock (dolerite, or diabase), 
whilst towards the north wells were drilled to depth limits imposed by the high blow yields from the 
sandstone. The 87Sr/86Sr information can therefore be interpreted i.t.o hydrogeological (lithological) 
rather than geohydrological associations, and can be taken to confirm the spatial aspects of the aquifer 
in the conceptual model. 

 

 

 

        FIG 17. Plots of δ18O against carbon-14 for 2001 and 2002. 
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FIG 18. Map of Jwaneng well field with δ18O values. 

 

 

FIG 19. Map of Jwaneng well field with 87Sr/86Sr values. 
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FIG. 20. N-S schematic geological section showing observed and predicted drawdowns (after [7]). 

10.6. Comments on relaxation times 

A schematic NW-SE geological section (Figure 20; after [7]) shows the original ground water level 
(1980), the present (2002) drawdown and the simulated drawdown for 2041. This illustrates 
qualitatively the very limited extent to which the available storage is being addressed and consequently, 
the stratification of the water body disturbed. Data has shown that the time constant for the appearance 
of meaningful changes to e.g. 14C values is probably of the order of many decades. 

On the other hand, the 14C output from boreholes in terms of drawdown and its effect on stratification 
should be more pronounced. It is likely to change from the time the pump is started until a steady-state 
drawdown is achieved. Using the Theis expression [15] for the drawdown with typical parameters for 
the well field, the calculated relaxation time for establishing stable drawdown is of the order of 30 
mins. The value of e.g. 14C in a sample taken from a borehole within ~1 hour of switching on the 
pump is therefore likely to still differ substantially from the value obtained during steady-state 
drawdown. It has not been possible to verify this in individual wells. 

11. Hydrochemistry 

11.1. Historical 

The two most distinctive features of the Jwaneng well field aquifer from the outset were its high yield 
and the chemical characteristics of the ground water. Borehole yields in excess of 30 Ls-1 were 
exceptional in the Ecca sedimentary environment of the Kweneng province. The Ca,Mg-HCO3 
dominance of the ground water, with total dissolved solid values between 500 and 800 mg L-1, stood in 
contrast with the generally Na,Ca,Mg-HCO3,Cl characteristic and higher mineralization of most ground 
water in the region. The chemical character led to the early conclusion that there should be active 
recharge [1], but the mechanism remained unclear. Early isotope observations [3] led to the conceptual 
model for the aquifer (section 3.) with local recharge, rather than underflow from a remote recharge 
area further south as proposed by Buckley [1]. 
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A consequence of the isotope-based model was a sink balancing the recharge, postulated by Verhagen 
[16] to be leakage into the mudstone/siltstone aquitard overlying and interfingering much of the 
productive and northwards dipping aquifer. As a consequence of the isotope-based conceptual model, 
reverse leakage could be expected to occur from the aquitard when aquifer pressure was lowered by 
pumping. The reversal of flow from the argillaceous aquitard could therefore in time be expected to 
produce measurable changes in the (cat)ionic ratios of the pumped water. 

11.2. Temporal changes 

Along with the 14C, the chemical signature (e.g. for July 1986; Figure 21) remained essentially 
unchanged. The same signature, with small local differences, was observed in the expanded well field, 
and was maintained from the latter 80's with the concomitant rise in abstraction - referred to as an 
apparent "rigidity" in the data. 

The chemical signature for the well field in January 1999 (Figure 22) showed essentially the same 
cluster of points, albeit with a somewhat wider spread in the cation field. There were two outliers: G1, 
with elevated NaCl (see above), and A4, a single case exhibiting clear cation exchange. 

A set of samples was taken in December 2001. Hydrochemical analyses were run by a different 
laboratory. The results appear to be of good quality with ionic balances << 5%.  The ionic ratios are 
plotted on a Piper diagram in Figure 23. 

Compared with the results of 1999 there is a slight shift away from the Ca,Mg-HCO3 sector in 2001, 
respectively towards the Ca-SO4 and Na-HCO3 corners of the diamond field. Also, some significant 
increases in overall mineralization are seen between 1999 and 2002, especially along the A and G legs.  

The high Na-Cl value for G1 has been evident since the well was first sampled and is clearly influenced 
by the proximity of the pan/playa. Such local influence on chemistry of deep Ecca ground water by 
pans has been reported for south-eastern Botswana generally [17]. This is an indication that the 
conceptual model of the well field may be an (over?) simplification and that local recharge conditions 
can play a significant role.  

The chemical data provided by the mine has from time to time been open to question. In spite of this, 
the data appears to be sufficiently reliable to conclude that significant shifts in chemistry are 
occurring, with some indication that ion exchange processes may begin to manifest themselves in 
addition to measurable local deterioration in water quality at some sites. 

11.3. Saturation indices 

Calcite saturation indices (S.I.) for the individual production wells are displayed in Figure 24. A 
distinct pattern emerges from considerable undersaturation in the south-east to distinct supersaturation 
in the north-west of the well field. This may be taken to support the model of recharge in the south-
east, and north-westwards ground water flow under increasing thicknesses of the aquitard. 
Considerable surface calcrete formation to the west and north-west may be evidence of ground water 
forced to surface in the (semi-)confined region of the aquifer during exceptional recharge periods or 
pluvials. 

11.4. Total alkalinity 

Total (HCO3) alkalinity for the well field ranges by about a factor of two across the well field. It 
partially reflects the changes in calcite saturation index (section 11.3) and the development of the 
inorganic carbon chemistry of the ground water. When plotted against 14C (Figure 25), a significant 
positive correlation is observed. This shows that higher alkalinity is brought into the aquifer with  the 
recently recharged water, whilst deeper older water has lower alkalinities. The model postulates that 
the boreholes in the south and closest to the recharge area tap proportionately more of the older, low-
alkalinity water. 
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FIG. 21. Piper tri-linear diagram for ionic ratios observed in 1986. 

 

 

FIG. 22. Piper tri-linear diagram for ionic ratios observed in 1999. 
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FIG. 23. Piper tri-linear diagram for ionic ratios observed in 2001. 

 

 

FIG. 24. Map of Jwaneng well field showing calcite saturation indices (SI). 

120



 

 

FIG. 25. Plot of total alkalinity values against carbon-14. 

 

11.5. Mixing end-members 

A significant correlation is observed when δ13C, δ18O and TAlk are plotted against radiocarbon (Figures 
15, 16 and 25). These correlations may be interpreted in terms of mixtures between two end members 
in the aquifer with the following characteristics: 

(a) deep, older water          14C ≤ 35 pMC; TAlk ≤ 4.5 meq L-1; δ18O ≥ -5.5 ‰; δ13C ≤ -12.0 ‰ 

(b) shallow, younger water  14C ≥ 80 pMC; TAlk ≥ 10 meq L-1 ; δ18O ≤ -6.3 ‰;  δ13C ≥ -9.5 ‰ 

This schematic characterization into two components underlines their origins from differing recharge 
areas. The older, deeper component could originate further south of the well field in an area of little 
calcrete formation. 

These results again confirm the basic premise underlying the conceptual isotopic model of the well 
field. The 14C values, largely unchanged or "rigid" show that, by and large the mixing proportions 
have remained unchanged over the lifetime of the well field and the extraction of some 2x108 m3 of 
water during the period. On the other hand, transient drawdown conditions when borehole pumps are 
stopped and re-started, may influence the mixing proportions significantly. 

12. Cone of dewatering 

The actual drawdown over the period 1979-2000 (Figure 26a) shows that the cone of depression does 
not coincide with the area of maximum abstraction but is displaced towards the north of the well field. 
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Long term operational modeling predicts that the cone of depression will centre on the area of highest 
exploitation of the well field. Figure 26b shows the modeled prediction for the drawdown cone at an 
abstraction rate of 12x106 m3a-1 in the year 2021 [7]. Its centre lies as much as 10 km south of the 
centre of the present actual cone of depression. 

It is clear that operational modeling has not taken into consideration the hydrological relationships as 
revealed by isotopic observations. These have shown that ground water stagnates from the Maboane 
fault northwards; in other words, tends to complete confinement. Here, the storativity of the sandstone 
aquifer, calculated at a mean of some 0.04 for the entire cone of dewatering, should drop by one to two 
orders of magnitude. This results in a much larger drawdown as compared with the area south of the 
fault which sustains significant ground water flow and exhibits unconfined/semi-confined storativity. 
An alternative mechanism would be that the transmissivity of the aquitard decreases with increasing 
thickness, reverse leakage towards the aquifer diminishing further northwards. 

13. Conclusions 

13.1. Conceptual model 

Although the conceptual model is clearly an (over) simplification of the hydrology of the well field, it 
has acted as an important working hypothesis and has had a number features confirmed by 
observations:  

(i) Geographic trends in radiocarbon values seen in the original well field were confirmed in the 
new boreholes added during the well field expansion in 1989. These trends are reversed in the 
vicinity of the Maboane fault, where leakage losses lead to flow stagnation.  

(ii) Total alkalinity, oxygen-18 and, to a lesser extent, carbon-13 correlations with carbon-14 have 
all supported the concept of mixing which is inherent in the model. 

(iii) Calcite saturation index increases from negative values in the south-east, where the model 
places the recharge area, to positive values in the north-west, following the predicted flow path. 
Reversals occur in the vicinity of the Maboane fault, where the flow is interrupted.  

(iv) 87Sr/86Sr values have confirmed some of the lithological associations determined by borehole 
depths, one of the premises of the conceptual model. 

(v) Estimates of recharge of some 4 mma-1, based on the model and derived from early radiocarbon 
values, have been corroborated by the analysis of long term water level observation. 

13.2. Overall conclusions 

(i) Apart from recent changes in radiocarbon values observed in some production wells, 
radiocarbon, stable isotopes and hydrochemistry – parameters repeatedly measured - have 
reflected rather weakly the exploitation of the Jwaneng mine northern well field.  

(ii) The attenuated ion exchange response in the postulated reverse leakage may be sought in the 
effective exhaustion of ion exchange capability of the clay minerals in the aquitard due to the 
ongoing natural flow in the system. 
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FIG. 26. (a) Observed drawdowns for the northern well field (1980-2000); (b) Drawdowns predicted 
for 2021 by well field operational model [8]. 
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(iii) A comparison of data for 1986, 1999 and 2001 and 2002 show some chemical changes, 
partially in the direction of cation exchange. The water which we postulate is being drawn out 
of the aquitard is therefore unlikely to have undergone major changes in the isotope 
parameters: 13C, 18O and 2H. Furthermore, assuming piston-like displacement, this is the 
water which has entered the aquitard most recently, for which the residence time in the aquitard 
was low on the radiocarbon time scale, resulting in little or no change in 14C. 

(iv) Hydrological information, based on isotope data, shows that the long term cone of drawdown is 
likely to be centered some 10 km further north than operational modeling of the well field 
presently predicts. 

(v) Isotope data has shown the major change in aquifer response between the south and north of 
the Maboane fault. This suggests that the developing cone of depression due to ongoing 
pumping will centre towards the north, rather than the south, of the fault. 

(vi) Assuming that most of the sandstone aquifer thickness significantly produces water, it is clear 
that only a small fraction of the available storage has been exploited up to the present.  This 
explains the longer-term rigidity of e.g. the 14C data. 

(vii) The age stratification of the aquifer, implicit in the model, results in changes in 14C values in 
well discharge within the relaxation time of the individual drawdowns after commencement of 
pumping. This underlines the need in long term studies for stable drawdown conditions in 
individual wells to ensure reproducible isotopic and other parameters in data series on the 
pumped water. 

(viii) The general area of recharge has been identified to the SE of the well field. In order to 
safeguard the excellent quality of this unique resource, a ground water protection zone should 
be established in this recharge area. Future land use should be limited to e.g. a nature reserve, 
such as at present operated to the NE of Jwaneng mine. 
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Abstract.  It is common to consider that spatial scatter of isotopic composition within fossil aquifers is more 
significant than variations in time. These observations must be treated with some reserve, since the time of 
observations is often too short for detecting meaningful changes taking into account the slow rate of water 
movement in these aquifers. In the other hand, it is also noticeable that intensive uses of groundwater can bring 
about important changes in aquifer characteristics (flow rate, flow line,…). In this paper, based on five (5) 
sampling campaign for chemical and isotopic studies of the “Complexe terminal” aquifer in the Djérid basin and 
its borders, we intend to quantify content variation rates for 2H and 18O according to the exploitation of the 
aquifer since 1972, date of the first sampling campaign. 

 

1. Introduction 

Since spring exhaustion of the Djérid region in 1984, 80% of water needs are supplied by the 
“Complexe terminal” aquifer. The effect of intensive use of this aquifer began to appear since 1995 by 
the same way of intensive irrigation used for the old oasis extension and the creation of new oasis. The 
follow-up of exploitation evolution concurrently with isotopic water contents variation can inform us 
on the streamlined behavior of the aquifer and the new origin of waters pumped. On the basis of this 
study results, it will be possible to suggest actions that must be adopted in time to save and manage 
water resources of the region correctly. 

2. Generalities 

2.1. Geographic and climatic setting 

The Djérid basin is situated to the southwest of Tunisia between 33°10' and 34°20' of North latitude 
and between 7°0' and 8°30' of East longitude. This basin covers approximately 10 000 km² and is 
characterized by a large depression called “Chott Djerid”, which topographic levels vary between +16 
and +22 m/NM. 

This basin is limited at the East by Djebel Tebaga, at the south and the west by the Grand Erg 
Oriental, and at the north by the chain of Metlaoui-Gafsa (Figure 1). 
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FIG. 1. Localization of the survey zone 

 

The survey zone is characterized by an arid climate with annual precipitation average less than 100 
mm. These precipitations are marked by a scattered distribution in time and space. The mean annual 
temperature is of the order of 21°C while the evaporation rate is more than 1700 mm/y. (Figures 2a 
and 2b). 
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FIG. 2. Climatic data at the main stations of the Djérid basin. 

2.2. Geological and hydrogeological setting 

2.2.1. Geology 

The geological environment is constituted by the following outcrops: 

• The Cretaceous, essentially formed by marls, gypsums and limestone, outcrops on the north 
(Chain of Chereb and Drâa Djerid anticline) and on the East (Djebel Tebaga). 

• The Eocene, formed by limestone, outcrops on the chain of Metlaoui-Gafsa. 
• The Mio-Plio-quaternary, constituted of sands and clayey sands, covers the almost-totality of 

the basin. 

2.2.2. Hydrogeology 

The Djérid basin is a subsiding zone that contains three main aquifers (Figure 3): 

• The “Continental Intercalaire” (CI) aquifer spreads from the Saharian Atlas on the north in 
Gafsa-Metlaoui region in the extreme south of the country. The geological formations 
constituting this aquifer present large variations of facies and thickness, from the zone of the 
Chotts to the Sahara platform. Sedimentation changes in continental fluvio-deltaic deposits 
produced a detrital level alternation with clayey silts intercalations and frequently gypsum 
intercalations. The water bearing bed of the “Continental intercalaire” aquifer is included 
between the Neocomien at the basis and the Albien at the top [1]. These formations are located 
between 1550 and 2300 meters of depth. 
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• The “Complex terminal” (CT) aquifer is formed by limestone assigned to the Sénonien in the 
Nefzaoua region and is formed by sands with thin clayey intercalations assigned to the lower 
Pontien in the Djérid region. The depth of the aquifer varies between 70 and 250 meters in the 
Nefzaoua region and between 80 and 700 m in the Djerid region. 

• The superficial aquifer system, only localized in the Djérid region, of about ten thickness 
meters, is Mio-Plio-quaternary age. It is essentially constituted by clayey and gypseous sands. 
This aquifer is recharged by the excess of irrigation water coming from of deep aquifers. 
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FIG. 3. Schematic section through the “Continental Intercalaire” aquifer and through the “Complex 
terminal” aquifer at Tunisia and Algeria country. 

2.3. Cronological account of deep aquifers exploitation 

2.3.1. Before the “Plan Directeru des eaux du Sud” 

Water resources of Djérid and Nefzaoua regions, are exclusively constituted by deep groundwater. 
Indeed, since 1890, the springs of Nefta, Tozeur, El Ouidiane and El Hamma used to supply all water 
needs for agriculture (oasis) and domestic use. Nowadays, all these springs dried up. 

The following curve translates the spring discharge decrease since the end of the 19th Century until 
their exhaustion in 1988. (Figure 4). 
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FIG. 4. Spring exhaustion in Djérid region. 
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FIG. 5. “Complexe Terminal” aquifer exploitation in Southern Tunisia [l/s] (1983-2000). 
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2.3.2. Present exploitation 

The hydrogeologic balance of deep aquifers has been done for the first time in 1972 [2] as a part of the 
ERESS project. The model has then served for simulations of potential exploitation. The so-called 
“Plan Directeur des Eaux du Sud” (PDES), that means “the Directory Plan of Southern Waters Use”, 
was elaborated on the basis of obtained results. This plan fixed a quota of 4500l/s for the Djérid region 
and a quota of 9000 l/s for the Nefzaoua region that can be pumped from the deep aquifer of 
“Complexe terminal”. 

Drills exploiting the “Complex terminal” aquifer have begun in southern Tunisia since 1950, pumped 
discharge appears to pass by two main phases that are : 

• A first phase that lasts until 1974 during which this discharge was around 3000l/s, 
• A second phase between 1974 and 1995, during which this discharge increased continually to 

exceed the value of 10 000 l/s in 1988 and to progress toward 11 500 l/s. [3]. 
 

The previous figure (Figure 5) gives exploitation evolution of the “Complexe terminal” aquifer 
southern Tunisia from 1983 to 2000. 

Artesian discharge disappeared due to the intensive exploitation of this aquifer. Only some drills 
situated in the low zones are still artesian.  

The following curve (Figure 6) translates the pumping evolution to the detriment of artesian discharge 
in the Djerid region. 
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FIG. 6. Pumping evolution to the detriment of the artesian discharge in the Djérid region.  
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3. Hydrochemical study 

3.1. Sampling 

Two sampling campaigns for isotopic and hydrochemical analysis have been done in the zone of 
survey. The first was achieved during August 1999, the second one was achieved during July 2000 [4]. 
In this paper, we will limit discussions and interpretations of data concerning the “Complexe terminal” 
aquifer. Figure 7 gives the site and the designation of points sampled during the campaigns. 
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FIG. 7. Localiztion of water sampled points in the “Complexe terminal” aquifer.  
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Chemical analysis are presented on Table 1. 

TABLE 1. ISOTOPIC RESULTS OF THE SAMPLING CAMPAIGN OF 1999 

 Depth T RS C pH δ18O‰ δ2H ‰ Exc  ‰ C-14 dating C-13 
Bir Roumi 287-340 27 3.06 3.94 7.47 -5.04 -49.1 -8.78     
A. Ouled Ghrissi 443-489 30 2.72 3.6 8 -4.6 -46.9 -10.1 5.8+/-1.2 -7.46 
Hazoua 1 bis 422-540 31 2.68 3.2 8 -4.74 -47.5 -9.58    
Htam CT 666-739 27 3.09 4.5 7.47 -5.29 -49.3 -6.98 4.4+/-1.5  
Mzara 323-361 27 2.8 3.78 7.4 -4.83 -47.4 -8.76 3.2  +/- 0.8 -6.36 
El Faouz 325-395 27.5 4.05 4.02 7.4 -4.95 -48 -8.4    
Garaet Jaballah 1b 325-395 28 2.92 3 7.73 -4.77 -47.6 -9.44 7.9 +/- 0.9 -6.94 
Choucht Zerga 385-469 28 3 3.96 7.56 -4.78 -47.4 -9.16    
Nefta 4 bis 401-486 29 3.24 4.1 7.45 -5.11 -48.5 -7.62    
Nefta 9 368-448 29 2.4 3.05 7.95 -4.23 -45.5 -11.6    
Sif Lakdar 533-624 30 2.28 3.22 8.08 -4.13 -44.4 -11.3    
Zâafrana 1 bis 612-672 30 3.24 3.85 7.24 -6.21 -54 -4.32    
Gherdgaya 4 bis 285-380 31 3.31 3.8 6.96 -6.11 -53.9 -5.02 10.4+/-1.7 -5.46 
Ibn Chabbat 1 bis 114-510 26 3.24 4.2 7.52 -4.75 -45.4 -7.4 17+/-1.7 -0.61 
Mrah 1 bis 602-672 32.5 3.12 3.56 7.98 -5.93 -53 -5.56    
PK 14 bis 507-578 29.5 2.16 2.91 8.02 -4.07 -45 -12.4 6.1+/-1.1 -7.27 
Moncef 3 ter 562-632 31 2.88 3.57 8.2 -5.06 -48.7 -8.22    
Ibn Chabbat 10 bis 596-680 26 3.08 3.8 7.25 -4.99 -48.1 -8.18    
Ibn Chabbat 13 bis 492-563 27 2.98 3.95 7.37 -5.04 -48.4 -8.08 19.4+/-1.8 -7.94 
Chemsa 1 bis 591-655 27 3.06 3.93 7.5 -5.01 -47.9 -7.82    
Drâa CRDA 56-68 28 1.93 2.4 7.2 -5.72 -51.8 -6.04 17.9+/-1.6 -6.14 
Hôtel Sarra 50-80 28 2.17 2.9 7.7 -5.73 -50.6 -4.76    
Tozeur 8 320-400 30 2.1 2.8 8.1 -3.85 -43.6 -12.8 18.3+/-1 -8.29 
Neflayet 3 bis 269-324 30 3.19 3.99 7.48 -4.97 -48 -8.24    
O. Koucha 2 bis 285-342 32 1.89 2.8 7.73 -4.79 -46.2 -7.88 11.9 +/- 1.3  
Degache. S 538-604 33 2.24 2.6 7.66 -4.82 -46.6 -8.04    
Aîn Torba 3 ter 96-172 31 1.76 2.2 7.66 -5.85 -51.3 -4.5    
Zaouiet El Arab 1 
ter 247-300 32 1.9 2.68 7.1 -5.86 -50.1 -3.22    
El Hamma 16 156-220 34 2.14 2.1 7.2 -4.7 -47 -9.4    
El Hamma 14 bis 99-118 34 4.29 4.9 7.21 -5.44 -49.5 -5.98 28.5+/-0.9 -9.96 
Hamma 5b 192-270 32 5.04 5.4 7.21 -7.44 -52.9 6.62 3.65+/-1.2 -

10.75 
Kriz 3 ter 62-105 32 4.12 6.36 7.21 -5.85 -49.9 -3.1    
Ceddada 3 ter 385-494 33 3.26 4.38 7.65 -5.94 -50.5 -2.98    
Ceddada 4 bis 551-640 35 3.19 4.3 7.73 -5.98 -50.6 -2.76    
Dghoumes 3 bis 544-586 37.4 2.34 5.3 8 -5.99 -51.4 -3.48    
Tazrarit 1 49-91 35 5.88 8.4 7.7 -5.72 -49.2 -3.44    
Tazrarit 1 bis 560-629 34 3.81 5.1 7.35 -6.04 -50.9 -2.58    
Chakmou 4 521-586 35 6.49 7.2 7.31 -6.98 -50.8 5.04    
Gouifla 8 538-603 35.7 6.25 8.1 8 -6.72 -50.2 3.56    
Ben Gacha 1006-1203 44 3.85 6.04 8.08 -6.44 -56 -4.48 17.1+/-1.4 -7.65 
Dhafria 3 1052-1203 49 3.17 4.6 8 -7.71 -57 4.68     
O.Shili 739-800 30.5 4.3 5.2 8.3 -7.27 -51.2 6.96    
Ferdaous C1 F1 225-303 25.5 3.03 3.19 5.8 -4.22 -47.3 -13.5    
Nasr 1 190-250 25 2.89 3.5 6.19 -4.6 -50 -13.2    
Essalem 195-261 25 4.96 5.09 6.14 -6.77 -57.9 -3.74    
Matrouha 2 190-288 25.5 2.93 3.49 5.57 -4.02 -44.9 -12.7    
Rejim Mâatoug 2 164-220 26 2.31 2.51 6.01 -4.16 -45.2 -11.9 10.3 +/- 1.5  
Jemna 1b 60-150 23 1.46 1.41 6.12 -5.13 -45.9 -4.86 10.8 +/- 0.85 -3.6 
Douz 2 bis 53-75 23.5 1.12 1.67 6.65 -5.48 -49.6 -5.76    
Zarcine 1 103-200 25.5 1.97 2.4 5.88 -5.35 -49.1 -6.3 11.6 +/-1.2 -5.77 
Dar Kouskousii -81 24 4.56 5.1 5.92 -5.53 -49.6 -5.36    
Fatnassa 2 92-185 25.5 3.41 4.03 6.28 -5.03 -47.7 -7.46 27.8+/-2.21 -5.29 
Bechni -200 23 1.9 2.44 5.78 -5.51 -49.2 -5.12    
Bir Haj Brahim 40-70 23 2.87 3.64 6.45 -5.53 -49 -4.76    
Zâafrane 3b -122 23.5 1.23 1.25 6.21 -5.13 -47 -5.96 21.1+/-1.4  
Negga 6 -251 27 1.97 1.96 6.52 -5.15 -51.1 -9.9 11.6 +/- 1.4 -6.7 
El Faouar 4 88-195 24.5 1.63 2.07 6.55 -4.52 -46.5 -10.3 9.6 +/- 1.1 -4.59 
Sabria Môl 180-200 24 1.13 1.49 6.4 -5.62 -51.5 -6.54 6.1 +/- 1 -5.9 
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3.2. Water chemical facies 

The “Complex terminal” waters sampled from the Djérid and the Nefzaoua regions present mixed 
facies. Ion abundances are following the next order: 

Ca = Na> Mg> K 

SO4 = Cl> HCO3 

Piper diagram yields to the fact an almost equal distribution of sulfates and chlorides in the anion 
triangle. Points placed in "sodic/potassic" triangle correspond to the axis of El Hamma-Chakmou-
Tazrarit where the aquifer is very confined. 

 

o = water sampled in the Djérid region + = water sampled in the Nefzaoua region

 

FIG. 8. Piper diagram of the “Complexe terminal” aquifer. 

 

We can notice that there is no significant differences between water sampled in Djérid and Nefzaoua 
regions. The only difference is that points concerning Nefzaoua waters are more scattered and can be 
explained by a more important lateral variability of chemical facies due to lateral variability of 
geological formation for this region. 

Chemical facies, obtained form the sampling campaign of 1999 and from the one of 1995 (Figure 9) 
have been compared. We can notice that there is no significant variation. 
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FIG. 9. Piper diagram of the “Complexe terminal” aquifer – Campaign of 1999 and 1995  

 

3.3. Mineralization spatial distribution 

Water total mineralization of the “Complexe terminal” aquifer in the Djérid basin presents a large 
range of variation. Water dissolved salts contents vary between 1 and 6.5g.l-1 (Figure 10). 
Mineralization evolves in the two main groundwater outflow directions, SE-NW and S-N, from the 
Nefzaoua toward outlets of Chott El Gharsa and the Gulf of Kebili where water salinity can reach 
values of 4g.l-1. However, this mineralization seems to be independent of E-W outflow direction 
yielded in evidence by aquifer piezometry (Figure 11). 

Higher salinity values are recorded at Chakmou and El Gouifla that are included in the northern part of 
Chott El Gharsa basin. These salinity values can be connected to lithologic variations of the water 
bearing formations that become more and more clayey in the northern border of the basin and/or can 
be connected to a possible contamination by an underlying aquifer in favor of the deep accident that 
stakes out the north flank of Chott Djérid. 
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FIG. 10. Spatial distribution of water mineralization (g.l-1) in the “Complexe terminal” aquifer in the 
Djérid basin. 

 

In order to highlight potential variation in time, we compare spatial variation of total mineralization of 
“Complexe Terminal” aquifer recently obtained from the data of 1999 with a previous one realised 
during the ERESS project (1972) (Figure 12). 

On 1972, curves of equal mineralization values were established from points sampled in zones where 
drills are very close to each other. Outside of oasis, drills exploiting the “Complexe Terminal” aquifer are 
quite scarce. Due to this geographical distribution of sampled water, curves of equal mineralization 
values are heterogeneous ones proved to be very approximate, or even improper. 

The map of groundwater mineralization of “Complexe terminal” on 1972 shows: 

• A clear increasing gradient of total mineralization of the waters sampled from limestones of 
Nefzaoua region. Indeed, total mineralization range from 1 g/l on Douz to 3 g/l on the island 
of Kebili. 

• A total mineralization of 2 g/l centered on Tozeur along the northern border of the Chott 
Djérid. On both sides, the aquifer is confined on Miocene sands and water mineralization 
increases. 

 

On the other hand, total mineralization of groundwater of the “Complexe terminal” aquifer puts in 
evidence the recharge of Nefzaoua region through the Dahar and the role of the Drâa Djérid as a 
softener of water. This can be explained by possible actual refill occurring during exceptional rains 
and that can take place because the aquifer is sometimes free on this region. 
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FIG. 11. Piezometric levels of “Complexe terminal” aquifer (July 2002). 
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FIG. 12. Spatial distribution of water mineralization (g l-1) in the “Complexe 
terminal” aquifer in the Djérid basin [2]. 
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If we compare total mineralization established on 1972 and on 1999, we can notice that: 

• With the multiplication of drills exploited in new created oasis, drills of recognition and 
piezometric equipements, covering all the Djérid and the Nefzaoua region, the map of 
mineralization established in 1999 seems more detailed. 

• A light increase of water mineralisation of the Nefzaoua limestone Nefzaoua since values 
passed from 1 g/l to 1.5 g/l on Douz and from 3 to 3.7 g/l in the island of Kébili. 

• Curves of equal mineralization are more precise at the level of the Drâa Djérid, with a 
mineralization of 2 g/l on Tozeur. A salinity less than 3.5 g/l is observed everywhere between 
the two Chotts, on all sides of the anticlinal of the Drâa Djérid. 

• A great increasing gradient of mineralisation is noticed between Degache (1.8 g/l on Ain 
Torba 3t) and Chekmou (6.7 g/l), on a distance less than 15 km. 

Spatial variation of water mineralization in Djérid basin and its north border may be explained by 
following phenomena: 

• Acquirement of mineralization along out-flow direction from Nefzaoua toward Djérid region: 
in Nefzaoua limestones, waters display a salinity of 1.5 to 2 g/l, circulate under Chott Djérid 
and reach Chott El Gharsa with salinity ranging around 4 g/l. 

• Actual recharge through the Dahar to the Nefzaoua part of the aquifer and through the Drâa 
Djérid to the free level part of the aquifer in Djérid region. 

• Geological discordance between Miocene sands (Pontien) and Senonien limestone on the East 
of Djébel Sidi Bouhlel lead to water contamination (Tazrarit 1 and Dghoumes 4). 

• The presence of clayey intercalation within Miocene sandy formations can be a factor of water 
quality decreasing (Gouifla 8). 

• El Hamma fault that border south side of Tebaga chain allows a deep water ascent, displaying 
pressure and mineralization great than those of the “Complexe terminal” aquifer (El Hamma 5, 
Fatnassa 2). 

• Proximity of Chott Djérid with its hypersalin aquifer can be considered as possible risk of 
contamination of the “Complexe Terminal” aquifer when its pressure becomes lower than the 
Chott one. This phenomenon is more pronounced when the roof of the “Complexe terminal” is 
weak (island of Kébili) or when the aquifer is free (Nefta and Tozeur). Artesian disappearance 
and intensive exploitation can contribute to increase this phenomenon of contamination from 
the hypersalin chott aquifer. 

3.4. Evolution time of total mineralization 

3.4.1. Total Mineraliation variation 

We aim to compare hydrochemical characteristics extracted from the campaign done on 1999 with 
those extracted from previous analysis done during several projects since 1955. This comparison is not 
possible for all sampled points. However, it will allow to highlight potential differences and evolution 
in time according to exploitation on different region of the aquifer. 

The comparison has been achieved on some samples and focused on TDS (mg/l). Data are presented 
on Table II. 

Annual Relative Variation (% per year) is used in order to highlight significant variation of total 
mineralisation. It is defined as follow: 

100*
period*valueInitial

ValueInitialvalueFinal(%)ARV −
=  

We consider that a ARV (%) of ±1% per year is a limit to distinguish between significant variation an 
conservative values (Figure 13). 
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TABLE 2. EVOLUTION IN TIME OF TOTAL MINERALISATION FOR THE “COMPLEXE 
TERMINAL “ AQUIFER 

Date of analysis TDS (mg/l) 
Drill Region 

(1) (2) (3) (4) 
Period 
(year) 

AVR 
(% per 
year) 

Telmine 2 Nefzaoua 1955 1999 3600 2886 44 -0.45 
fatnassa 2 Kebili 1973 1999 3700 3400 26 -0.31 
Kriz 3 Djerid 1972 1999 4330 4120 27 -0.18 
Negga 6 Kebili 1978 1999 2000 1968 21 -0.08 
Hazoua 1 b Djérid 1976 1999 2700 2680 23 -0.03 
Chemsa 1 Djerid 1954 1999 2960 3060 45 0.08 
Chakmou 4 Chott Gharsa 1982 1999 6200 6490 17 0.28 
Nefta 2 bis Djérid 1965 1999 2620 3100 34 0.54 
Moncef 3 Djerid 1972 1999 2260 2880 27 1.02 
Rej Maat R maatoug 1992 1999 2680 2892 7 1.13 
Tozeur 3 Djerid 1970 2000 1980 2860 30 1.48 
Dhafria 3 Chott Gharsa 1986 1996 3640 4240 10 1.65 
Zaafrana Djerid 1968 1996 2110 3240 28 1.91 
Dar 
Kouscoussi Nefzaoua 1958 1999 2121 4562 41 2.81 

Jemna 1 bis Nefzaoua 1993 1999 1200 1476 6 3.10 
Basma 5 Nefzaoua 1988 1999 1640 2300 11 3.66 
Douz 2 bis Nefzaoua 1982 1990 2480 3240 8 3.83 
 
(1) First analysis date 

(2) Last analysis date. 

(3) Initial value of TDS (mg/l) obtained on the first analysis date 

(4) Final value of TDS (mg/l) obtained on the last analysis date 
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FIG. 13. Annual relative Variation (% per year) of total mineralisation values. 
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We distinguish two groups of points which distribution is not related to period exploitation (FIG. 14a) 
or to depth of water capture (FIG. 14b) : 

Group 1: It is constituted of nine (9) samples with ARV great than 1 % per year. 

• We can notice that greater variation is observed for water sampled from limestone formation 
in Nefzaoua region even for relatively short periods of exploitation (Jemna 1 bis with 6 years 
of exploitation and Douz 2bis with 8 years of exploitation). 

• Other water samples are taken from sandy formation located on Djerid, Chott Gharsa and 
Regime Maâtoug regions. 

• Great annual relative variation (% per year) observed for the drill situated on Chott Gharsa 
region, Dhafria 3, can be explained by a contamination of water by gypsum surface crust. 

Group 2: It is constituted of eight (8) samples with ARV less than 1% per year. 

• All these samples, except Telmine2, are taken from sandy formation; 
• We notice that this group contains two sampled drills which exploitation periods are about 45 

years. 

3.4.2. Evolution of total mineralization according to exploitation 

Evolution of total mineralization according to the exploitation of the “Complex Terminal” in four 
sectors of the basin shows following remarks:  

• For drills situated on Djérid, Chott El Gharsa, Nefzaoua and Rejime Mâatoug sectors, total 
mineralization recorded in 1999 is always great than in 1983. 

• Increases in total mineralization begins to be meaningful since 1995, date that coincides with 
intensification of the exploitation. This phenomenon is accentuated in Réjime Mâatoug sector. 

• Even if exploitation decreases, total mineralization continues to increase what proves that it is 
irreversible phenomenon. This is shown by the case of Dhafria 3 artesian drill exploited at 
only 13l/s, what didn't prevent the increase of total mineralization. 

3.4.3. Probable mechanisms of total mineralization increases 

Example 1: Forage Nefta 6 
Chemical variation of this drill express the one of “Complexe Terminal” groundwater captured under 
Chott Djérid. Increase of water salinity observed for 19 years results of the increase of the 
concentration in sulphates and chlorides anions and in calcium and sodium cations (Figure 15a). 
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Piper diagram (Figure 15b) shows a chemical facies for waters sampled in 1980 similar to the one of 
1999. During this period, water major elements varied and therefore chemical facies is slightly 
modified. 
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FIG. 15a: Variation of chemical elements for Nefta 
6 drill. 

FIG. 15b: Piper diagram for Nefta 6 drill. 

 

Example 2: forage C2N1 
C2N1 drill salinity increases from 2680 g/l since its reception 1952 to 2892 mg/l in 1999, that 
correspond to 212 mg/l during 7 years. Although the exploitation increased considerably in this region 
from 1993, water chemical composition (anions and cations) (Figure 16a) and chemical facies 
(Figure 18b) didn't follow the same rhythm. 
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FIG. 16a: Variation of chemical elements for 
C2N1 drill. 

FIG. 16b: Piper diagram for C2N1 drill 

 

 
Example 3: Dar El KousKoussi 
Dar Kouskoussi drill salinity increases from 2121 g/l since its reception in 1952 to 4562 mg/l in 1999, 
that correspond to 2441 mg/l during 41 years. We can notice that this variation has concerned 
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sulphates and chlorides anions as well as calcium and sodium cations (Figure. 17a). However, there is 
na variation in chemical facies (Figure. 17b). Salinity increase has probably two origins:  

(i) A contamination by high salinity surface waters of chotts under the effect of intensive 
pumping; 

(ii) A deep water drainance favored by the tectonics affecting Kebili region. 
 

 

0

5

10

15

20

25

30

35

rN
a

rC
a

rM
g rK

rH
C

O
3

rS
O

4

rC
l

 

m
eq

.l-1

1958
1969
1975
1990
2000

 

FIG. 17a: Variation of chemical elements for 
Dar Kouskoussi drill. 

 

FIG. 17b: Piper diagram for Dar Kouskoussi drill. 

 

 
The main factors governing total mineralization evolution of “Complexe Terminal” groundwater are : 

• Exploitation. 
• Horizontal heterogeneity (limestone, sand) and vertical heterogeneity (clayey intercalations) 

of the aquifer formations. 
• proximity of the Chotts and probable contamination by hypersaline aquifer. 
• Faults role that would permit an ascent of high salinity deep waters (Turonien or Albien). 

 
4. Isotopic studies 

4.1. Previous works 

Four sampling campaigns have been achieved in the zone of survey since 1972. The chronology and 
the setting of these campaigns are: 

(i) Realization of the Water Resources balance of the Northern Sahara for the first time [2]. 
(ii) Actualization of Water Resources in Northern Africa countries [5]. 
(iii) Survey of water recharge characteristics and water quality at the Basin of the Grand Erg 

Oriental [6]. 
(iv) Contribution to the stake in evidence of the “Complexe terminal” aquifer recharge from the 

chain of Metlaoui-Gafsa [7]. 
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4.2. Sampling and analysis results 

4.2.1. Samplings 

• 18O/2H 
A sampling campaign was done in August 1999. Forty four (44) points were sampled from the CT 
aquifer at the Djérid and Réjime Maatoug region where the aquifer is sandy. Nine (9) other points 
were sampled from the CT aquifer at the Nefzaoua region where the aquifer is carbonated. 18O and 2H 
analysis have been achieved in the “Laboratoire d’Hydrologie et de Géochimie Isotopique” of the 
university of Paris-Sud and in the “Institut of hydrology” of Munich. Heavy isotopes contents have 
been determined for all samples with an analytic uncertainty of 0.1 ‰ vs SMOW for 18O and an 
analytic uncertainty of 1 ‰ vs SMOW for the deuterium. 
 

• 14C/13C 
Carbon isotopes were determined for twenty three (23) points distributed over all the Djérid basin. C-
14 dating has been done in the “Laboratoire de Radio-analyses et Environnement” of Sfax (Tunisia). 
Measurements were achieved by liquid scintillation spectrometry. Relative 13C contents were 
determined in the “Laboratoire d’Hydrologie et de Géochimie Isotopique” of the university of Paris 
Sud with an analytic uncertainty of ± 0.1 ‰. 

• Tritium 
Tritium contents were determined for fourty (40) points distributed over all the Djérid basin. 
Measurements were achieved in the “Institut of Hydrology” of Munich. However, all values are less 
than detection limit (< 0.7 TU) and indicates that the actual recharge of the aquifer is very slight or 
even inexistent. 

4.2.2. Analytic results of the sampling campaign of 1999 

All analysis results as well as sampled points characteristics are presented in the Table 3. 

Stable isotopes 

Variation range of steady isotopes contents is quite large with values varying between -7.71 to -3.85 
‰ vs SMOW for 18O and between -57 to -43.6 ‰ vs SMOW for the deuterium. 
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TABLE 3. ISOTOPIC RESULTS OF THE SAMPLING CAMPAIGN OF 1999. 

 Depth T RS C pH δ 18O‰ δ 2H ‰ Exc  
‰ C-14 dating 4.3. C-13 

Bir Roumi 287-340 27 3.06 3.94 7.47 -5.04 -49.1 -8.78     
A. Ouled Ghrissi 443-489 30 2.72 3.6 8 -4.6 -46.9 -10.1 5.8+/-1.2 -7.46 
Hazoua 1 bis 422-540 31 2.68 3.2 8 -4.74 -47.5 -9.58    
Htam CT 666-739 27 3.09 4.5 7.47 -5.29 -49.3 -6.98 4.4+/-1.5  
Mzara 323-361 27 2.8 3.78 7.4 -4.83 -47.4 -8.76 3.2  +/- 0.8 -6.36 
El Faouz 325-395 27.5 4.05 4.02 7.4 -4.95 -48 -8.4    
Garaet Jaballah 1b 325-395 28 2.92 3 7.73 -4.77 -47.6 -9.44 7.9 +/- 0.9 -6.94 
Choucht Zerga 385-469 28 3 3.96 7.56 -4.78 -47.4 -9.16    
Nefta 4 bis 401-486 29 3.24 4.1 7.45 -5.11 -48.5 -7.62    
Nefta 9 368-448 29 2.4 3.05 7.95 -4.23 -45.5 -11.6    
Sif Lakdar 533-624 30 2.28 3.22 8.08 -4.13 -44.4 -11.3    
Zâafrana 1 bis 612-672 30 3.24 3.85 7.24 -6.21 -54 -4.32    
Gherdgaya 4 bis 285-380 31 3.31 3.8 6.96 -6.11 -53.9 -5.02 10.4+/-1.7 -5.46 
Ibn Chabbat 1 bis 114-510 26 3.24 4.2 7.52 -4.75 -45.4 -7.4 17+/-1.7 -0.61 
Mrah 1 bis 602-672 32.5 3.12 3.56 7.98 -5.93 -53 -5.56    
PK 14 bis 507-578 29.5 2.16 2.91 8.02 -4.07 -45 -12.4 6.1+/-1.1 -7.27 
Moncef 3 ter 562-632 31 2.88 3.57 8.2 -5.06 -48.7 -8.22    
Ibn Chabbat 10 bis 596-680 26 3.08 3.8 7.25 -4.99 -48.1 -8.18    
Ibn Chabbat 13 bis 492-563 27 2.98 3.95 7.37 -5.04 -48.4 -8.08 19.4+/-1.8 -7.94 
Chemsa 1 bis 591-655 27 3.06 3.93 7.5 -5.01 -47.9 -7.82    
Drâa CRDA 56-68 28 1.93 2.4 7.2 -5.72 -51.8 -6.04 17.9+/-1.6 -6.14 
Hôtel Sarra 50-80 28 2.17 2.9 7.7 -5.73 -50.6 -4.76    
Tozeur 8 320-400 30 2.1 2.8 8.1 -3.85 -43.6 -12.8 18.3+/-1 -8.29 
Neflayet 3 bis 269-324 30 3.19 3.99 7.48 -4.97 -48 -8.24    
O. Koucha 2 bis 285-342 32 1.89 2.8 7.73 -4.79 -46.2 -7.88 11.9 +/- 1.3  
Degache. S 538-604 33 2.24 2.6 7.66 -4.82 -46.6 -8.04    
Aîn Torba 3 ter 96-172 31 1.76 2.2 7.66 -5.85 -51.3 -4.5    
Zaouiet El Arab 1 
ter 247-300 32 1.9 2.68 7.1 -5.86 -50.1 -3.22    
El Hamma 16 156-220 34 2.14 2.1 7.2 -4.7 -47 -9.4    
El Hamma 14 bis 99-118 34 4.29 4.9 7.21 -5.44 -49.5 -5.98 28.5+/-0.9 -9.96 
Hamma 5b 192-270 32 5.04 5.4 7.21 -7.44 -52.9 6.62 3.65+/-1.2 -10.75 
Kriz 3 ter 62-105 32 4.12 6.36 7.21 -5.85 -49.9 -3.1    
Ceddada 3 ter 385-494 33 3.26 4.38 7.65 -5.94 -50.5 -2.98    
Ceddada 4 bis 551-640 35 3.19 4.3 7.73 -5.98 -50.6 -2.76    
Dghoumes 3 bis 544-586 37.4 2.34 5.3 8 -5.99 -51.4 -3.48    
Tazrarit 1 49-91 35 5.88 8.4 7.7 -5.72 -49.2 -3.44    
Tazrarit 1 bis 560-629 34 3.81 5.1 7.35 -6.04 -50.9 -2.58    
Chakmou 4 521-586 35 6.49 7.2 7.31 -6.98 -50.8 5.04    
Gouifla 8 538-603 35.7 6.25 8.1 8 -6.72 -50.2 3.56    
Ben Gacha 1006-1203 44 3.85 6.04 8.08 -6.44 -56 -4.48 17.1+/-1.4 -7.65 
Dhafria 3 1052-1203 49 3.17 4.6 8 -7.71 -57 4.68     
O.Shili 739-800 30.5 4.3 5.2 8.3 -7.27 -51.2 6.96    
Ferdaous C1 F1 225-303 25.5 3.03 3.19 5.8 -4.22 -47.3 -13.5    
Nasr 1 190-250 25 2.89 3.5 6.19 -4.6 -50 -13.2    
Essalem 195-261 25 4.96 5.09 6.14 -6.77 -57.9 -3.74    
Matrouha 2 190-288 25.5 2.93 3.49 5.57 -4.02 -44.9 -12.7    
Rejim Mâatoug 2 164-220 26 2.31 2.51 6.01 -4.16 -45.2 -11.9 10.3 +/- 1.5  

Jemna 1b 60-150 23 1.46 1.41 6.12 -5.13 -45.9 -4.86 10.8 +/- 
0.85 -3.6 

Douz 2 bis 53-75 23.5 1.12 1.67 6.65 -5.48 -49.6 -5.76    
Zarcine 1 103-200 25.5 1.97 2.4 5.88 -5.35 -49.1 -6.3 11.6 +/-1.2 -5.77 
Dar Kouskousii -81 24 4.56 5.1 5.92 -5.53 -49.6 -5.36    
Fatnassa 2 92-185 25.5 3.41 4.03 6.28 -5.03 -47.7 -7.46 27.8+/-2.21 -5.29 
Bechni -200 23 1.9 2.44 5.78 -5.51 -49.2 -5.12    
Bir Haj Brahim 40-70 23 2.87 3.64 6.45 -5.53 -49 -4.76    
Zâafrane 3b -122 23.5 1.23 1.25 6.21 -5.13 -47 -5.96 21.1+/-1.4  
Negga 6 -251 27 1.97 1.96 6.52 -5.15 -51.1 -9.9 11.6 +/- 1.4 -6.7 
El Faouar 4 88-195 24.5 1.63 2.07 6.55 -4.52 -46.5 -10.3 9.6 +/- 1.1 -4.59 
Sabria Môl 180-200 24 1.13 1.49 6.4 -5.62 -51.5 -6.54 6.1 +/- 1 -5.9 
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As usual, the first step was to present the diagram of deuterium vs oxygen-18 (Figure 18). 
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FIG. 18. Diagram deuterium vs oxygen 18 for “Complexe Terminal” aquifer – 1999 data. 

We notice that: 

• Stable isotope contents of water sampled on Chott Gharsa region have different 
characteristics. δ18O range from –7.71 to –6.72 ‰ vs SMOW with a mean of –7.72 ± 0.38 vs 
SMOW. δ 2H range from –57 to –50.2 with a mean of –52.4 ± 2.8 vs SMOW. 

• Stable isotope contents of water sampled on Djérid region are more scaterred. δ18O range from 
–6.21 to –3.85 ‰ vs SMOW with a mean of –5.19 ± 0.64 vs SMOW. δ2H range from –54 to –
43.6 with a mean of –48.7 ± 2.5 vs SMOW. 

• Stable isotope contents of water sampled on Nefzaoua region are similar to those of Djérid 
region although geological formation are different. For these two region (limestone and sand). 
δ18O range from –5.62 to –4.52 ‰ vs SMOW with a mean of –5.27 ± 0.32 vs SMOW. δ2H range 
from –51.5 to –45.9 with a mean of –48.7 ± 1.8 vs SMOW. 

• Stable isotope contents of Régime Maâtoug region are represented by only four points which 
is not enough to characterize the region. 

It is noticeable that no significant relationship can be considered between δ

18

O and δ2H upon depth of 
capture (Figures 19a and 19b). 
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FIG. 19a. δ18O (‰ vs SMOW) vs depth (m). 
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FIG. 19b. δ2H (‰ vs SMOW) vs depth (m).  

 

Radioactive isotopes 

Twenty two (22) drills catching the “Complexe terminal” aquifer in Nefzaoua, Djérid and Rejime 
Mâatoug regions have been dated by Carbon 14. 

Activities vary between 3.2 (Mzara) to 28.5 pcm (Hamma 14bis). Figure 13 shows the measured 
activity 14C distribution in the Djérid basin. 

The following observations can be observed through groundwater 14C activities: 

• The lowest recorded activities are obtained for west north of the survey zone, at Htam and 
Mzara. 
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• The highest activities are obtained at Ibn Chabbat, Tozeur and El Hamma in the Djérid region 
and at Fatnassa in the Nefzaoua region.14C activities present a clear decrease from the center 
of the basin to outlets in two different axes: 

 A decrease from west to east related to the outflow coming from the Grand Erg Oriental; 
 A lesser decrease in the south-north axis related to the outflow coming from the Tunisian 

Dahar; 
 At Réjime Maatoug region, it seems that waters are constituted by a mixture of waters 

coming from the Grand Erg Oriental and from the Tunisian Dahar. 
• A relative rejuvenation is observed on the other side of the Chott, at the Deghoumes drill 

located at the Tozeur region. This point shows a 14C activity of 12% that can mean a local 
recharge from the outcrop of the “Complexe terminal” in the region [1]. 

• This same phenomenon is observed at the north side of Draa Djérid anticline with activities 
exceeding the 17% (Chabbat1 and Draa; CRDAS). The drill Tozeur8, situated in the southern 
side of Draa Djérid, display a 14C activity of 18.3%. 
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FIG. 20. 14C activities distribution (%) in the Djerid basin. 
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Figure 21 shows that there is no significant relationship between δ18O (‰ vs SMOW) and 14C activities 
so it will be difficult to relate stable isotope contents to water ages. 
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FIG. 21. C-14 activities (%) vs Oxygen-18 content 

 
4.4. Stable isotopes contents evolution 

First stable isotopes analysis in oxygen-18 and deuterium on the deep groundwater of the "Complexe 
Terminal" aquifer dates from 1970. Indeed, during the ERESS project (1972), some analyses (18) have 
been carried on carbonated aquifer of the Nefzaoua region and on the sandy aquifer of the Djérid 
region of Djérid. Thereafter, and during other studies on potential groundwater resources in southern 
Tunisia, more isotopic analysis were carried out (1983, 1996 and 1999). However, most of these 
analyses were done on the new drills. Considering the whole data allows to bring up a group of drills 
for which isotopic analyses are available for several dates (Table IV) 

TABLE 4. ISOTOPIC DATA FOR THE “COMPLEXE TERMINAL” AQUIFER 

ERESS 1972 1983 1996 1999   
  

 
Depth O-18 H-2 O-18 H-2 O-18 H-2 O-18 H-2 

A. Ouled Ghrissi 443-489       -4.6 -46.9 
Ain chebika      -7.1 -49   
Ain Gossiba      -6.2 -46   
Ain Hamda      -3.5 -34   
Ain horchen      -5.9 -46   
Ain soundes      -6.8 -47   
Ain Tahar      -6.9 -48   
Aîn Torba 3 ter 96-172       -5.85 -51.3 
Ain Touargha 54-178 -6.7 -53       
Appache      -6.2 -40   
Bechili (source)  -5.7 -48       
Bechlili (forage) 89-115 -6.1 -48       
Bechni -200       -5.51 -49.2 
Ben Gacha 1006-1203       -6.44 -56 
Bir hadj Brahim 40-70     -6.8 -48 -5.53 -49 
Bir Roumi 287-340       -5.04 -49.1 
Ceddada 3 ter 385-494       -5.94 -50.5 
Ceddada 4 bis 551-640       -5.98 -50.6 
Chakmou 4 521-586       -6.98 -50.8 
Chekmou 3 510   -6.86 -46.4     
Chemsa 601   -4.81      
Chemsa 1 bis 591-655       -5.01 -47.9 
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ERESS 1972 1983 1996 1999   
  

 
Depth O-18 H-2 O-18 H-2 O-18 H-2 O-18 H-2 

Choucht Zerga 385-469       -4.78 -47.4 
Dar Kouskousii -81       -5.53 -49.6 
kouskoussi 81   -6.07 -44.6     
Degache. S 538-604       -4.82 -46.6 
Dghoumes 300   -5.53 -46.2     
Dghoumes 3 bis 544-586       -5.99 -51.4 
Dhafria 2 1064-1130     -7.1 -60   
Hajra El Bida      -6.6 -47   
Hazoua 462-585 -4.6 -47       
Hazoua 1 bis 422-540       -4.74 -47.5 
Hazoua 3 441   -4.56      
Hazoua4 477-532     -4.7 -38   
Hôtel Sarra 50-80       -5.73 -50.6 
Htam CT 666-739       -5.29 -49.3 
Ibn Chabbat 1 bis 114-510       -4.75 -45.4 
Ibn Chabbat 10 bis 596-680       -4.99 -48.1 
Ibn Chabbat 13 bis 492-563       -5.04 -48.4 
Jemna  -6 -49       
Jemna (source)  -5.4 -46       
Jemna 1b 60-150       -5.13 -45.9 
Kricht Naam      -5.5 -38   
Kriz 3 ter 62-105       -5.85 -49.9 
Kriz 3 81-160 -6 -52       
Matrouha 2 190-288     -4.6 -44 -4.02 -44.9 
Mrah 1 bis 602-672       -5.93 -53 
Mzara 323-361       -4.83 -47.4 
Nasr 1 190-250     -5.6 -48 -4.6 -50 
Neflayet 3 bis 269-324       -4.97 -48 
Nefta 2bis 126   -4.2 -40.9     
Nefta 4 bis 401-486       -5.11 -48.5 
Nefta 9 368-448       -4.23 -45.5 
Nefta source  -4.8 -46       
Negga 6 -251       -5.15 -51.1 
o Shili 3 505-565     -7.2 -49   
O. Koucha 2 bis 285-342       -4.79 -46.2 
O.Shili 739-800       -7.27 -51.2 
od koucha1 454-534 -5.2 -49       
PK 14 bis 507-578       -4.07 -45 
R. Maatoug 200   -4.67 -42.5     
Ras el Ain 32-98 -6.1 -50       
Rhelissia 58-150 -5.9 -47       
Sabria Môl 180-200       -5.62 -51.5 
Segdoud1 1064-1130     -6.5 -52   
Segdoud2 1052-1203     -7 -53   
Segdoud3  889-931     -7.9 -58   
Sif Lakdar 533-624       -4.13 -44.4 
Tazrarit 1 49-91       -5.72 -49.2 
Tazrarit 1 bis 560-629       -6.04 -50.9 
Tozeur 3 591-602 -3.9 -45       
Tozeur 8 320-400       -3.85 -43.6 
Zaafrana 540-632 -4.2 -44       
Zâafrana 1 bis 612-672       -6.21 -54 
Zâafrane 3b -122       -5.13 -47 
Zaouiet El Arab 1 ter 247-300       -5.86 -50.1 
Zarcine 1 103-200       -5.35 -49.1 
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The diagram δ2H vs δ18O (Figure 22) represented for the whole isotopic data obtained on the 
“Complexe Terminal" aquifer shows a quite large variation range: 

• δ18O contents vary from -8.2 to -3.5 ‰ vs SMOW with an average of -5.6±1 ‰ vs SMOW. 
• Deuterium contents vary -60 to –34 ‰ vs SMOW with an average of -48±4 ‰ vs SMOW. 
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FIG. 22. δ2H vs δ18O for the whole isotopic data of the "Complexe Terminal" aquifer 

We distingue two groups of points: 

• Most of impoverished values (Table V) are observed in the most enclosed zones of the 
aquifer, as it is the case of the North sector of Chott El Gharsa (Gouifla, Dhafria, Oules 
Shili,…) where the aquifer levels dives to important depths. These points are scattered around 
a line with a d-excess equal to 6.2. It is lesser than that of the world meteoric line (d=10) and 
suggest that confined water was recharged under different climate conditions, colder and more 
humid. 

• However, the majority of water are situated on an “evaporation line” and are sampled from 
different formations and regions (Djérid, Nefzaoua, Regime Maâtoug). 

The determination of effect of the exploitation on groundwater isotopic contents in the “Complexe 
Terminal” is our main aim. So, we focused our survey on sampled points for which we arrange a 
recent analysis (1996 or 1999) and an old analysis (1972 or 1983) in order to follow the evolution in 
time of steady isotopes contents. We limited our treatment to oxygen 18 contents. Indeed, it is 
recognized that deuterium measurements often present analytic mistakes and also present 
measurements artifacts that make them unreliable. Often, it is usual to get different deuterium content 
values according to different laboratories where samples has been analyzed. 

Our survey is limited therefore to sixteen (16) samples of which, fortunately, the spatial distribution 
covers practically the whole of the survey zone. We consider that the variation of δ18O content is 
meaningful when it is greater than the analytic error 0.4 ‰ vs SMOW. This criterium allows to 
distinguish three groups of water points (Figure 23 and Table 5). 
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FIG. 23. Variation in time of stable isotope contents: This diagram presents the variation in time of 
the first stable isotope contents measured for drills when several analyses are available. 

Group 1: It is about eight (8) water samples (squared points in FIG.23) for which there is no 
meaningful variation of oxygen 18 contents. Variation is lesser than ±0.4 ‰ vs SMOW. All of these 
water points are sampled from the sandy aquifer of the Djérid and Chott Gharsa region (except Douz 
drill) at quite important depths of 600 meters. Exploitation in Djérid and Chott Gharsa region is still 
remaining lower than the quota fixed by the PDES (4800 l/sec). With regard to the Douz drill 
capturing the limestone aquifer of the Nefzaoua region, it is noticeable that this is almost the least deep 
drill of the region. However, this does not provide a sufficient explaining for this exception.   

Group 2: It is about seven (7) water samples (triangle points in Figure 23) having undergone a relative 
impoverishment of δ18O contents of -0.5 ‰ (Drill Dghoumes) to -2.5 ‰ vs SMOW (Drill El Hamma). 
All this drills capture the sandy aquifer Djérid region, except Essalem drill which capture water from 
sandy formation in Régime Maâtoug region. If one compares the variation of δ18O content to different 
depths, it appears that the impoverishment increases in function of drill age independently of the 
captured depth. 

Group 3: It is about five (7) water samples (circle points in Figure 23) having undergone a relative 
enrichment of δ18O 18 contents 18 of 0.4 ‰ (O.Koucha drill) and 1.3 ‰ (Bir hadj Brohim drill). All 
these drills capture groundwater in different regions and to different depths (Table 5). 

Bir Hadj Brahim drill, situated in Nefzaoua region, can be distinguished from the group because the 
captured depth is near the surface (40-70 meters) and the aquifer is influenced by actual water 
infiltration through fissured limestone. Therefore, the most important enrichment of this group (1.2 ‰ 
vs SMOW) is observed for this drill. This drill is exploited since 1948 but enrichment essentially took 
place since 1996, the period when the exploitation of the "Complexe Terminal " in this region became 
important enough to be quantified and followed-up. δ18O content is actually about –5.53 ‰ vs SMOW. 
It is noticeable that Dar Kouskoussi drill, situated in the same region and capturing water on similar 
depth to Bir Hadj Brahim one, is stabilized actually to the same Oxygen 18 content (–5.53 ‰ vs 
SMOW) after similar period of exploitation. 

The last drill (Regime Maatoug) captures the sandy aquifer of the Regime maatoug region to a middle 
depth of 200 meters and records an enrichment of the order of 0.5 ‰ vs SMOW. 

The analysis of these results can be summarized in several essential points: 
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- Sandy aquifer of the "Complexe Terminal" captured in the region of Djérid shows no meaningful 
variation of stable isotopes contents. This could be explained by the fact that the exploitation, in 
spite of its intensification, remains lower than the quota that was fixed in 1982. However, the 
oldest drills shows a slight impoverishment in δ18O. 

- In the region of Nefzaoua, stable isotopes contents of water captured from limestone formation 
show variable enrichment. These variations could be explained by the fact that the exploitation 
of the aquifer are greater than the quota that was fixed in 1982 (8000> 6500 l/sec). This intensive 
exploitation seems to favour arrival of more recent water to the aquifer through the fissured 
limestone. Douz2 drill is excepted from this consideration because its δ18O is conservative, this 
can be explained by the fact that the water capture is quite near surface (40-70 meters) and 
already affected by recent water recharge. In fact, enriched or not, actual oxygen-18 content o 
limestone in Nefzaoua is about –5.5 ‰ vs SMOW. 

- The sandy aquifer captured at the level of Chott El Gharsa on the Gouifla drill to a depth of 600 
meters also records a slight enrichment as it is the case for limestone of the region of Nefzaoua. 
However, the interpretation of this variation is quite delicate, because, in this region, the aquifer 
is confined and has shown an isotopic content (-7.9‰ vs SMOW for the δ18O) since 1972 which 
different to the representative average of the whole aquifer (-5.2±0.8 ‰ vs SMOW for the oxygen 
18). 

 

TABLE 5. EVOLUTION IN TIME OF ISOTOPIC CONTENTS 

  1972 1983 1996 1999 
  Depth O-18 H-2 O-18 H-2 O-18 H-2 O-18 H-2 Formation Région 

Group 1 : Conservation of δ18O contents 
O.Shili et 3 739-800         -7.2 -49 -7.27 -51.2 Sand Chott Gharsa 

Dhafria 3 
1052-
1203         -7.5 -56 -7.71 -57 Sand 

Chott Gharsa 

Chakmou 4 521-586   -6.86 -46.4   -6.98 -50.8 Sand Djérid 
Chemsa1bis 591-655   -4.81    -5.01 -47.9 Sand Djérid 
Kriz 3 81-160 -6 -52     -5.85 -49.9 Sand Djérid 
Tozeur 3 591-602 -3.9 -45     -3.85 -43.6 Sand Djérid 
Hazoua 462-585 -4.6 -47 -4.56  -4.7 -38 -4.74 -47.5 Sand Djérid 
Douz 2 bis 53-75 -5.7 -47     -5.48 -49.6 Limestone Nefzaoua 
Group 2 : Impoverishment of δ18O 18 contents. 
Dghoumes 300   -5.53 -46.2   -5.99 -51.4 Sand Djérid 
El hamma 90-223 -5 -45     -7.44 -52.9 Sand Djérid 
El moncef 636 -4.2 -44 -4.12 -40.7   -5.06 -48.7 Sand Djérid 
Zaafrana 540-632 -4.2 -44     -6.21 -54 Sand Djérid 
Draa nord 603     -4.71       -5.72 -51.8 Sand Djérid 
Nefta 2bis 126     -4.2 -40.9     -5.11 -48.5 Sand Djérid 
Essalem 195-261         -5.3 -46 -6.77 -57.9 Sand Regime Maâtoug 
Group 3 : Enrichment of δ18O contents 
Gouifla 8 538-603     -6.6 -49 -6.72 -50.2 Sand Gharsa 
Rejim Mâatoug 164-220     -4.3 -64 -4.16 -45.2 Sand Régime Maatoug 
FerdaousC1F1 225-303         -5.3 -43 -4.22 -47.3 Sand Regime Maâtoug 
O. Koucha2 bis 285-342 -5.2 -49         -4.79 -46.2 Sand Djérid 
Jemna 1b 60-150 -6 -49     -5.13 -45.9 Limestone Nefzaoua 
Bechni 200   -6.17 -46.5   -5.51 -49.2 Limestone Nefzaoua 
Fatnassa 2 230     -5.51 -45.2     -5.03 -47.7 Limestone Nefzaoua 
Bir hadj Brahim 40-70         -6.8 -48 -5.53 -49 Limestone Nefzaoua 
Dar kouskoussi 81   -6.07 -44.6   -5.53 -49.6 Limestone Nefzaoua 
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5. Results synthesis 

5.1. Isotopic results 

All drills presenting a conservation of stable isotopic contents, except Douz 2b, are sampled in the 
Djérid and Chott El Gharsa regions where the quota of exploitation is relatively respected relatively: 

- Drills capturing groundwater from important depths (Nefta 2b, El Moncef 3 and Zafrana) show 
δ18O impoverishment. The thick layer of compact red clays assuring the tightness of the aquifers 
of this region would limit the superficial water arrival, and intensive exploitation would lead to a 
call of deep water. It is also noticeable that δ18O impoverishment observed at Nefta 2b drill (1 ‰ 
vs SMOW), can be related to a long period of exploitation (since 1965) and not to intensive 
exploitation. However, this two factors (intensive exploitation and long term exploitation) seems 
to act in the same direction: impoverishment by deep water call. 

- δ18O enrichments are only observed exclusively in carbonated system where fissured limestone 
roof and limited depth of reservoir facilitate a call of superficial water under intensive 
exploitation effect. 

- Rejim Maatoug drill, capturing Pontien sands, is the only one to display an δ18O enrichment. 
This is to put on the account of a possible refill by rainy events through dunes. 

5.2. Total Mineralization 

Total mineralization increase has different speeds: 

• When the quotas of exploitation are respected (Djérid and Chott Gharsa), evolution in time of 
salinity is not significant for most governmental drills. However drills that belong to private 
organisms of agriculture advances and exploited to the limit of their capacity, most often 
fulltime, show a meaningful increase of total mineralization. 

• In Nefzaoua region, where exploitation is widely great than the allocated resources, increase 
according to time of total mineralization of “Complex Terminal” groundwater take place more 
rapidly. 

5.3. Comparison between isotopic and mineralisation variation 

The comparison of different groups distinguished for total mineralization variation as well as for 
isotopic contents variation don’t allow to extract a direct relation between this two phenomena. This is 
enhanced by the fact that sampled drills for hydrochemical and isotopic analysis are often different so 
the number of point that can be compared is restricted (Table 6). 
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TABLE 6. COMPARISON BETWEEN HYDROCHEMICAL AND ISOTOPIC EVOLUTION 

Forage Salinity variation Isotopic variation Formation Depth (m) Région 
Telmine 2 No variation - Limestone 86.5 Nefzaoua 
fatnassa 2 No variation Enrichment Limestone 138.5 Nefzaoua 
Negga 6 No variation - Limestone 251 Nefzaoua 
Jemna 1 bis No variation Enrichment Limestone 105 Nefzaoua 

Rejime Maatoug No variation Enrichment Sand 200 Regime Maâtoug 

Kriz 3 No variation No variation Sand 120.5 Djerid  
Hazoua 1 b No variation No variation Sand 481 Djerid  
Chemsa 1 No variation No variation Sand 623 Djerid  
Nefta 2 bis No variation Impoverishment Sand 126 Djérid  

Chakmou 4 No variation No variation Sand 553.5 Chott gharsa 
Dhafria 3 No variation No variation Sand 1127.5 chott gharsa 

Dooz 2 bis Increase No variation Limestone 64 Nefzaoua 
Basma 5 Increase - Limestone 236 Nefzaoua 
Dar Kouscoussi Increase Enrichment Limestone 81 Nefzaoua 

Tozeur 3 Increase No variation Sand 596.5 Djérid 
Moncef 3 Increase Impoverishment Sand 636 Djérid 
Zaafrana Increase Impoverishment Sand 586 Djerid 
 

6. Conclusion 

The exploitation of the “Complexe terminal” aquifer in the Djérid basin differs from a sector to 
another: 

• In the Djérid, the quota allocated by the PDES (4500 l s-1) is respected and steady isotopic 
contents values for almost all points sampled after 27 years of exploitation, display roughly a 
consistance in time. 

• In the Nefzaoua and Réjime Maatoug, the exploitation has become intensive since 1996 in 
order to provide the needed irrigation water for the recently created oases. In consequence, a 
state of intensive exploitation of the “Complexe terminal” aquifer in this region is observed 
exceeding the quota allocated by the PDES (9000 l s-1) and bringing about an impoverishment 
of water steady isotopes contents. 

The isotopic composition within aquifers varies not only in function of location but also as function of 
depth, in particular under confined conditions. Discharge points, artesian as well as pumping ones, are 
probably the most important mixing factors. In fact, the non-steady nature of exploitation results in 
mixing waters from different flow paths. Extreme conditions are caused by intensive exploitation 
which results in large-scale distortion of the flow pattern, leading to the mixture of water coming from 
different depth and so characterized by different steady isotopic composition. 

The observed impoverishment in the ”Complexe terminal” groundwater isotopic composition can then 
be explained by a mixture of waters from different origins; probably from the underlying aquifer, the 
“Continental intercalaire”, through the Gafsa fault and even from the aquifer itself but from deeper 
water flow. 
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AQUIFERS AT ALICE SPRINGS, CENTRAL AUSTRALIA 

 
 S.D. HOSTETLER 
Integrated Water Sciences Program, Bureau of Rural Sciences, Canberra, Australia 

  

Abstract. Alice Springs is located in the arid zone of central Australia. Approximately 10,000 ML of 
groundwater are taken from the Roe Creek Borefield (~900 litres/person/day) in the stratified Amadeus Basin. 
Previous workers used radioisotopes values sampled from groundwater bores to determine recharge rates in the 
Amadeus Basin. They found evidence of episodic palaeorecharge associated with flooding along the drainage 
system with two main pulses of recharge at 1400 and 5500 years B.P. The current project resampled the same 
bores used in previous studies, in order to determine the effect of 25 years of heavy extraction. We found that the 
primary source of recharge to the Alice Springs area is recent point recharge from the intermittent stream system 
during rainfall events that exceed 150 mm/month. There is also significant throughflow of groundwater from the 
regional Amadeus Basin, recharged by rainfall along the margins of the basin. The large depth to water table acts 
to average out the different pulses of water so that recharge is essentially occurring constantly. The age given by 
the radioisotopes (~10-12,000 years) is related to travel time through the unsaturated zone rather than a single 
flood event. The large drawdown cone is because the groundwater pumping rate exceeds borefield recharge by 
over an order of magnitude. However, because there are no other major users down gradient of the town 
borefield, no identified environmental users, and no reasonable alternative source of water in the region the 
current pumping regime will continue. Implementation of conservation measures as well as spreading the 
pumping load to the proposed Rocky Hill Borefield would lessen the necessity of continually deepening the Roe 
Creek Borefield. 

1. Introduction 

Alice Springs is located in the arid zone of central Australia (latitude 23.80° S, longitude 133.88° E 
and altitude 545 m) (Figure 1). Mean annual rainfall is 274 mm/yr, falling mostly in summer. Rainfall 
is highly variable from year to year, ranging from 50 mm/yr to 900 mm/yr (Figure 11).  

 

 

FIG. 1. Location of Alice Springs and the Australian arid zone. 

Average temperatures are moderate to extremely hot, ranging from 19 °C in winter (July) to 35 °C in 
summer (January), although temperatures in excess of 45 °C are not unusual [1]. The current 
permanent population is ~30,000 but the township also receives 500,000 tourists a year. Alice Springs 
is an important centre for regional government, tourism, beef cattle, defence and communications [2]. 
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Alice Springs is located in the Early Proterozoic metamorphic Arunta Block near the margin of the 
Amadeus Basin. The Arunta Block is mountainous, highly fractured and faulted, while the Amadeus 
Basin to the south is generally flat with Tertiary and Quaternary alluvial sediments overlying the 
synclinal structures [3]. Several rivers drain the Arunta Block and enter the Amadeus Basin through 
gaps in the bounding MacDonnell Ranges. The study area comprises a region approximately 80 by 
100 kilometres defined by Pine Gap in the west, the edge of the Amadeus Basin in the east, Alice 
Springs to the north and the Ooraminna Ranges to the south. In the study area, the most important 
rivers are the Todd River and Roe Creek. 

The rivers in central Australia are intermittent, and on average flow 10-15 days per year. Flow is 
associated with rare large rainfall events due to monsoonal troughs coming unusually far south from 
the Indian Ocean [4]. While Roe Creek and the Todd River each drain a separate part of the Arunta 
Block north of the MacDonnell Ranges (catchment ~500 km2), Roe Creek joins the Todd River in the 
vicinity of the Todd River floodout, where the river disaggregates into several channels before 
rejoining near the eastern boundary of the study area. Surface water flow rarely makes it past the 
floodout, and it probably only reaches Lake Eyre, at the terminus of the regional catchment, once or 
twice a century. No rivers have their headwaters in the Amadeus Basin, as the flat topography and 
sandy soil causes most rainfall to infiltrate quickly [3]. 
 
Approximately 95% of the water supply for the local community comes from groundwater with 
10,000 ML/year (10 million m3/year) taken from the Roe Creek Borefield (~900 litres/person/day). In 
addition, 800 ML/yr of water is extracted from the Quaternary alluvial Town Basin for maintenance of 
city parks and sports ovals. The high rate of per capita water use is a result of the hot arid environment 
and low water use efficiency. In the past decade, there has been a concerted effort by the Northern 
Territory government to decrease the amount of water used through community education and reuse 
(P. Jolly, pers. comm.) 
 
Groundwater is pumped from the Roe Creek Borefield located in the stratified Amadeus Basin 
sediments about 12 kilometres south west of Alice Springs. Production is concentrated in the Mereenie 
Sandstone (16 bores), but several bores are also located in the Pacoota Sandstone (3 bores) and the 
Shannon Formation (1 bore) (E. Rooke, pers. comm.) During the last 30 years of use, the standing 
water level in the Mereenie Sandstone has been drawn down by over by metres. As early as the mid 
1970's, it was recognised that continued growth in the water use in Alice Springs would necessitate a 
second borefield being developed, most likely in the Rocky Hill region [5]. The large capital cost 
associated with developing the Rocky Hill Borefield or extending the Roe Creek Borefield 
necessitates a better understanding of hydrogeological processes in the Amadeus Basin. 

Calf [6] and Jacobson[7] used the radioisotopes 14C and later 36Cl to determine recharge rates in the 
Amadeus Basin. They found evidence of episodic palaeorecharge associated with flooding along the 
Todd River/Roe Creek drainage system with two main pulses of recharge at 1400 and 5500 years B.P. 
The current project resampled as many of Calf's bores as possible in order to determine whether 25 
years of heavy extraction (resulting in a lowering of groundwater levels by over 30 m) has had any 
effect on the apparent age of groundwater in the area. 

Apart from the bores sampled for historical reasons, additional bores for the project were selected: 

• To determine the extend of recharge by the Todd River/Roe Creek drainage system; 
• To examine changes in radioisotope values along flow paths in the Mereenie Sandstone; 
• To assess the contribution of inter-aquifer flow to the groundwater budget; and 
• To examine the sustainability of the pumping regime in the Alice Springs area. 

2. Regional Geology 

The Amadeus Basin is a broad (800 km x 200 km) intracratonic basin containing sedimentary units 
from the late Proterozoic to mid Palaeozoic [8]. Sedimentation was intermittent with periods of uplift 
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and erosion. Depth to basement in the centre of the basin is 4,000 metres [9]. Spatially, stratigraphic 
relationships between the main formations are somewhat changeable due to local variations in 
structural and depositional history. Important aquifers are described below. 

2.1. Jay Creek Limestone/Shannon Formation1 - Cambrian 

The Jay Creek Limestone consists of alternating beds of limestone and red brown, micaceous siltstone 
with limestone making up about 70% of the formation. Thickness ranges from 150 metres to over 
1000 metres in the middle of the Waterhouse Anticline that is associated with the Waterhouse Ranges 
(Figure 3) [3]. 
 
The Shannon Formation (350 metres thick) has a similar lithology to the Jay Creek Limestone, but 
with the siltstone beds more prominent [3]. 

2.2. Goyder Formation - Cambrian 

The Goyder Formation (300 metres thick) crops out along the base of the MacDonnell Ranges 
although it is missing west of the study area. It conformably overlies the Jay Creek Limestone and 
consists of alternating sandstone and siltstone beds [3]. 

2.3. Pacoota Sandstone - Late Cambrian to Early Ordovician 

The Pacoota Sandstone conformably overlies the Goyder Formation and ranges in thickness from 350-
450 metres. It consists of two fine to medium grained sandstone units separated by micaceous 
siltstone, mudstone, and shale. It was deposited in a classic shoaling upwards, shallow marine 
environment [10]. 

2.4. Mereenie Sandstone – Devonian 

The Mereenie Sandstone (365 metres thick) is, by an order of magnitude, the most highly developed 
aquifer in the Amadeus Basin. It underlies about 27,000 km2 of the Amadeus Basin, although it has 
been eroded north of the Waterhouse Ranges (Figure 3) [3]. The Mereenie Sandstone was deposited in 
a marginal marine to aeolian environment and is commonly divided into three subunits: 

• Unit A was deposited in a marginal marine environment and consists of sandstone with 
siltstone interbeds [11]; 

• Unit B is about 100 metres thick and consists of a pure quartz, cross-bedded sandstone 
deposited in an aeolian environment. It is well sorted and usually poorly cemented causing the 
collapse of many bores [11], and; 

• Unit C is about 115 metres thick and consists of a well-cemented orange brown coloured 
sandstone that was deposited during a transition from an arid to wetter environment [11]. 

 

 

 

 

 

                                                      

1 [3] considered the two aquifers to be time equivalent to each other. 
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FIG. 2. Piper diagram showing the chemical composition of the major aquifers in the Alice Springs 
region. The Pacoota Sandstone tends to be less enriched in sodium than the Mereenie Sandstone, 
while the Hermannsburg Sandstone is more enriched in bicarbonate.  

 

 

FIG. 3. Distribution of outcrop and the potentiometric surface of the major aquifers in the Alice 
Springs Region [12]. 
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2.5. Hermannsburg Sandstone - Late Devonian 

The Hermannsburg Sandstone (600 metres thick) unconformably overlies the Mereenie Sandstone 
over most of the eastern Amadeus Basin, except north of the Waterhouse Ranges where it lies directly 
on the Pacoota Sandstone. The Hermannsburg Sandstone consists of red-brown, poorly sorted, silty 
sandstone with interbeds of micaceous siltstone. In the Alice Springs region, it is often difficult to 
distinguish it from the Mereenie Sandstone in drillers log [3]. 

2.6. Tertiary/Quaternary 

Alluvial and aeolian Tertiary and Quaternary sediments overly most of the Amadeus Basin obscuring 
the broad synclinal folds of the basin. They are generally shallow (20 metres) and heterogenous, 
except where the Todd River/Roe Creek System has formed small sedimentary basins such as the 
Town Basin and the Inner and Outer Farms Basins. These basins were the initial source of water for 
the town, and combined with rockpools in the river, were originally utilised by the Arunta people [3]2. 

3. Hydrogeology 

There are two broad hydrogeologic zones within the Amadeus Basin. The southern zone, that consists 
of intensely folded and fractured rocks that discharge to a string of playas, and a northern zone of 
broad geosynclinal folds bounded to the north by the MacDonnell Ranges and to the south by the 
George Gill Range3  [9].  

Within the Amadeus Basin, groundwater movement is generally from west to east, although in the 
middle of the basin a zone of stagnant water is thought to exist [8]. Macqueen and Knott [3] divided 
the northeastern Amadeus Basin near Alice Springs into 5 broad hydrogeologic zones based on 
structural, lithologic, and hydrodynamic characteristics. All bores in the present study fall into the 
Brewer Plains Zone except for RN 11843 that is in the Deep Well Zone. The depth to standing water 
level (SWL) in the Brewer Plains Zone ranges from greater than 150 metres in the Roe Creek 
Borefield (initially ~100 metres before pumping started) to 40 metres close to the Todd River in the 
Rocky Hill area. 

Roe Creek borefield is located along the northern limb of the Missionary Syncline (Figure 3) that 
causes the aquifers in the area to dip by ~30° to the south [5]. Fracturing associated with the 
Missionary Syncline has enhanced secondary permeability, increasing the transmissivity west of Roe 
Creek to 4000 m2/day in the Mereenie Sandstone and trebling the regional transmissivities of the other 
aquifers. In contrast, the structural dip in the Rocky Hill Area is less than 10° and the transmissivities 
are closer to the regional values [11]. 

3.1. Jay Creek Limestone/Shannon Formation 

The Jay Creek Limestone/Shannon Formation are continuous through most of the northeastern 
Amadeus Basin with groundwater movement generally west to east. Historically, the Shannon 
Formation has not been highly developed because of low storativity and marginal salinity. In the Roe 
Creek Borefield, there is only one production bore in the Shannon Formation, which produces 40 
L/sec with longterm drawdown of 70 metres. Regional transmissivity for the formation is estimated at 
150 m2/day though locally it can be up to 600 m2/day due to secondary permeability along solution 
joints. Depth to SWL is approximately 95 metres with a gradient towards the Roe Creek Borefield 
because of the large drawdown cone. Water quality deteriorates with depth and ranges from 600-2300 
mg/L TDS [3]. 

                                                      

2 Indeed, the original spring after which the town is named is developed in the Todd River alluvial basin. 
3 For this report, the term Amadeus Basin is used synonymously with the northern synclinal zone. 
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3.2. Goyder Formation 

Groundwater movement is from west to east, though in the vicinity of Roe Creek it is towards the 
borefield, with a depth to watertable of 90 metres. The regional transmissivity of the Goyder 
Formation is around 150 m2/day, although near the Roe Creek Borefield it is up to 580 m2/day [3]. The 
hydrochemistry of the Goyder Formation is shown in Figure 2. 

3.3. Pacoota Sandstone 

Regional groundwater flow in the Pacoota Sandstone is generally from west to east. However, near the 
Roe Creek Borefield, heavy pumping has increased the hydraulic gradient southwards (and also into 
the overlying Mereenie Sandstone) by a factor of 10 [3]. Due to anisotropy in the Pacoota Sandstone, 
along strike transmissivity is 600-1200 m2/day and across strike transmissivity is 240 m2/day [5]. 
 
Salinity in the Pacoota Sandstone ranges from 500-1000 mg/L TDS, freshening where Roe Creek 
flows over the Pacoota Sandstone in subcrop [3]. The groundwater tends to be Ca-Mg-Na-HCO3-Cl in 
composition, and is less enriched in Na than the Mereenie Sandstone or Hermannsburg Sandstone 
(Figure 2). 14C values are much lower than for the Mereenie Sandstone and range between 17.4-
19.9 pmC. 

3.4. Mereenie Sandstone 

Thirty years of heavy pumping in the Mereenie Sandstone has lowered the SWL in the aquifer by over 
50 metres and has reversed the regional hydraulic gradient as far away as Rocky Hill. The regional 
hydraulic conductivity within the Mereenie Sandstone is 0.08 m/day (Transmissivity 600 m2/day) 
while west of Roe Creek, the Mereenie Sandstone is highly fractured, with an hydraulic conductivity 
up to 500 m/day in high yielding zones (Transmissivity 4000-6000 m2/day) [11]. Units A and C are 
the highest yielding subunits in the Mereenie Sandstone. Unit B is generally not used because the lack 
of cementation can cause bore failure [11]. Primary permeability in the Mereenie Sandstone is 
controlled by the percentage and type of lithic content in the sandstone. It is highest in Unit B, but iron 
cementation in Unit C has enabled fracture induced secondary permeability west of Roe Creek [10]. In 
the high yielding zones of the Mereenie Sandstone, specific yield is approximately 20% [10]. 

3.5. Hermannsburg Formation 

West of the study area, the Hermannsburg Formation, is generally low yielding (1 L/sec) and is only 
used for small volume community supplies. In the Roe Creek Borefield the Hermannsburg Sandstone 
is too shallow to be saturated [3]. However, recent work in the Rocky Hill area has reinterpreted the 
high yielding bores previously identified as Mereenie Sandstone as Hermannsburg Sandstone (R. Paul, 
pers. comm.). These bores are typically Ca-Na-Mg-HCO3 in composition, lower in salinity, and are 
more enriched in Ca and HCO3 than the Mereenie Sandstone (Figure 2). 

3.6. Tertiary/Quaternary Sediments 

Until 1964, the Cainozoic Town and Farm Basins were used to supply all the water needs for Alice 
Springs. After the establishment of the Roe Creek Borefield, use of these aquifers shifted to 
maintenance of local parks and some small-scale agriculture. Recharge in the Town Basin is from the 
Todd River and the over-irrigating of lawns and gardens. Salinity increases from north to south from 
500 to 4000 mg/L TDS, approaching Heavitree Gap [13]. Depth to SWL is approximately 5 metres in 
the Town Basin, and 20 metres in the Farm Basin, with a transmissivity of about 1000 m2/day. 

4. Results 

Fieldwork for the project was carried out in September 1999 and April 2000 with samples taken from 
production bores (14 bores), line-shaft pumped bores (17 bores), diesel bores (5 bores), windmills (2 
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bores), and two river samples4. Water samples were analysed for hydrochemistry (cations, anions, 
minor elements, pH), stable isotopes, 14C/13C, 36Cl, 4He, α-β radiation, and tritium. 

Macqueen and Knott [3] defined six components of recharge into the Roe Creek borefield: 

• regional flow moving up-dip in the Mereenie Sandstone; 
• upward movement of groundwater from underlying aquifers and the Arunta Complex; 
• induced downward recharge from the Hermannsburg Sandstone derived locally; 
• recharge from Roe Creek/Todd River; 
• direct recharge to the Mereenie Sandstone from rainfall; 
• and throughflow along strike in the Mereenie Sandstone. 

Regionally, direct accession of recharge from rainfall is probably the primary mechanism for recharge 
in the Amadeus Basin. Although recharge rates are very low (5-10 mm/yr), the large areal extent of 
the basin produces a large volume of water (~60,000 ML/yr recharge). The recharge is concentrated 
along the northern margin of the basin along the MacDonnell Ranges, with groundwater flow 
primarily directed towards the south and then towards the east past the Waterhouse Ranges (Figure 3). 
Because of the regional flow direction however, little of the regional recharge is thought to enter the 
study area [12].  

Recharge by the intermittent stream system (Roe Creek/Todd River) is important locally and is the 
main source of recharge to the study area providing ~500-1500 ML/yr of recharge to the Roe Creek 
Borefield [12].  

Inter-aquifer transfers, primarily from the Pacoota Sandstone to the Mereenie Sandstone (although 
also from the Arunta Complex including the Town and Farm Basins), is probably low due to the low 
transmissivity in the Pacoota Sandstone compared to the Mereenie Sandstone and the low vertical 
hydraulic conductivity compared to the horizontal hydraulic conductivity [5]. 

The other components of recharge proposed by Macqueen and Knott [3] are minor both in terms of 
volume of recharge and understanding. There is also a seventh component of recharge of along-strike 
flow from the Rocky Hill area due to the reverse of regional flow direction associated with the large 
draw-down cone in the Roe Creek borefield [12]. 

4.1. Hydrochemistry 

Most of the bores sampled for this project are used for either human consumption or stock use, and 
thus have relatively low salinities. This is in contrast with the centre of the Amadeus Basin, where the 
Mereenie Sandstone has a salinity exceeding 300,000 mg/L TDS [7]. The salinity of the bores sampled 
ranges from 230-2330 mg/L TDS in the Mereenie Sandstone, 442-697 mg/L TDS in the Pacoota 
Sandstone, and 294-760 mg/L TDS in the Hermannsburg Sandstone. Geographically, salinity 
decreases approaching the Todd River/Roe Creek System, and increases from west to east. With better 
resolution of the contribution of the various screened intervals (and in the absence of a drawdown cone 
from the production bores), there would probably be a fresh water lens overlying the regional 
groundwater near Roe Creek due to recharge from Roe Creek during flood flow. 

 

 

 

                                                      

4 The second field season was unusually wet in central Australia with flood flow in the Todd River/Roe Creek 
system. 
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FIG. 4. Scatter plot showing that the chemistry in most of the highest yielding bores is the product of 
reverse ion exchange. The exceptions are 5 bores within the Roe Creek borefield that may be affected 
by local variations in lithology. 

 

 

Rainwater from Alice Springs is mainly Na-Cl in composition, while the Todd River is Ca-HCO3 
evolving to Na-Cl-HCO3-SO4 past Heavitree Gap and into the Todd River floodout [7]. Table 1 shows 
representative hydrochemical facies from the major aquifers and locations in the study area. Due to 
recharge from the Todd River and Roe Creek, bicarbonate is the dominant anion in the Mereenie 
Sandstone in the Roe Creek Borefield and at Rocky Hill close to the Todd River. Away from the river, 
the groundwater is dominated by chloride reflecting longer flow paths, evaporation and greater 
apparent age. Cations are generally similar throughout the study area, but become more sodium 
dominated away from the rivers. 
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FIG. 5. Scatter plot showing the mixing/evaporation trend lines of bores in different regions 
reflecting the source of recharge. 

 

Several bores (labelled) are located in the Roe Creek borefield, but are depleted in Na due to ion 
exchange (see Figure 4). The bores labelled ‘direct recharge’ are the oldest bores (as measured by 14C) 
in the study area and plot in a trend towards the rainfall chemistry. The Roe Creek bores also plot 
along a trend-line towards the chemistry of the Todd River indicating that it is the primary source of 
recharge. The Rocky Hill bores have an higher ratio of bicarbonate to sodium than Roe Creek 
reflecting an increase in salinity along the Todd River. 
 

TABLE 1. SHOWING THE HYDROCHEMICAL FACIES OF MAJOR AQUIFERS AND 
LOCATIONS. 

Aquifer (area) Hydrochemical Facies 

Mereenie Sandstone (Pine Gap) Na-Ca-Mg-Cl-HCO3 

Mereenie Sandstone (Roe Creek) Na-Ca-Mg-HCO3-Cl 

Mereenie Sandstone (Rocky Hill) Na-Ca-Mg-HCO3-Cl-
SO4 

Mereenie Sandstone (Pilgera 
Bore) 

Na-Ca-Mg-Cl-SO4 

Pacoota Sandstone (Roe Creek) Ca-Mg-Na-HCO3-Cl 

Hermannsburg Sandstone (Rocky 
Hill) 

Ca-Na-Mg-HCO3 

Goyder Formation (Roe Creek) Na-Ca-Mg-HCO3-Cl 

165



FIG. 6. Scatter plot showing the relative contribution of chloride to the overall anion load in the 
groundwaters around Alice Springs. 

 

The groundwater chemistry in most of the bores is primarily derived from water-rock interactions in 
the saturated zone, except for two bores that are dominated by evaporation (Figure 6) [14]. The water-
rock interactions are mainly in the form of reverse ion exchange except for a few bores in the Roe 
Creek borefield that are dominated by ion exchange (Figure 4). There is no obvious reason for the 
difference between the ion exchange bores and the reverse ion exchange bores, as some of the former 
are located within 50 metres, are at the same depth, and utilise the same aquifer as the latter bores. 
However, the different chemical processes between the adjoining bores is of a long standing, with the 
same effect occurring in historical analyses. The most likely explanation is local variation in lithology 
and clay content within the Mereenie Sandstone. 

Figure 5 plots sodium against bicarbonate for bores in the Mereenie and Hermannsburg Sandstones. 
Bores located far from Roe Creek/Todd River plot along a trend line from the origin (and the value for 
average rainfall) indicating that the primary recharge mechanism is direct recharge of rainfall. Bores in 
the Roe Creek borefield plot along a trend originating at the value for the Todd River that indicates 
primary recharge from the creek system. Bores in the Rocky Hill area also plot along a trend line, 
higher in bicarbonate relative to the Roe Creek borefield. The source for these Rocky Hill bores is 
assumed to be the higher salinity surface water downstream from the Roe Creek-Todd River Junction 
[7].  

It can be seen from Figure 5 that Roe Creek and Rocky Hill have distinct chemical signatures. 
However, despite the reverse of regional groundwater flow from the Rocky Hill area to the Roe Creek 
borefield there has been no obvious change in hydrochemistry in the bores in the Roe Creek borefield. 
This suggests that there has been no significant induced  leakage from the Rocky Hill area. 
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4.2. Stable isotopes 

Hughes and Allison (1984) give average values for 2H and 18O in rainwater for Alice Springs of -33.8 
‰ and -5.59 ‰ respectively (Figure 7). Harrington [14] calculated the weighted annual mean for 
various rainfall events, concluding that as the size of the event increases, the rainfall becomes 
progressively depleted in 2H and 18O. The normal weather pattern in central Australia is for rainfall 
events to proceed northwards from the Southern Ocean, becoming increasingly depleted in 2H and 18O. 
However, the large rainfall events causing river flow are associated with monsoonal rains coming 
unusually far south from the Indian Ocean and are relatively depleted in the stable isotopes compared 
to normal conditions [4]. The groundwater samples plot in the area equivalent to rainfall events greater 
than 125 mm (Figure 7), suggesting that only large rainfall events produce recharge. 

Figure 7 also shows that increasing 14C age corresponds to the average value for 2H and 18O becoming 
increasingly enriched: 14C > 50 pmC 2H = -61.65 ‰ and 18O = - 9.20 ‰ , 25 pmC < 14C < 50 pmC 2H 
= -58.66 ‰ and 18O = -8.77 ‰, 14C < 25 pmC 2H = -52.89 ‰ and 18O = -7.91 ‰. The exception is the 
Town Basin, which is enriched in 2H and 18O because the shallow depth to the water table, allows even 
relatively small rainfall events to recharge the groundwater. Most groundwater samples plot parallel to 
the LMWL, which suggests mixing of rain and soil moisture exposed to evaporation [15]. 

Major flows in the Todd River occur primarily in summer and to rainfall events generally greater than 
150 mm/event [13]. The youngest groundwaters (greater than 50 pmC, not including the Town Basin 
bores) are located closest to the river system, and are likely to be the most affected by flood flow 
caused by large rainfall events. Indeed, the youngest groundwater samples plot near the 150-200 mm 
weighted-mean rainfall value.  

Rainfall in the Australian arid zone is episodic in nature with frequency of major events occurring 
related to latitude, distance inland, and due to orographic effects. In the Alice Springs region, rainfall 
events of the size 150 mm/month has a 5 year return rate (S. Hostetler, unpublished).  

The older groundwaters (14C < 25 pmC) plot in the area more closely related to the 100-150 mm 
weighted-mean rainfall value. Even though such events are obviously large enough to cause recharge, 
it is probably not enough to cause floodflow in the river system. Instead, recharge is via direct 
recharge on the margins of the basin. 

 

FIG. 7. Groundwater samples from Alice Springs divided by age as measured by carbon-14 and 
the local meteoric water line for Alice Springs with the long term weighted-mean composition 
of monthly rainfall events[14].  
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4.3. Radioisotopes 

Figure 8 compares the values of 14C in the Roe Creek Borefield between the current study and the 
combined results of Calf [6] and Jacobson [7]. Despite a drop in groundwater levels of 30 metres and 
the deepening of many of the production bores, there has been little to no change in 14C values over 
the past 20 years. This is probably because of the dominance of recharge by the intermittent stream 
system that provides recharge approximately twice a decade. A few bores have slightly changed over 
time, with slight increase in age as determined by 14C. This may be due to inflow of older groundwater 
in the Mereenie Sandstone away from Roe Creek, or inflow from the Pacoota Sandstone. One bore in 
the Goyder Formation, has changed significantly from 61.4 to 39.6 pmC. The first sample was taken 
during an unusually wet period, so there may have been recharge via fractures. 

 

FIG. 8. Showing the difference between bores sampled in 1978 and 1989 in red with bores sampled 
for the current project in black. Despite 20 years of pumping and a lowering of the SWL by 30 
metres, there has been little change in values of 14C.  

When plotted spatially, 14C values in the Mereenie Sandstone in the Roe Creek borefield increase from 
the regional background level of 20-25% modern Carbon to 45-60% modern Carbon (Figures 8 and 
13) as the bores approach Roe Creek with a matching decrease in salinity and other elements (Figures 
9a and 9b) due to the influence of point recharge from Roe Creek. The trend is also noticeable in the 
Rocky Hill area approaching the Todd River, though the distribution of 14C values is more complex. 
There is no correlation between depth to SWL and increasing age as measured by 14C, due to the 
overwriting influence of river recharge and the artificially deep SWL due to pumping (Figure 13). 

Throughout the study area, there is a relationship between increasing apparent age (decreasing values 
of 14C) and increasing chloride (Figure 10b), except to the east of Rocky Hill where an increase in 
salinity near the end of the Amadeus Basin disguises the trend. Fractionation of carbon can be seen in 
Figure 10a, showing that with increasing 14C age, 13C becomes progressively depleted. The older 
groundwaters indicated by 14C plot to the right of the line associated with calcite dissolution 
suggesting that the groundwater is in equilibrium with the aquifer [15]. The exception are those bores 
which are located close to Roe Creek/Todd River reflecting the relatively fast recharge due to flood 
flow in the rivers. 
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Tritium is generally absent in the groundwaters around Alice Springs except for the Town Bores 
(shallow bores that fluctuate directly with water level in the Todd River), and two bores (RN 17335 
and RN 11589) along the Todd River floodout that have a value of 0.4 T.U. As these bores have 14C of 
41.2 and 76.1 pmC respectively, it suggests that these anomalies reflect modern water mixes with 
regional groundwater. There is also one anomalous bore that contains 3.3 T.U., yet a 14C value of 35.7 
pmC (RN 17246). It is not located along the stream system, but at the southern edge of the basin with 
a depth to groundwater level of over 70 metres. The bore was situated at the top of a mountain and 
may receive modern recharge via fractures in the Mereenie Sandstone, or as the bore was in poor 
repair, there may be localised leakage down the borehole casing. 

The 36Cl/Cl ratio ranges 43-200 x 10-15 (72-979 x 106 atoms/L of 36Cl. There is no relationship between 
36Cl and 14C, except that already observed between 14C and chloride. This indicates that the 
groundwater is not old enough to see 36Cl decay. The range in values of 36Cl in the groundwater of 
Alice Springs is more closely related to chloride concentration due to evaporation or uptake of fossil 
salts. 

4He values match the general trend found in 14C with higher values of 4He correlating with older 
apparent age as measure by 14C. However, thus far the values have not been corrected for helium flux, 
effective porosity, or U and Th (J. Kulongoski, pers. comm.). 

 

FIG. 9. Showing the regional values of 14C around Alice Springs. Values tend to increase towards the 
river system from the regional value of ~25 pmC. Background image is the 7 second DEM.  
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5. Discussion 

Of the recharge mechanisms suggested by Macqueen and Knott [3] only direct recharge by rainfall, 
river recharge, and inter-aquifer flow are likely to produce significant quantities of recharge. The 
following discussion examines the evidence for the various recharge mechanisms and their importance 
in the Roe Creek and Rocky Hill areas. 

5.1. Direct recharge by rainfall 

Even though recharge rates are low (3-5 mm/yr), the large areal extent of the Amadeus Basin means 
that large volumes (estimated at 60,000 ML/yr) of water enter the groundwater system [3]. Barnes [16] 
postulated that direct recharge in the Amadeus Basin is associated with large winter rainfall events 
(when evapotranspiration is low) that exceed the median monthly rainfall by at least 5 times 
(Figure11). These individual pulses of recharge are smeared out because of the differential flow 
velocity in the unsaturated zone and the large depth to groundwater around Alice Springs. The result is 
that recharge effectively reaches the watertable at a constant rate [16]. 

The stable isotope data suggests that rainfall of 100-150 mm/month is needed for direct recharge to 
occur, which because of the low average rainfall during the winter (8-15 mm/month), has only 
occurred 7 times since 1873. This is in comparison to the large rainfall events (> 200 mm/month with 
a return interval of 15+ years) that mainly occur during summer and result in substantial flow in the 
creek system (18 times since 1873). The 100-150 mm/month rainfall events are generally not 
sufficient to cause substantial flow in the Roe Creek/Todd River system (no river recharge), but are 
adequate to cause recharge through direct infiltration of rainwater where the aquifer outcrops along the 
margin of the basin. As seen in Figure 5, the bores with the oldest apparent age plot along a trend line 
away from the origin and the rainfall chemistry compared to the younger bores that have an origin 
closer to the stream chemistry. 

In the Mereenie Sandstone, recharge by direct rainfall occurs along the margins of the Amadeus Basin 
with groundwater movement towards the centre of the basin and from west to east (Figure 3). 
Cresswell [8] found connate water around Palm Valley in the centre of the basin, with an apparent age 
of 400,000 years as measured by decay of 36Cl. In the absence of recharge from the intermittent 
streams, the apparent age of groundwater is nearly constant along the northern edge of the Amadeus 
Basin at 20-25 pmC [6][7][8]. Bores along the Waterhouse Ranges and Ooraminna Ranges have a 
greater apparent age (~10 pmC) reflecting lower rainfall due to orographic effects, the lack of 
significant streams, and the regional flow direction [12].  

The majority of the direct recharge flows towards the south turning eastwards past the Waterhouse 
Ranges eventually discharging into the Great Artesian Basin (Figure 3). In the study area, there is little 
evidence that the regional groundwater has a significant impact on the hydrochemistry, stable isotopes, 
or radioisotopic values of bores in the major borefields. The apparent age of groundwater, as shown by 
14C, is close to the travel time from the land surface to the water table [16]. As recharge to the 
watertable is effectively occurring constantly there will be little change in radioisotopic values over 
time.  

Neither the Roe Creek Borefield nor the proposed Rocky Hill Borefield intersect a large proportion of 
the direct recharge into the Amadeus Basin. Even though there is a large volume of water theoretically 
available in the Amadeus Basin, there are problems of both quality (~ 1500 mg/L TDS in the Mereenie 
Sandstone in the centre of basin) and the large distance to town (>50 km). Therefore, in the short-term, 
it is probably not feasible to fully use this resource. 

5.2. River recharge 

Bores within the Mereenie Sandstone approaching Roe Creek show an increase in 14C from the 
regional background level of 20-25 pmC to almost 50 pmC (Figures 8 and 9). In the Rocky Hill region 
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(with a shallower depth to groundwater), recharge from the Todd River has raised the level of 14C to 
over 70 pmC (with Tritium values of 0.4 T.U.).  

Within the Mereenie Sandstone, there is also general agreement between an increase in the 
bicarbonate/chloride ratio and an increase in the value of 14C, except to the east of Rocky Hill where 
an increase in salinity near the end of the Amadeus Basin disguises the trend. Salinity increases from 
west to east along flow lines with a 30-40% decrease in salinity close to Roe Creek/Todd River 
consistent with recharge during flood flow (Figures 15a and 15b). The bores in the Roe Creek 
borefield and the Rocky Hill area also plot along (separate) trend lines with the origin based on river 
water chemistry (Figure 5). 

The bores close to Roe Creek are also distinctive in terms of stable isotope chemistry, being much 
more depleted in 2H and 18O compared with bores elsewhere in the Mereenie Sandstone (Figure 7). In 
bores away from Roe Creek, 13C becomes more enriched with increasing alkalinity, while the bores 
along Roe Creek show no fractionation, suggesting a short residence time (Figure 12). The bores away 
from Roe Creek/Todd River are in equilibrium with calcite while the younger groundwaters (close to 
the river) are in equilibrium with atmospheric CO2 again indicating a short residence in the aquifer 
(Figure 10a). 

In the Roe Creek and Rocky Hill areas, the hydrochemistry and stable isotopes are dominated by river 
recharge processes, with only the radiochemistry showing any mixing as the bores approach the rivers. 
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FIG. 10. Showing the relationship of 14C with various parameters  
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• A, shows the fractionation of carbon with change in 14C. Most bores plot to the right of the 
calcite line indicating the groundwater is in equilibrium with calcite. 

• B, shows an increase in the chloride concentration with increasing age as measured by 14C. 
The younger bores have a lower salinity due to freshening by the Roe Creek/Todd River 
system. 

• C demonstrates the lack of relationship between bicarbonate and 14C. 
• D shows a strong relationship between 18O and age as measured by 14C, reflecting the different 

sources of recharge, distributed recharge for the older groundwater and point recharge from 
Roe Creek/Todd River system for the younger bores. 

 

 

FIG. 11. Monthly rainfall figures for Alice Springs since 1873, showing the great variability of 
rainfall. The residual rainfall mass index shows longterm drought events as downwards sloping lines 
and wetter period as upwards sloping lines. 

 

 

FIG. 12. Shows that away from the river system, 13C fractionates with increasing alkalinity 
indicating water-rock interaction. Along Roe Creek/Todd River, the groundwater is not in 
equilibrium with the aquifer, indicating a faster recharge rate. 
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5.3. Inter-aquifer flow and other processes 

Heavy pumping in the Roe Creek borefield has increased the hydraulic gradient within the Pacoota 
Sandstone towards the Mereenie Sandstone by over a factor of 10. However, the volume of flow is 
probably low due to anisotropy in the hydraulic conductivity in the Pacoota Sandstone with preferred 
flow along strike [5]. Both the radioisotopes and hydrochemistry within the Pacoota Sandstone are 
distinctive and neither shows much evidence of influencing nearby bores in the Mereenie Sandstone. 
There is also little evidence for the other recharge processes mooted by Macqueen and Knott [3] 
indicating that they probably play little role in recharging the study area. 

 

FIG. 13. Demonstrates the lack of correlation between depth to SWL and increasing age as measured 
by 14C. This is because of the influence of recharge from the river, clouding regional views, and the 
artificially deep SWL because of pumping in the Roe Creek Borefield. 

6. Conclusions 

The primary source of recharge to the Roe Creek/Rocky Hill borefields is recharge from Roe Creek 
and the Todd River. These bores have distinctive hydrochemistry, stable isotopic and radioisotopic 
values that are due to recent recharge by river water during significant flood flow. Jolly [12] modelled 
this contribution to be about 500-1500 ML/yr or 8-25 mm/yr. Flood flow occurs irregularly due to 
large episodic rainfall events which occur on average about twice a decade. 

While direct accession of recharge via rainfall on the margins of the Amadeus Basin produces a large 
amount of recharge due to the size of the basin (60,000 ML/yr), most of the groundwater flow is 
directed away from the study area. The few bores for which direct recharge from rainfall is the 
primary mechanism of recharge have an apparent age of 10,000-12,000 years equating to a recharge 
rate of 6-12 mm/yr of downward movement of water in the unsaturated zone. Because of the large 
depth to water table regionally, the individual pulses of recharge are averaged out so that recharge is 
essentially occurring constantly [16]. The age given by the radioisotopes is related more to the travel 
time from the land surface through the unsaturated zone, rather than residence in the saturated zone. 
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The amount of rainfall needed to cause recharge is generally less than for flood flow, with recharge 
occurring approximately five times per decade. 

Inter-aquifer flow from the Pacoota Sandstone to the Mereenie Sandstone is probably low, as the 
distinctive hydrochemistry/radioisotopic values in the Pacoota Sandstone have little effect on nearby 
Mereenie bores. Other components of inter-aquifer flow such as from the Arunta Complex or 
Hermannsburg Sandstone are not evident in the samples taken. 

The eastern end of the Amadeus Basin is thought to discharge to the Great Artesian Basin, though the 
amount has not been quantified [3]. The large drawdown cone emphasises that groundwater is not 
being utilised sustainably, with extraction exceeding recharge by 10-20 times.  

However, with few other major users down gradient of the town borefield, the lack of any suitable 
alternatives, no identified environmental users, the current pumping regime will probably continue. 
However, spreading the pumping load to the proposed Rocky Hill borefield combined with 
conservation measures will lessen the necessity of continually deepening the Roe Creek Borefield.  
Accessing other water sources either from elsewhere in the Amadeus Basin or from another 
groundwater basin is currently not feasible because of the large distances involved. 
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Abstract. Azraq basin supplies the capital Amman with high quality drinking water, but due to over-pumping 
from the Amman Water and Sewage Authority well-field (AWSA), tapping the upper unconfined Basalt aquifer; 
The water level dropped dramatically and signs of salinization and depletion are starting to occur. This study 
includes hydrological, hydrogeological, hydrochemical and isotope hydrology investigation for the upper 
unconfined aquifer from the early 80’s until present to come up with the causes of groundwater salinization of 
AWSA wells. The possible salinization scenarios of the upper aquifer could be attributed to: (a) Threat of 
reverse flow from Sabkha to AWSA well field resulting from low hydraulic gradient of the aquifer water table 
and increased draw down in the AWSA well field, (b) The probable upward leak of middle aquifer brackish 
water to the upper aquifer fresh water and the presence of faults that might be conductive, (c) The dissolution 
processes between water and rock matrix due to lowering the dynamic water levels during pumping which 
reached the mineralized formations underlying the Basalt. The results indicate that the  first scenario is not yet 
occurring as the hydrodynamic system shows that groundwater flow is still in the direction of Azraq depression. 
There is no evidence that upward leak from the brackish middle aquifer is taking place; The salinization trend in 
transient conditions was accompanied by consistent increase in nitrate levels in some wells and high 

14
C contents 

in others while they are both not detected in the middle aquifer. The third scenario is the most likely to occur; 
The salinization trend of some AWSA wells represented by the gradual consistent increase of EC, Na, Cl, SO4 
and Mg associated with rather constant stable isotopic contents indicate that these constituents originate from the 
main salts existing in the geochemistry of the lower rock matrix.  

1. Introduction 

Azraq basin is one of the most important groundwater basins in Jordan. It is located in the 
Northeastern part of Jordan. It extends northwards into Syria and southwards into Saudi Arabia. The 
Azraq Oasis (called locally Sabkha or Qa’a Azraq) which is located in the central part of the basin is at 
a distance of about 120 km northeast of Amman. Qa’a Azraq is a relative large mudflat located in the 
central part of the basin. Two villages are located on the western side of the Qa’a Azraq, these are: 
Azraq Shishan and Azraq Drouz. 

A well field called AWSA was established north of Azraq Drouz Springs (northern springs) where 
about 15-20 million cubic meter per year (MCM/a) of water were pumped to the capital Amman for 
drinking purposes since 1982. Farmers in Azraq depression and in northern areas of the basin were 
using around 45 MCM/a. Therefore, the total abstraction from the basin was about 65 MCM/a.  

Two groups of springs exist at the border of the Azraq Sabkha; The Drouze springs and Shishan 
springs. The discharge of these springs was about 15 MCM/a before 1981. This quantity of water was 
in equilibrium with the water balance of the basin representing the steady state condition. The over-
exploitation of groundwater aquifers in the basin was dramatically affected the discharge of these 
springs. Drouze springs dried completely in 1986 and the Shishan springs discharge was reduced by 
about 80%. The consequences of over-expolitation affected the ecosystem in the area and many of the 
rare birds and plants disappeared totally. Rising concern among Non-Governmental Organization 
(NGO’s) for protecting the environment, they pose more pressure on the local farmers and the water 
authorities to alleviate the total abstraction of groundwater to allow natural rehabilitation of the 
aquifer. Water Authority of Jordan (WAJ) brought the abstraction rate from AWSA well field down 
from approximately 20 MCM in 2001 to 15.3 MCM in 2002 and 2003. Farmers are using now 35.4 
MCM/a and around 7.7 MCM/a from northern parts of the aquifer are in use for drinking purposes 
thus total abstraction from Azraq basin is brought down to 58.4 MCM/a in 2002. 
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Azraq basin consists of three aquifer systems that are hydraulically connected at certain parts: The 
upper shallow fresh water basalt aquifer is currently under the threat of salinization due to 
overexploitation, the middle limestone brackish water aquifer (600 to 15,000 mg/l) of ages >30,000 
years. This aquifer contains substantial potential but is restricted to be used only by the Water 
Authority and the deep sandstone aquifer, which has low yields, and poor quality water. 

The target aquifer of interest is the upper shallow basalt aquifer that suffers from deterioration of water 
quality. 

2. Physiographic setting of study area 

Azraq basin is of regional importance as it is shared between Jordan and Syria. The total area of Azraq 
basin is about 12710 km2 where 94% belongs to Jordan and 6% to Syria. Total abstraction from this 
aquifer now is about 58 MCM/a while the estimated safe yield is 34 MCM/a. 

Azraq drainage basin is irregular in shape and forms a relatively shallow depression with a central 
playa (Qa’a Azraq), surrounded by mud flats and saltpans. 

The area is typical for arid to semi arid zone. The precipitation ranges from 50 mm/a in Azraq Oasis to 
500 mm/a in Jabal Arab. The average precipitation for the entire basin is 87 mm/a, most of which 
occur as storms between January to March [1]. The mean daily temperature in winter is less than 
10 Co. The summers are hot. The absolute maximum temperature is 45 Co. The evaporation rate in the 
area is 2.4 m/a.  

The area in general is lightly vegetated although in the farm areas a wide range of vegetables, fruits 
and olive trees is grown under irrigation. 

 

 

FIG. 1. Location of Azraq aquifer and well loation in the study area. 
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3. Objective of the study 

The aim of the present study is to investigate the dynamics of groundwater flow system in the upper 
unconfined aquifer (Basalt and B4) in transient condition due to long term exploitation compared to 
initial steady state condition and the possible causes and mechanisms of salinity incorporating 
hydrological, hydrochemical and isotopic parameters. 

4. Status of the problem 

Salinization encountered in some wells of AWSA well field associated with water level depletion are 
due to the overexploitation of the shallow aquifer with consequent effects on the natural vegetation 
and wildlife. The future availability and quality of groundwater of this heavily exploited aquifer would 
be at risk. 

5. Possible salinataion scenarios 

The salinization in the shallow aquifer (basalt/B5/B4) is believed to be one of the following three 
different scenarios: 

(1) Return flow from Sabkha to AWSA well field resulting from low hydraulic gradient of the aquifer 
water table and increased drawdown in the AWSA well field that would cause the natural flow 
direction of the ground water to be reversed. Movement of the fresh-salt water interface depends 
mainly on the distance as well as on the amount of withdrawal and on the hydrogeological 
situation in the area. 

(2) The other possibility is the upward leakage from the middle aquifer system (B2/A7) and the 
combined B3 Aquitard- B2/A7 Aquifer.  

(3) Local geochemical processes due to specific local hydrological and geological processes leading 
to a hydrodynamic situation changing the water quality due to matrix dissolution. 

6. Methodology 

The research approach encountered collation of previous data in order to investigate the current 
hydrological and hydrochemical pattern of the aquifer in contrast with previous patterns in order to: 

(1) Investigate steady state condition by interpretation of the previous historical data. 
(2) Investigate the current transient condition of the aquifer by interpretation of the available recent 

data. 
(3) Determine the location and extend of the fresh-salt water interface and to assess the influence of 

the salty water in the Sabkha area on the surrounding fresh water in an escalating manner using 
available hydrogeological and hydrochemical data. 

(4) Investigate the influence of the middle B2/A7 saline aquifer on the upper shallow aquifer using 
available hydrogeological, hydrochemical and isotope data in the NDW7 and the deep geophysical 
well. 

(5) Investigate local geochemical processes (dissolution) in wells that were subject to salinization. 
(6) Investigate the effect of over pumping of the private wells and the agricultural sector which is 

exceeding the upper aquifer safe yield. 
 

6.1. Selection of wells 

The wells were selected to represent upper Azraq basin closer to recharge area at the Syrian borders, 
down to AWSA well field and to the farm wells. Sampled wells include 17 of AWSA well field, 10 of 
the upper Azraq basin on the flow line between Jabal Arab and AWSA well field and around 16 farm 
wells (Figure 1). Each of these wells was sampled at least twice each year since 1999 in addition to 
collation of all historical data available since 1980.  
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6.2. Field trips and field methods 

Many field trips were carried out that included field measurements and sampling. All field equipment 
were checked and calibrated at the beginning of the field trip.  

The following parameters were measured at the site during the field trips: Well Location (Easting and 
Northing) according to Palestinian National Grid (PNG), water levels in monitoring and in pumping 
wells, temperature, electrical conductivity, redox potential, pH and in some cases radon gas was 
measured at the well head by degassing into a Lucas Cell. 

6.3. Sampling 

Sampling was performed  for the determination of the following  parameters: 

- Major cations (Ca, Mg, Na, K) 
- Major anions (HCO3, CO3, Cl, SO4, NO3)  
- SiO2 and total hardness 
- Trace elements (Cu, Pb, Cr, Sr, B, Br, Ni, Zn, Cd, Mn, Fe, As, Se, F) 
- Environmental isotopes (oxygen 18, deuterium, tritium, carbon 13, carbon 14 and radium 226 

and radon 222 for some wells.  
 

6.4. Analytical procedures 

Table 1 illustrates the analytical procedures and equipment used in analyzing the required study 
parameters. All analyses were conducted at the Laboratories and Water Quality department of the 
Water Authority of Jordan. 

 

TABLE 1. ANALYTICAL PROCEDURES AND EQUIPMENT 

Parameter Method followed Equipment used 

Conductivity (EC): electrode techniques using a platinum electrode in 
conjunction with a conductivity meter  

PHILIPS PW 9526 Digital 
Conductivity meter 

pH  
Mettler electrode and Orion 
940 titroprocessor 

Alkalinity Titration to pH 4.6 with 0.02 N H2 SO4. Alkalinity 
expressed in mg/l CaCO3.  

Major cations EDTA titration method  

Na+ & K+ Atomic technique which measures the wavelength 
and intensity of light emitted by atoms in a flame. 

Eppendorf Elex 6361 Flame 
Photometer 

Major & Trace anions: Cl, 
SO4, NO3 and Br  

Using Dionex DX-120 ion 
chromatography system 
with autosampler 

Trace elements 

The sample is swept by an argon carrier stream 
onto a plasma flame. The exited ions emit light 
with a range of wavelengths. Each element emits 
light at a characteristic wavelength 

(Perkin – Elmer Optima 
3000 Inductively Coupled 
Plasma with Cetac 5000 AT 
with Ultrasonic Neubilizer)  
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Parameter Method followed Equipment used 

Stable isotopes: 

Oxygen  18 (18O) 

Deuterium (D) 

Carbon 13 (13C) 

18O: CO2 Equilibration method. The Final result is 
expressed versus SMOW. The accuracy is ± 0.1 %o 

D:   Zinc reduction to hydrogen gas. The final result 
is expressed versus SMOW The accuracy is ±1.0 
%o .   

13C: Carbonate converted to CO2 gas by acid. The 
Final result is expressed versus PDB. The accuracy 
is ± 0.20 %o. 

Finnigan Mat Delta E IRMS 
with the attached 
preparation lines 

Radioactive 
environmental isotopes: 

Tritium (T) 

Carbon 14 (14C) 

T: Electrolysis enrichment and Liquid Scintillation 
counting. The final result is expressed in Tritium 
Units (TU). The accuracy is ± 1.0 TU. 

14C: Benzene senthysis method. The final result is 
expressed in Percent Modern Carbon (PMC). 

2250 CA Tri-CARB 
Packard Liquid Scintillation 
Analyser. 

 

 

Radionuclides in water: 

Radon gas (222Rn)  

Radium (226Ra) 

222Rn: Degassed into into evacuated Lucas cell and 
counting. The final result is expressed in pCi/l. The 
accuracy is ± 15%. 

226Ra: The sample is kept air- tight bottle for 45 
days to reach equilibrium between Ra and Rn. The 
procedure of degassing and for Rn gas. 

EDA RDU-200 degassing 
unit, EDA RD-200 radon 
detector unit.  

 

7. Geology of Azraq basin 

The Azraq basin is part of limestone plateau in eastern Jordan. The northeastern part of this plateau 
and tuff [2]. The northeastern half of the basin is dominated by basaltic lava originating from 
Miocene/Oligocene volcanic activity. During the Neogene, the first lava flows occurred as a result of 
volcanic eruptions where this activity continued until the Holocene. The basalt reaches a thickness of 
more than 1500 m in the area of Mount Arab in Syria, and becomes progressively thinner towards the 
Azraq depression to the south. 

Table 2 and Figure 2 illustrate the stratigraphy of Jordan and the sequence of geological layers in the 
study area. 
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TABLE 2. ROCK UNIT CLASSIFICATION IN JORDAN 

 

 

FIG. 2. Hydrological cross section along the study area. 

In the Azraq playa (wetland reserve) the basalt is missing. Upper Tertiary sediments (B5) (Wadi 
Shallala) are located in the structural depression zones. The (B5) Formation consists of Marly-Clayey 
layers in the area of AWSA well field and acts here as an aquitard between the B4 (Rijam) and the 
Basalt aquifer. Towards the southeast, the B5 Formation contains more sandy layers and it is classified 
as an aquifer in this area. South of the basalt areas the landscape is dominated by Paleocene and 
Eocene marly limestones, chalks, and chalky limestones with chert layers of the B4 formation. 

The B4 formation is underlain by the Maastrichtian B3 (Muwaqqar) formation. B3 formation reaches 
a thickness of about 300 m and consists of marl and marly limestone with some gypsum and evaporite. 
The underlying Campanian to Turonian B2/A7 formations (Amman/Wadi Sir) is mainly formed by 
chert and limestone. 
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The upper Cretaceous  and Tertiary Limestones and Marls overly  the Kurnub sandstone formation 
which belong to lower Cretaceous age, this formation is very deep in Azraq depression. 

The entire Azraq basin is dissected by an extensive network of wadis, especially in the limestone 
areas. During Quaternary times the wadis carried large amounts of superficial deposits Alluvium and 
top soil into the central depression. The fluvial gravels and sand dunes as well as clayey Calcareous 
and sandy sediments of mud pans are the youngest deposits 

A Graben trending NW-SE is the dominant structure. The Jabal Fuluk Fault which stretches from the 
Basalt is the main Fault in the northern part of this Graben. Some Faults are extending NW-SE parallel 
to the Graben, and others have a NWW-SSE strike [1]. 

8. Hydrology 

The Hydrology of the basin is complex; the playa (Qa’a Azraq) is mainly fed by surface runoff from 
the many wadis. As rainfall in the Azraq catchment is dominated by thunderstorms, flooding of the 
playa is very erratic data, and the mud flat may be virtually dry for extended periods of time. Peak 
storm runoff occurs in the time period January through March. 

9. Hydrogeology 

There are three main aquifers that consists the Azraq basin hydrogeological units: 

(1) The Upper (shallow) aquifer system consists essentially of four parts, partly separated from each 
other by low permeability layers and partly directly connected:   

 (a) Quaternary Sediments 
 (b) Basalt 
 (c) B5 (Wadi Shallala Formatin) 
 (d) B4 (Rijam Formation 

(2)  Middle aquifer system 
(3)  Deep aquifer system. 

Previous geo-electric studies in Azraq depression showed that Quaternary sediments are divided into 
three parts. These studies showed the presence of saltwater body of a thickness of 50-80 m below 
which there is fresh water body that is separated from the dense saltwater body. This can be explained 
only by a thick clay layer between the two [2]. 

Basalt/B4/recent sediments forms the main aquifer in the Azraq area. The basalt is hydraulically 
connected to the underlying calcareous rocks of the B4 (Rijam) Formation. The groundwater flow is 
from north towards south and the groundwater moves from all directions towards the Azraq 
depression. The upper aquifer system, is under water table condition. The depth to the ground water 
table is from few meters in the center of the oasis to 400 m in the northern catchment area (Figure 3). 
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FIG. 3. Depth to water table in the study area. 

 

The Basalt which is sometimes intercalated with thin layers of red clay shows relatively very high 
transmissivity which has an average value of 11000 m2/day and decreases towards the north with 
values ranging from 10 to 2000 m2/day. The transmissivity of the B4 unit range between 40 to 
106 m2/day [3]. 

The underlying B5 formation in the area of WAJ well field consists of marly-clayey layers and acts as 
an aquitard between the B4 and the basalt aquifers, whereas in the south it contains more sandy layers 
and can be classified as an aquifer. 

The Shallow or Upper Aquifer System is underlain by about 300m thick marl and marly rocks of  
Muwaqqar Formation (B3)  of Maastrichtian age. 

The Middle Aquifer composed of B2/A7 formations (karstic limestone and chert) is confined by the 
B3 aquitard formation above. The drilling activities in wells taping the middle aquifer showed that 
there is a possible recharge of the upper aquifer unit by the middle aquifer through faults that have 
relatively high permeability. The potentiometric heads of the middle and upper aquifers in the AWSA 
well field area were 520 and 510 masl respectively in steady state becoming 520 and 495 masl in 
transient conditions; thus the driving force of upward flow is increased [4]. figures 4 and 5 illustrates 
water heads in the middle and upper aquifers in steady state condition. 

 

184



 

FIG. 4. Water table of the upper aquifer unit in 
steady state condition. 

 

FIG. 5. Potentiometric head in middle B2/A7 
aquifer. 

 

The deep aquifer is the Kurnub sandstone aquifer. The formations between B2/A7 and Kurnub 
sandstone aquifer are mostly marly limestone and limestones and marl that act together as semi-
permeable layer. 

The potentiometric head in the Kurnub aquifer is lower than that of B2/A7 and it is believed that there 
is downward leakage of groundwater from B2/A7 through the semi-permeable formations (A6 to A1) 
down into the Kurnub aquifer. 

9.1. Groundwater monitoring 

Six groundwater observation wells surrounding the AWSA well field and Azraq depression are used to 
monitor the groundwater levels. The water table of the Upper aquifer in Azraq depression declined of 
11-16 meters in the AWSA well field since 1982 as represented by the well hydrographs of F1280 in 
AWSA well field [5]. 

Reference of all well hydrographs: MWI data base 
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F 1280:  AWSA-2 OBSERVATION WELL 
AZRAQ BASIN 

P GE: 323783      P GN : 147863      ALT :  514m  TD: 195   Aquifer: Bs+B4     Type: Recorder
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FIG. 6. Hydrograph of F1280 in AWSA area. 

The total abstraction from AWSA well field was reduced during the first four months of year 2002. 
The water table of the upper aquifer in general was raised by about one meter as illustrated in Figure 6.  

Water levels in the shallow wells and in the hand-dug wells in the farms were lowered and the wells 
were continuously deepened. Figure 7 is a well hydrograph that shows water table decline in the farms 
area near to Sabkha. 

 

F1022 :  AZRAQ OBSERVATION WELL NO.11(AZ11)
 AZRAQ BASIN

     PGE: 320376      PGN :  141300   ALT :  520m  TD: 88 m    Aquifer: B4/B5     Type: Recorder
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FIG. 7. Hydrograph of F1022 in the farms area.  

 

9.2. Recharge and groundwater flow pattern 

The main recharge of the upper unconfined Basalt-Limestone aquifer originates from infiltration 
through the basalt from the high rainfall areas at Jabal Arab in southern Syria. Intensive thunder 
storms and flash floods in the Azraq Basin also contribute to minor ground water recharge. The 
estimated total recharge is about 34 MCM/a [1]. The amount of flow discharging under natural 
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conditions from the Azraq springs were considered an indicator for a balanced ground water system 
with little influence on the interface between saline and fresh ground water [6]. 

Figure 4 shows aquifer water table during steady state condition (early 80’s) and before construction 
of AWSA well field. Flow direction is from Jabal Arab in Syria towards Azraq depression (Sabkha) 
through Refayaat, KM wells and AWSA well field. 

Figure 8 illustrates the water table decline in transient conditions according to measurements in 2002. 

 

FIG. 8. Water table decline in transient conditions according to measurements in 2002. 

 

We can see that the decline of the water table has a general trend in Azraq basin which is variable in 
time and space due to several factors as the quantity of recharge and inflow to the groundwater system, 
the amount of groundwater pumping and the distribution and intensity of the operated wells, also the 
specific yield of the saturated zone which depends mainly on the type of the fractured aquifer system. 

Taking into consideration the hydrodynamic systems and the existing situation within transient 
condition, the back flow of the groundwater from Azraq depression towards AWSA drinking water 
supply well field is not expected as the reduction of the hydraulic gradient is from 0.002 to 0.001 
which still implies groundwater flow in the direction of Azraq depression. 
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The velocity of the groundwater flow from recharge area in Jebal Arab to Azraq Oasis is believed to 
be very slow and that the age of the groundwater is ranging between 4000 to 20000 years [7]. 

9.3. Azraq springs 

There are two main groups of springs in Azraq depression: 

(1) Shishan Group: Located about 6 km from the northern Drouze springs and it is formed from two 
main springs; Souda and Qaysiyah forming two separated lakes where the Areas of both lakes is 
7130 m2. 

(2) Drouze Group: Located north of  Qa’a Azraq and it is formed from two main springs; Aura and  
Mustadhema forming two separated lakes, the discharge of both springs drains about 1.5 km south 
of Sabkha area. 

 

9.4. Historical variation in spring discharges 

The total discharge of the Springs of Azraq Shishan and Azraq Drouze was 3758 m3/hour (33 MCM) 
in 1956 [8]. 

The total discharge of the springs of Azraq Shishan and Drouz was 2100 m3/hour (18.4 MCM) in 
1967 [9]. This decrease in spring discharge was due to natural environmental variations like rainfall 
amounts. 

9.5. Spring discharge versus AWSA well field abstraction 

The over pumping of both the government and private wells caused gradual reduction of the springs 
discharges and finally drying the whole total spring flow.  

Figure 9 illustrates groundwater abstraction of AWSA well field versus the reduction in the discharge 
of the springs since 1980. 

 Reference: MWI data base 
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FIG. 9. Spring discharge against AWSA well field abstraction. 
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The Sabkhas have been dried off completely in 1991 due to the groundwater withdrawal either from 
governmental wells for drinking water supply or private irrigation wells.  

Until the year 2002, there was significant decline in water table in Sabkhas and oasis (lakes) exceeding 
6 meters and reaching a level of 10 meters in some areas, so  in the present years no evaporation from 
the groundwater table is taking place. 

9.6. Hydrochemistry 

Throughout this study, the aquifer of interest is the upper unconfined Basalt-Limestone aquifer.  

As a result of water level depletion due to overexploitation, the salinity generally increased along the 
flow line. Figure 10 illustrates the salinity behaviour of the aquifer along the flow line at steady state 
and transient conditions 

 

 

 

 

 
 

 

Well No Well name Well No Well name 

1 Refaeyyat 8 AWSA 1 

2 KM-124 9 AWSA 2 

3 W.Bishriya Well 10 AWSA 3 

4 AWSA 18 11 AWSA 10 

5 AWSA 6 12 AWSA 11 

6 AWSA 5 13 AWSA-12 

7 AWSA 4 14 AWSA 15 

 

FIG. 10. Salinity trend along the flow line at steady state and transient conditions. 

 
Investigation of the salinity trends and sources took three parallel paths: 

(1) Spatial distribution along flow line towards the discharge zone before 95 and recently. 
(2) Distribution and trends with time for certain wells that were mostly affected and were subject to 

salinization in AWSA well field. 
(3) Investigate probable upward leak from saline middle B2A7 aquifer and probable saline water 

intrusion from Sabkha area as a result of changes in hydraulic gradients due to overexploitation. 
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(4) Investigate hydrogeological condition at farm area separately due to the specific operating 
conditions of the wells. 

 

9.7. Spatial distribution 

To investigate trends of salinity and major constituents along a flow line in transient conditions (recent 
time) against steady state condition (in 1980’s), trend lines were constructed of major constituents as 
illustrated in Figure 11.  
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FIG. 11. Trend of major constituents along a flow line in steady state condition. 

During steady state conditions of the aquifer there is a slight increase in salinity along the flow line 
which is normal due to longer residence time. After the operation of AWSA well field and during the 
transient state of the aquifer the salinity increased sharply mainly at certain locations as indicated in 
Figure 12 and the increase in salinity was not consistent along the flow line towards the Azraq 
depression. This is not in favour of back flow of saline water from Sabkha. 

C o ns tiue nts  t re nd  a lon g  a  f lo w  l in e  in  tra n s ie n t c o nd itio n w ith  is o top e s

0

5

1 0

1 5

2 0

2 5

3 0

3 5

4 0

4 5

0 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5

W e lls  n u mb e r e d  a lo n g  a  f lo w  lin e

M
aj

or
 c

on
st

itu
en

ts
 

EC/1 0 0

Ca  Me q / l

Mg  Me q /l

Na  Me q / l

K Me q / l
Cl Me q / l

SO 4  Me q / l

HCO 3  Me q /l

NO 3*1 0

d  1 8 O  
C1 4  (PMC)

 

FIG.12. Trend of major constituents, δ18O and 14C in transient condition.  

 

190



Piper diagrams (Figures 13 & 14) show the water type of the flow line wells in the steady state (SS) 
and transient conditions (TS). 

 

FIG. 13. Water type  in SS. 
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FIG. 14. Water type in TS. 

 

The water type shift along the flow line between steady state and transient conditions was towards 
more additions in Ca, Mg, SO4, Na and Cl. This shift can be attributed to over exploitation which 
enhanced dissolution processes of halites, dolomites and gypsum in the B4 and B3 formations. In 
other words, water with increased abstraction changed to more Ca, Mg, Cl and SO4 type. The main 
water quality changes were recognized in AWSA-15, AWSA-1 and AWSA-12 wells.  

From well logs it was found that the B3 aquitard including the marl and marly limestone content has 
some crystals of gypsum and halite [3] which was also recorded during the drilling of AWSA wells 
especially in AWSA-15, AWSA-1, AWSA-12 mentioned above. Salt bodies in the B3 Formations do 
exist. One evidence are salt deposits noticed downstream in the Wadis, which have erosion parts of B3 
formation in the catchment basin (these salts might also be the main cause of the salt body, which is 
located in the middle of the Azraq basin where those sediments drain). Another evidence is salinity 
behavior of the middle aquifer wells during pumping tests; The high salinity noticed during the first 
minutes of the pumping tests of the these wells decreased with time. Well logs showed a resistivity 
change from 0.5 ohms to 18 ohms in Azraq deep well drilled in 1980 [3]. Decreasing salinity with 
pumping indicates either saline water is mixing with fresh water or fairly fresh water is entering from 
the extension of the middle aquifer system.  

The type of the saline water is absolutely different than the B2/A7 water as it contains high evaporites 
such as Anhydrite, Gypsum and Halite. This saline water is likely to be withdrawn from the B3 
formation bearing the saline connate water. Enrichment in stable isotope in certain deep wells might 
indicate connate water (trapped water); Therefore the hydrodynamic situation and the transient 
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condition lead to some significant changes in the geochemistry and water rock interaction due to 
dissolution processes within the upper groundwater system and specifically the calcareous 
sedimentary rocks underlying the Basalt (B5/B4 Aquifer and B3 Aquitard).  

Regarding the probable upward leak of middle aquifer saline water to the upper aquifer, the chemical 
and isotope results of the middle aquifer water were compared to the rest of Azraq upper aquifer wells. 
Table 3 summarizes the isotopic characteristics of the middle aquifer water. 

TABLE 3. ISOTOPIC CHARACTERISTICS OF WATER IN MIDDLE AQUIFER WELLS 

Well Name / IDN 
Well 
depth 
(mbgl) 

Formation EC 
(μS/cm) 

δ18O ‰ 
vs 

SMOW 

δ18O ‰ 
vs 
SMOW 

d 
excess 

14 C 
(PMC)

Geophysical Azraq 
Exploratory Well 
(AEW) /F1306 

680  
B2 

37000 -4.60 -24 12.8 <DL 

New Geophysical Well 
/ F1044 462  B3 & top 

B2 80000     

NDW-7 / F1350 970 B2/A7 23000 -6.10 -33.8 15.0 <DL 

NDW-2 / F1360 536 B2/A7 2800 -7.30 -40.2 18.2 <DL 

 

The piper diagrams (Figure 15) shows that middle aquifer in contrast with AWSA wells that were 
subject to salinization. Middle aquifer wells are NaCl water type. The position of these well on the 
diamond shaped diagram could indicate that these deep well water is mixed with oil brine waters. 
Although the water type of the two deep wells are the same the stable isotope contents are 
significantly different (Table 3). The water types of these deep wells are different than those of the 
AWSA well field and it is not very clear if upward leaking is taking place in the area.. 
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FIG.15. Deep Wells (circled) vs. AWSA saline wells. 

 

9.8. Isotope hydrology 

Analytical data plotted in figure 12 shows consistency in stable isotope contents along a flow line 
despite the increase in TDS of some wells in transient conditions.  

The deuterium to oxygen-18 plot of the Azraq wells are shown in Figure 16. 
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FIG. 16. Deuterium and 18O relationship for the Azraq basin wells. 

Jabal Arab springs (JA Sp) representing the major recharge of the upper aquifer lie on the Meteoric 
Water Line (MWL) of deuterium excess of 22 ‰ indicating Mediterranean water origin. The springs 
(representative of modern recharge) have tritium contents of 12 TU as measured in 1989. KM wells in 
upper Azraq basin at the Syrian borders have deuterium excess around 20 ‰, while tritium was not 
detected in that group of wells indicating residence time of groundwater more than 50 years. AWSA 
well field in general have deuterium excess that ranges from 17.3 to 18.9 ‰. including the wells that 
were subject to salinization. Tritium was also not detected in almost all Azraq wells. Other wells of 
interest in figure 16 are the deep wells of the middle B2A7 limestone aquifer explained above.  

The regression line of AWSA well field originates from the recharge area in Jabal Arab indicating 
Mediterranean water origin. The slope of regression line of AWSA wells is around 5 which might 
indicate that AWSA wells lies on a mixing line with underlying connate waters from deeper aquifers, 
but still the effect of the recharge waters is more dominant. It is observed that AEW (penetrating the 
B2 formation) which is close to AWSA wells lies on the proposed mixing line (AEW –4.60 ‰ δ18O 
and –24.0 ‰ δD, deuterium excess is 12.8 ‰, salinity is 37000 μS/cm ). Yet the other deeper NDW7 
well in the  B2A7 is depleted in stable isotopes as shown in Table 3. 

9.9. Interpretation of hydrological, chemical and isotope results 

9.9.1. Recharge area ( Jabal Arab and the KM wells) 

Samples collected as early as 1988 from the recharge area in Syria had a 14C contents of 128.5 PMC. 
Stable isotope contents for Jabal Arab springs are –7.17 %o δ18O and –35.15 ‰ δD with deuterium 
excess (d) of  22.2 ‰.  

Data analyses and evaluation indicate that isotope contents of water samples collected from the 
northern Azraq area represented by KM, Mkeifteh and Refayaat wells are somewhere around –6.50 ‰ 
δ18O and –32.0 ‰ δD with deuterium excess (d) somehow closer to 20 ‰, whereas in the AWSA well 
field the deuterium excess clusters around 18 ‰. The reason being that the northern group of wells are 
closer to the recharge area compared to AWSA well field and thus more affected by recent recharge. 

14C contents in the northern wells fall into three groups:  
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(1) Mkeifteh and KM111 of carbon 14 content around 44 PMC. 
(2) Refayaat and KM124  of carbon 14 content around 35 PMC. 
(3) KM 136 and KM140 of carbon 14 content around 17 PMC. 
 
 
These different groups might indicate different flow lines with different residence times and/or 
different circulation depths. The two wells of the first group are the closest to the recharge area. 

In AWSA well field 14C clusters around 5 to 6.5 PMC except at certain wells that will be discussed 
later. This is attributed to the longer flow lines and consequently longer residence time, as these wells 
are closer to the discharge area. 

Salinity values for the KM wells cluster between 300 and 400 μS/cm; Values similar to salinity of 
AWSA wells that were not subject to salinization over time and are thus considered base line wells in 
AWSA well field area. 

The Mg/Ca ratio of KM wells generally is either one (molar ratio) or slightly greater than one 
indicating dolomatization processes and possible calcite deposition process. 

9.9.2. AWA well field 

The water salinity changes over time for AWSA wells are illustrated in Figure 17. 
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FIG. 17. Salinity changes with time for AWSA wells. 

 

Referring to Figures 12 and 17 it is generally observed that the majority of AWSA wells kept salinity 
values around those representing steady state conditions. Only three out of the fifteen wells showed 
significant salinity increase. These wells are AWSA-1, AWSA-12 and AWSA-15. AWSA-2 well 
showed slight increase in salinity from 425 μS/cm in 1981 to 674 μS/cm in 2002;  Main additions 
being  Na and Cl due to halite dissolution.  

The stable isotope results cluster between –6.1 and –6.55 ‰ for δ18O  and –31.0 and –33.5 ‰ for δD 
with an average deuterium excess of 18.2 ‰ (Figure 18). 
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FIG. 18. Deuterium and 18O relationship for AWSA wells. 

 

Each value plotted is an average value for available historical results as long as they are constant with 
time. 

From Figure 18, recharge areas of AWSA wells are either coming from altitudes that range from 900 
to 1000 masl or from waters coming from higher altitudes of >1500 masl mixed with rain water in 
lower altitudes. An exception is Mkeifteh well in northern Azraq basin which shows enrichment in 
stable isotopes compared to the other northern Azraq group of wells. This might be due to lower 
altitude of recharge area.  

At a closer look to AWSA well field, they fall on an imaginary regression line parallel to MWL. Given 
d excess of 18 ‰ and 14C values around 6 PMC, it can be concluded that the recharge origin is 
Mediterranean water originating in the Holocene.  

Another observation that AWSA-1, AWSA-12 and AWSA-15 (that were subject to salinization) are 
aligned in a sequence proportional to their salinities. One possibility is that these wells lie on a mixing 
line with B3 connate water represented by the AEW which is enriched in stable isotopes or that they 
are affected by some evaporated water due to a recharge component from Wadis during flood events. 

To investigate possible evaporation process especially for the above wells, δ18O, δD and Cl 
relationships were plotted for AWSA and KM wells in steady state and transient conditions. 
(Figure 19). 
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FIG. 19. δ18O, δD Vs Cl for AWSA and KM wells in steady state and transient condition. 

The figures indicate that there is no trend (correlation) between Cl and stable isotope contents. This  
excludes evaporation effects for the majority of AWSA and KM wells. 

Relatively constant Cl with variation in δ18O could indicate recharge altitude effect. Exceptions are the 
few wells that were subject to salinization (AWSA-1, AWSA-12 and AWSA-15) where δ18O and δD 
enrichment is associated with Cl increase. These wells responded to increased abstraction in Azraq 
basin. 

AWSA well field has a range 14C contents of 5 to 6.5 PMC except at the certain wells like AWSA-11, 
AWSA-15 and AWSA-18 with 14C contents of 23.3, 39 & 27  PMC respectively.  

From these wells it is concluded that there is no direct relationship between induced salinity of the 
aquifer obvious at certain locations and high 14C contents. It is more likely that all the wells with high 
14C contents receive a recharge component from wadi floods enriching their stable isotope contents 
slightly. AWSA-18, AWSA-11, AWSA-15 share the same phenomena and are clustered close together 
in Figure 18.  

From isotopic signatures and chemical trends it is more likely that salinity process is not due to mixing 
or evaporation processes on a regional scale but is due to localized processes that resulted from 
groundwater overexploitation during the last 20 years and were mostly observed in AWSA-1, AWSA-
12 and AWSA-15 wells.  

9.9.3. AWSA wells subject to salinity 

Figure 20 illustrates the water types of AWSA-1, AWSA-12 & AWSA-15 wells in steady state and 
transient conditions. It shows the trend of change in water type for each well with time. 
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FIG. 20. Piper of AWSA-1, AWSA-12 & AWSA-15 in steady state and transient conditions. 

 

9.9.4. AWSA-15 

The salinity increased in AWSA-15 from 490 μS/cm in 1984 to 2290 μS/cm in 2003. This increase was 
associated with constant stable isotopic composition (represented in figure 21 with δ18O converted to 
positive values). 
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FIG. 21. EC and δ 18O trends with time for AWSA-15. 
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The main water quality changes were recognized in AWSA-15 where the type of groundwater after 
deterioration became calcium, magnesium, chloride and sulphate, which is indicative of gypsum and 
anhydrite dissolution in combination with dedolomitization in dolostones and Silicate Minerals usually 
present in igneous rocks (Olivine (FeMg)2 SiO2 & Pyroxene (FeMg)SiO3) contributing to high 
concentration of Mg and K [10]. 

 

FIG. 22.Change of AWSA-15 water type from 1984 to 2004. 

 

Point (A) in Figure 22 corresponds to the year 1995 where the sharp increase in salinity in this well 
started and therefore the noticeable water quality change took place. 

The main constituents increase with time were the SO4, Cl, Na, Mg, Ca and NO3 with consistency of 
the bicarbonate content in the same water. 
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FIG. 23. AWSA-15 major constituent trends with time. 

 

It should be mentioned that the dynamic water levels for both AWSA-15 and AWSA-12 wells were 
lowered to deeper parts of the aquifer due to the groundwater mining. In AWSA-15 well the dynamic 
water level in 1983 was within the Basalt aquifer which ends at 52 m depth. During the transient 
condition the dynamic water levels have been within the underlying B4 aquifer, therefore salinity 
increase is due to the groundwater abstraction and groundwater mining in the transient condition 
where around 15 m from upper section of the aquifer has been dried off. Well logs of AWSA wells 
and specifically in AWSA-15 showed lenses of gypsum after 205 m depth. Hence the origin of the 
SO4, Na, Cl and Ca is a result of halite and gypsum dissolution from deep circulation through the B4 
formation. 
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FIG. 24. Indicators of halite and gypsum dissolution in AWSA-15. 

 

Figure 24 shows the Cl to Na and SO4 to Ca relationships. Both graph slopes are “one” and the strong 
correlation supports the halite and gypsum dissolution processes. 

Another observation is the strong correlation between SO4 and NO3 that increased gradually over time. 
This observation still needs explanation and further investigation. 
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FIG. 25. SO4 vs NO3. FIG. 26. Mg vs Ca. 

 

Another strong correlation is Mg to Ca which supports also the dedolomitization process.  

The slight enrichment in stable isotopes of AWSA-15 (-6.10 ‰ δ18O and –31.4 ‰ δ1D with deuterium 
excess of 17.6 ‰) compared to main cluster of the other wells might be due a recharge component of 
slightly evaporated water from wadis. This might be the cause of elevated radioactive carbon contents 
(39 PMC) in comparison to the other group of  AWSA wells. 

9.9.5. AWSA-12 

The salinity increased in AWSA-12 μS/cm from 460 μS/cm in 1987 to 1416 μS/cm in 2003. This 
gradual increase was associated with the constant stable isotopic composition (represented in Figure 
27  with δ18O converted to positive values). 
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FIG. 27. EC and δ 18O trends with time for AWSA-12). 

The main water quality change in AWSA-12 was the increase mainly in sodium and chloride due to 
halite dissolution. 
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FIG. 28. AWSA-12 major constituent trends with time.  

 

From figure 28 it is apparent that the salinity process is different than in AWSA-15. The increase was 
mainly due to Na and Cl additions. 

Again the salinity increase is due to the groundwater abstraction and groundwater mining in the 
transient condition where many meters from upper section of the aquifer have been dried off. Hence 
the Na and Cl addition is a result of halite dissolution and probably saline connate water in the B3 
aquitard although there is no evidence in terms of stable isotope enrichment to support connate water 
contribution. 
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FIG. 29. Indicator of halite dissolution in AWSA-12. 

The average stable isotope contents of AWSA-12 are: -6.32 ‰ δ18O, –32.6 ‰ δD with deuterium 
excess of 17.7 ‰ and 14C is 5.4 PMC. 

9.9.6. AWSA-1 

The salinity increased in AWSA-1 from 410 μS/cm  in 1982  to 1282 μS/cm  in 2001. This gradual 
increase was associated with the constant stable isotopic composition (represented in figure 30 with 
δ18O converted to positive values). 
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FIG. 30. EC and δ 18O trends with time for AWSA-1.  

Chemical constituent trend from steady state to transient state for AWSA-1 is shown in Figure 31. 
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FIG. 31. AWSA-1 major constituent trends with time. 

Figures 12 and 31 show that the salinity process in AWSA-1 is somewhere between AWSA-15 and 
AWSA-12. The following correlations show it is somehow similar to AWSA-15 but with lower 
amplitudes. Hence the origin of the SO4, Na, Cl and Ca is a result of halite and gypsum dissolution 
from deep circulation through the B4 formation. 
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FIG. 32. Indicators of halite and gypsum dissolution in AWSA-1. 

 

 

 

 

 

 

 

 

FIG. 33. SO4 vs NO3. FIG. 34. Mg vs Ca.

 

The average stable isotope contents of AWSA-1 are: -6.40 ‰ δ18O and –33.5 ‰ δD with deuterium 
excess of 17.8 ‰. There is no result for 14C for AWSA-1. 

9.9.7. Discharge area 

The soils in the center of Azraq basin are mostly saline due to evaporation processes because water 
can leave this closed basin only by evaporation and salt concentrations are highly elevated in the 
center of the basin. These land surfaces are in contact with the groundwater in Azraq depression. 
Seepage from Wadis is an important mechanism of recharge of shallow groundwater. 

Samples were collected from the surface ponds and mudflat area in Qa’a Azraq after several days of a 
heavy rain storm event. The chemical analysis show a higher salt content with large amounts of highly 
soluble sulphates and halite as a result of dissolution processes between water and the superficial 
deposits outcropping on the surface. The water type of one sample from Qa’a surface ponds is shown 
in the piper diagram together with other sources of interest for comparison purposes (Figure 35). 
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FIG.35. Piper diagram of Qa’a Azraq sample, old spring in the discharge area, AWSA saline wells 
and middle aquifer wells. 

TABLE 4: ISOTOPE RESULTS OF SOURCES IN QA’A AZRAQ 

Sample Name 

 

Sampling 
Date 

 

pH 

 

EC 
(us/cm)

Tritium

(TU) 

δ18O 
‰ vs 

SMOW

δD 
‰  vs 

SMOW

d Excess 
‰ 

 

δ13C 
‰ vs 
PDB 

14C 
(PMC) 

Qa'a Azraq 
(flood water) 
Sample No 1 

8/4/1990  9500 12.2 2.6 +25.4    

Qa'a Azraq 
(flood water) 
Sample No 2 

30/12/200
3 7.8 3560 4.8 -4.39     

Azraq Sabkha 
shallow well 1/9/1999  200000 <1 +3.13     

Qaisiyeh 
Spring 

01/12/197
9 7.5 1345  -5.72 -29.4 16.4 -10.70 14.2 

Qaisiyeh 
Spring 

01/10/198
5 8.1 1370 <2.3 -6.07 -34.5 14.1  16.2 

Souda Spring 01/06/198
6 8.1 1450 <2.3 -5.7 -36.1 9.5 -9.9 19.1 
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The enrichment in stable isotope contents of the samples from Qa’a Azraq shows the effect of 
evaporation. The results suggest that recharge occurred through the unsaturated zone from rain water 
or during floods after being subject to evaporation in Qa’a Azraq flat area to the shallow groundwater 
now having a water table of 10 mbgl 

Two cores in the unsaturated zone that were taken during an earlier IAEA CRP in 1999 are of interest 
to this study. The following are profiles for the core that was drilled in Azraq Sabkha. 

 

Chloride with depth of Core
Azraq Sabkha

0

0.5

1

1.5

2

2.5

3

3.5

0 500000 1000000

Corrected Cl (mg/kg)

D
ep

th
 

Sulphate with depth of Core
Azraq Sabkha

0

0.5

1

1.5

2

2.5

3

3.5

0 100000 200000

Corrected SO4 (mg/kg)

D
ep

th
 

Nitrate with depth of Core
Azraq Sabkha

0

0.5

1

1.5

2

2.5

3

3.5

0 50 100 150 200

NO3 corrected (mg/kg)

D
ep

th
 

 

FIG. 36. Unsaturated zone profiles in Azraq Sabkha for Cl, NO3 & SO4. 

 

It is obvious that the Cl (and consequently Na) and SO4 are extremely high in Azraq Sabkha. It is also 
observed that NO3 profile correlate with that of SO4; An observation that was also found in AWSA 
saline wells. This phenomenon needs further explanation. 

9.9.8. Farm wells 

Azraq farms grow a wide variety of vegetables, fruits and olive trees. Most of un-licensed wells were 
drilled in late 80’s and beginning of 90’s. Total abstraction by farmers in Azraq depression and in 
northern Azraq is around 35 MCM/a in the year 2002. 

The concentration of the dissolved matter depends mainly on the depth of water withdrawal. Water 
from the deeper wells in the farming area northeast of Azraq Druze has a lower electrical conductivity 
than the dug wells in that area. The same situation was observed east of Qa’a Azraq. Layers of low 
permeability formations separate the aquifers, thus causing a difference in the salinities of the water in 
the aquifers. Two circulation patterns are observed, a shallow circulation influenced by wadi floods 
with high conductivity and a deeper circulation with low conductivity. The electric conductivity of 
most shallow farm wells is subject to seasonal variation between 1000-3000 μs/cm.  

Farm well chemistry show anhydrite, gypsum and dolomite dissolution processes especially in the 
upper parts of the formation and as indicated by the following core profiles drilled next to Azraq 
farms. 
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Farm wells in general are of wide diversity in terms of salinity variation and chemical composition 
resulting from land use practices and special operating conditions. It is recommended to carry further 
investigation in that area in the future. 
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FIG. 38. Unsaturated zone profiles in Azraq farms for Cl, NO3 & SO4. 

 

Table 5 illustrates selected farm wells and their average isotopic contents from as early as 1980 untill 
2002. 

Table 5. Isotopic contents of selected farm wells 

Sample Name IDN EC 
(uS/cm) 

δ18O ‰ vs 
smow 

δD ‰ vs 
smow d excess 

14C 
(PMC) 

Ali El Mufaddi 1 F1050 2740 -5.93 -32.0 15.4  

Asfour & Nahas-1 F1261 1592 -4.66 -29.6 7.8 3.7 

Adel Kintar F3186 1755 -5.94 -32.0 15.5  

Ibrahim Al Mur F 3241 1612 -6.00 -33.0 15.4  

Moh,d Rasoul Kelani 1 F3281 2347 -5.99 -32.3 15.6 3.4 

 

10. Geochemical modeling 

PHREEQC version 2 was used to simulate chemical reactions and transport processes in AWSA wells 
along a flow line. During that path different geochemical processes might take place such as 
dissolution of calcite and dolomite and dedolomitization process, where anhydrite dissolution causes 
the precipitation of calcite and dissolution of dolomite. Additional reactions identified by mole-
balance modeling. 13C and 18O and 14C data were used to corroborate the mole-balance models and 14C 
was used to estimate ground-water ages. 
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10.1. Results of the model 

The predominant reactions determined by mole-balance modeling are dedolomitization,, calcite, 
dolomite, gypsum and halite dissolution. The driving force for dedolomitization is dissolution of 
anhydrite or gypsum, which causes calcite precipitation and dolomite dissolution. Some of the calcium 
from anhydrite dissolution and (or) magnesium from dolomite dissolution is taken up by ion-exchange 
sites, which release sodium to solution and hence increases the concentration of sodium as well as 
chloride. 

The results of the thermodynamic calculation of saturation indices of the geochemical models along 
the flow paths are summarized in Table 6: 

TABLE 6. THERMODYNAMIC CALCULATION OF SATURATION INDICES 

Parameter Mkeifteh KM-124 AWSA 18 AWSA 1 

Ionic strength 5.195 x 10-3 3.71 x 10-3 5.13 x 10-3 1.42 x 10-2 

CO2 (mol/kg) 1.72 x 10-3 1.52 x 10-3 1.89 x 10-3 2.1 x 10-3 

SI calcite -0.51 -0.59 0.04 -0.30 

SI dolomite -0.91 -1.08 -0.27 -0.55 

SI gypsum -2.72 -2.98 -2.58 -2.12 

SI anhydrite -2.94 -3.18 -2.80 -2.34 

SI halite -5.81 -5.99 -5.49 -4.30 

Parameter AWSA1 Model AWSA2 model AWSA12 model AWSA15 model 

pH 7.53 7.497 7.75 7.82 8.0 7.92 7.88 7.83 

Ca (mg/l) 41.08 87.2 18.64 66.7 46.69 90.82 136.47 188.8 

Mg (mg/l) 20.17 21.4 12.27 14.7 26.37 28.82 99.14 101.69 

Na (mg/l) 179.4 181.9 90.39 92.8 220.34 222.94 271.4 274.39 

K (mg/l) 10.92 10.9 6.24 6.23 16.38 16.35 23.4 23.38 

Cl (mg/l) 287.5 291.2 106.35 109.9 366.91 370.81 449.51 453.76 

SO4 (mg/l) 59.04 68.65 46.08 55.7 78.24 78.26 588.96 608.83 

NO3 
(mg/l) 

15.82 70.06 10.37 45.9 7.44 32.96 39.68 175.96 

HCO3 
(mg/l) 

128.1 277.4 123.83 271.8 136.64 284.75 121.39 269.56 

Ionic 
strength 

1.42e-2 1.77e-2 7.58e-3 1.13e-2 1.71e-2 2.05e-2 3.57e-2 3.92e-2 

Sicalcite -0.30 0.29 -0.37 0.55 0.24 0.73 0.37 0.79 

Sianhydrite -2.34 -2.02 -2.67 -2.14 -2.21 -1.98 -1.13 -1.02 
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SIdolomite -0.55 0.31 -0.56 0.8 0.59 1.32 0.94 1.65 

SIgypsum -2.12 -1.8 -2.45 -1.92 -1.99 -1.76 -0.91 -0.80 

SIhalite -5.89 -5.89 -6.59 -6.58 -5.7 -5.7 -5.56 -5.56 

 

It is obvious that the groundwater close to the recharge area (Mkeifteh and KM) is under saturated 
with respect to calcite, dolomite, gypsum, anhydrite and halite. So the water dissolves these minerals 
during water rock interaction, and therefore, the concentration of Ca, Mg, Na and SO4 will increase 
along the groundwater flow path. At AWSA-18 and AWSA-1 wells, water is quite saturated with 
respect to calcite and still under saturated with respect to other minerals, hence all the mineral phases 
are in under saturation condition and groundwater has the capability to dissolve these mineral phases 
from the aquifer matrix which is composed mainly of calcite, dolomite, halite and gypsum and hence 
increase the concentration of inorganic species such as Na, Cl, Ca, Mg and SO4. This can explain the 
increase in salinity along the groundwater flow path.  

Yet increase of  NO3 concentration by the model was 4-fold the original value obtained from 
laboratory analysis. This can be explained that  the dissolution of carbonate and gypsum minerals 
promote the increase in NO3 concentration. 

10.2. Results of inverse modeling 

In this study, the inverse modeling, including isotope mole-balance modeling, is applied to the 
evolution of water in the Azraq upper aquifer. This model is used to explain the salinization in the 
groundwater that took place along the flow path of groundwater from the recharge to the discharge 
areas. 

The results for the inverse models carried out along groundwater flow paths show that inverse models 
exist using the mineral phases calcite, dolomite, gypsum and halite. The main reaction is dissolution of  
calcite, dolomite as well as gypsum and halite which consumes carbon dioxide.  

11. Conclusions 

The hydrodynamic situation and the transient condition lead to some significant changes in the 
geochemistry and water rock interaction. The dissolution processes between water and rock matrix has 
a role on that. This existed after lowering the groundwater table where more than 15 meters of the 
upper part of the aquifer dried off, this situation lead to lower the dynamic water levels during 
pumping which reached calcareous material (B3, B4) underlying the Basalt. This process was 
associated with the stability and consistency of the stable isotope contents of most AWSA well field 
and mainly for the wells where the salinity increased as AWSA-15, AWSA-12, AWSA-1. 

Salinization trend of some AWSA wells represented by the gradual consistent increase of EC, Na, Cl, 
SO4 and Mg associated with rather constant stable isotopic contents which indicate that these 
constituents originate from the main salts existing in the geochemistry of the lower rock matrix. 
Salinity of AWSA-15, AWSA-12 and AWSA-1 mainly is a result of the hydrodynamic changes in the 
groundwater systems within the transient condition. Generally speaking there is no relation between 
isotopic contents in AWSA well field and salinity processes, therefore evaporation and mixing with 
other types of water is not likely. 

The hydrodynamic systems and the existing situation within transient condition implies that the back 
flow of the groundwater from Azraq depression towards AWSA drinking water supply well field is 
not expected as the main change is the  reduction of the hydraulic gradient from 0.002 to 0.001 which 
still implies groundwater flow in the direction of Azraq depression. Another evidence is the depleted 
isotopic content in AWSA well field especially in those that were subject to salinity and their isotopic 
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content stability over time. This means that the Sabkha water is enriched in stable isotopes (δ18O = +2 
to +3 ‰ and δD = + 25 ‰) did not mix with AWSA well field water. 

Although there is a probable upward leak of middle aquifer brackish water to the upper aquifer fresh 
water due to increased head difference between the two aquifers and the presence of faults that might 
be conductive. This should be investigated further using advanced isotopic techniques for origins of 
salinity. 

The salinization trend in transient conditions was accompanied by consistent increase in nitrate levels 
in AWSA-15 and AWSA-1. Since the nitrate contents in the middle aquifer is very low therefore 
salinization due to upward leak and mixing with the upper aquifer is excluded. The high 14C content in 
AWSA-15 (39 PMC) confirms this conclusion as 14C content in the middle aquifer is not detected. 
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Abstract.  The Southern Negros Geothermal Production Field was put into commercial operation in 1983 
initially producing 112.5 MWe and was expanded to the present capacity of 192.5 MWe in 1995. From the start 
of production until 1988, separated brine is injected to wells located less than 1 km from the production wells. 
Hydrological connection through permeable structures allowed for the resulted to the immediate return of 
injected brine to the production wells resulting to thermal declines and consequent reduction in production 
output. The use of geochemistry and isotopes were invaluable in understanding long term reservoir changes and 
were used as basis in establishing appropriate strategies. Shift in injection farther from the production wells, 
controlled injection and prioritization of high enthalpy production wells proved effective to sustain the 
production capacity of the geothermal field. On the shallow groundwater system of Dumaguete City, the long-
term effect of production is not as pronounced compared to the geothermal system. Looking at the interaction of 
the two systems through the geothermal outflow, mineralized fluids from the natural outflow in Palinpinon 
extend farther to the east as manifested in the chemistry of wells 55, 49, 53 and 54. Some of the mineralized 
fluids cross the contact of the volcanic terrane and the Quaternary alluvium, mixes with the groundwater and 
flows on the subsurface towards the northeast. The mixing of mineralized geothermal fluids in the MDWD wells 
55, 49, 53 and 54, possibly through Palinpinon Fault, is a natural occurrence extending from the geothermal 
outflow in Palinpinon. Further northeast the fluid transport is already governed by convection and dispersion. 
Long term changes in the shallow groundwater reservoir are controlled only by seasonal variations. 

1. Introduction 

Since June 1983, the Southern Negros Geothermal Production Field (SNGPF) had been utilized for 
electrical power generation. The Palinpinon-1 sector, one of the two sectors of the field, supplies 112.5 
MWe of steam power to the Islands of Negros, Cebu and Panay. The Palinpinon II sector hosts four 
modular power plants with a total capacity of 80 MWe. A total of 48 production wells supply steam to 
the power plants and 26 wells for the injection of separated brine back into the geothermal reservoir.  
Being a liquid-dominated high temperature geothermal system, a significant volume of brine is 
injected back into the reservoir that causes positive and negative effects to production and posed 
challenge to reservoir management. The use of geochemistry and isotopes were invaluable in 
understanding these changes and were used as basis in establishing appropriate strategies. 

The relationship of the geothermal outflow of the SNGPF and the shallow groundwater system in 
Dumaguete City is likewise studied in detail. A holistic approach was applied in the study by 
combining different scientific tools such as stable isotopes of 18O and 2H, hydro-geochemistry, tritium 
and chlorofluorocarbon (CFC) tracers, and flow and transport numerical simulations. The project is a 
cooperation between PNOC-Energy Development Corporation (PNOC-EDC) and the International 
Atomic Energy Agency (IAEA) under the Co-ordinated Research Program (CRP) entitled "Isotope 
Response to the Dynamic Changes in Groundwater Systems due to Long term Exploitation" (R/C 
10729). Isotope and chemical analyses were done at the PNOC-EDC laboratory in Makati City, while 
the CFC and tritium analyses were conducted at the isotope laboratory of the IAEA in Vienna.  

The study area covers the Okoy and Banica watersheds that include the SNGPF, Palinpinon, Sibulan, 
Dumaguete, Valencia and Banilad (Figure 1). Characterization of the shallow groundwater systems, 
which commenced in July 1999, included sampling of shallow groundwater sources for basic 
chemistry, trace metals and isotopic analyses. Repeat sampling followed in 1999, 2000 and 2001 and a 
high frequency sampling was conducted from December 2001 to July 2002. A total of 45 water 
sources were evaluated which include Metro Dumaguete Water District (MDWD) wells with an 
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average depth of about 132 meters below ground level (mbgl), shallow wells with depths of <20 mbgl, 
cold springs, hot springs, warm springs and river systems. Samples for chlorofluorocarbon (CFC) and 
tritium dating were collected on June 2000.  

 

 

FIG. 1. Location map of the Okoy and Banica watersheds showing water district wells, shallow 
wells, cold springs, hot springs and the Southern Negros Geothermal Production Field.  

 

Okoy and Banica watersheds cover an area of approximately 86 and 53 km2, respectively. For this 
project only the lower watersheds were studied in detail since it is the area where the thermal 
hotsprings and the shallow groundwater aquifer are located. The flow and transport of fluids are 
simulated from an elevation of around 350masl on the western boundary down to the shoreline on the 
eastern boundary. The northern and southern limits are the watershed boundaries of the two river 
systems. 

Independent studies on the effects of geothermal production to shallow groundwater systems have 
been conducted and established. It is the aim of this project to augment and combine the available data 
from the two systems to create a hydrogeological model that discusses their distinct individual 
characteristics yet focuses on how they interact in the subsurface. The objectives of the study are (a) to 
determine the baseline physical, chemical and isotopic characteristics of the deep geothermal and 
shallow groundwater systems; (b) to evaluate the dynamic changes in the deep geothermal and shallow 
groundwater systems due to long term exploitation; (c) to ascertain any relationship between the deep 
geothermal system and the shallow groundwater system; and, (d) to determine the different shallow 
groundwater hydrogeological regimes through the use of numerical simulation techniques. 
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2. Geology 

The main lithology covering the SNGPF are Quaternary volcanic deposits composed of andesitic lavas 
and dacite pumice flows which unconformably overlie the Southern Negros Formation (SNF), which 
consists of conglomerates, breccias, tuffs, pillow lavas and sandstones. Beneath the SNF is a thick 
sedimentary sequence of moderately to intensely altered calcareous siltstones, sandstones, and 
calcisiltites (with minor intercalations of andesitic lavas and breccias) of the Okoy Sedimentary 
Formation (OSF). Quaternary pyroclastic deposits cover the central-eastern sector of the study area.  
In the Lower Okoy valley where the Okoy and Banica river nearly converges, the rugged terrain 
breaks into a gentle plain where the lithology is composed mainly of Quaternary alluvial deposits of 
sands, clays and gravels with minor marine deposits of limestones and corals. A transition zone exists 
between the pyroclastic deposits and the quaternary alluvium on the southern side of Banica river, 
which is composed of reworked pyroclastic materials. Figure 2 shows the simplified geologic map 
along the Okoy and Banica watersheds. 

 

 

FIG. 2. Simplified geologic map within the Okoy and Banica watersheds. 

 

The major structures at SNGPF are the north-northeast and north-northwest-trending steeply-dipping 
normal and strike-slip faults that extensively crisscross the area [1]. These faults are the major source 
of permeability in the geothermal reservoir. They are also the conduits of the outflowing geothermal 
fluids towards the surface in Palinpinon in the form of hotsprings. Inferred faults based on topographic 
maps were also observed in the eastern part of the watersheds. 
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3. Hydrology 

Topographically, more than 50% of the area of Okoy and Banica river basins are bounded by very 
steep mountain terrain. Relatively small areas are gently sloping where part of the geothermal field 
was developed. Soil development in highly elevated areas are minimal and ranges only from less than 
a meter to not more than 2 meters except in relatively flat areas where alluvial debris are deposited. 
The alluvium normally consists of sandy silt and silty clay with pebble to boulder-size clasts. 

Most of the land area in the headwaters of Okoy and Banica watersheds are steep terrains covered with 
forests, grass and shrubs. In the area near the town of Valencia, several lands were already converted 
for agricultural purposes where rice, corn and other root crops were cultivated all year round.  
Towards the low lying areas of Dumaguete City and Sibulan, around 7% of the area had already been 
converted to urban development, while coconut trees and bananas still cover around 45% of the other 
areas [2]. Agricultural area covers less than 2% of the total area. 

The project area falls under the Type III climate of the PAGASA’s Coronas Climate Classification, 
characterized by no pronounced maximum rain period with dry season lasting from one to three 
months. February to May is relatively dry compared to the rainy season from June to January (Figures 
3a and 3b). Annual precipitation in Dumaguete City is 1216mm, which is relatively lesser than that in 
the SNGPF with an average annual precipitation of 2500mm. At Dumaguete city, ambient air 
temperature is coldest during the month of January with 25°C and warmest during May with 28°C.  
Relative humidity ranges from 76% in April and 81% in January. 

FIG. 3. Average monthly precipitation data from the Lagunao station (a) at SNGPF and at 
PAGASA’s Dumaguete City airport synoptic station (b). 

 

Historical mean annual discharge data for the Okoy river system is estimated at 1544 mm while that of 
Banica river system is roughly 1488 mm. Hydrograph analyses indicate that pre-1984 baseflow 
averages 83% and decreased to about 66% from 1984-1988 [3]. The variation is attributed to the 
decreased rainfall events after 1984 resulting to the lowering of the groundwater hydraulic heads. 
Direct runoff is calculated at 948 mm/year for Okoy and 664mm/year for Banica watershed. 

Evapotranspiration for Okoy and Banica watersheds were estimated at 1211 and 1325 mm/year, 
respectively. Net recharge is then estimated to be 314 mm/year for Okoy and 322 mm/year for Banica 
watershed [2]. 
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The city’s dumpsite is located within Brgy. Candau-ay near the Banica river, which could be a source 
of surface and groundwater pollution other than pesticides, herbicides and domestic wastes from septic 
tanks. Unpublished reports from Non-governmental organizations (NGOs) have already reported a 
serious bacteriological contamination along the Banica river. Wells that might be affected by possible 
contamination is MDWD well 54 which is approximately 1 km downstream from the dumpsite. 

4. Hydrogeology 

The deep geothermal system at SNGPF is capped by a siliceous layer and an impermeable andesitic 
lava flow.  Permeability in the reservoir is attributed to fracturing due to the presence of faults, but 
significant permeability is also present along lithologic contacts, primary or intraformational 
permeability among pervious volcaniclastics of the SNF and along the chilled margins of andesitic 
dike intrusions within the SNF and the OSF [1]. Meteoric recharge into the deep geothermal reservoir 
is limited in areas with intense fracturing, and the flow of the geothermal fluid is mainly towards the 
northeast and southwest as manifested by the presence of hotsprings and altered grounds. A significant 
drawdown in the center of the geothermal reservoir at Puhagan of about 500m had been observed 
since the start of steam production in 1983, and this drawdown created a cone of depression with 
fringes that extended down to well N-1 where the water level declined from 100m above the surface in 
1983 to about ground level in 1994. 
 

 

FIG. 4. Geologic cross section along line A-A’  (Refer to Figure 2 for the section line). 

 

At the Lower Okoy and Banica valley, the Quaternary Alluvium consists of highly permeable fine to 
coarse sand, gravel and boulder with occasional poorly permeable clay beds/lenses and marine 
sediments (limestones, corals). The uniformity of the chemical and isotopic characteristics of the 
shallow wells and deep wells suggests that there is only one aquifer in the alluvial plain with minor 
localized intercalations of fine layers of clay. However, Step Drawdown Tests (SDT) and Constant 
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Discharge Tests (CDT) conducted in all local water district wells indicate that wells with depth range 
from 0 to 50 mbgl has higher hydraulic conductivity values (25x10-5) relative to the deeper wells with 
depths from 50 to 150 mbgl (5x10-5). Transmissivity values from 11 wells ranges from 1.91 to 30.1 x 
10-3 m2/s (Sweco, 2001). The water level is less than two (2) mbgl near the coast and about 70 mbgl in 
the MDWD well 55 area. The groundwater flow is generally perpendicular to the coast, except for a 
significant drawdown in the wells within the Candau-ay and Cadawinonan area of about 25m and 
20m, respectively, since 1985. However, sporadic data since 1990 shows that the water level in all 
water district wells have not declined, suggesting that enough recharge is complementing the 
groundwater extraction of the water district and the local communities. 

Wenner georesistivity survey determined a resistivity contrast of the volcanic deposits and the alluvial 
sediments.  The values show that the volcanic deposits have relatively low resistivity of about 10 ohm-
m than the alluvial sediments with at least 30-50 ohm-m. 

5. Production effects 

5.1. Geothermal System 

Geothermal production since 1983 have caused major changes in the geothermal reservoir processes, 
namely: (a) reinjection returns, (b) pressure drawdown, (c) inflow of cool acid fluids, and (d) mineral 
deposition [4]. 

 

(a ) (b )

FIGS. 5a and 5b. Trends of specific chemical species and geothermal reservoir pressure through 
time. 

Injection returns were identified from the increase in Cl, decline in CO2 and CO2/H2S ratio, decline in 
Ca/Cl ratio and lowering of downhole temperatures and discharge enthalpies in the affected 
production wells. The RI fluid's rapid return, having a mean transit time of 5 to 18 days based on 
Iodine-131 (131I) tracer, has resulted in severe thermal declines from 5°C to 30°C in most heavily 
affected wells [5]. This is manifested in the chemistry and isotopes of the affected wells (Figures 5a 
and 6). The shift of injection to some 3 kilometers away from the production sector has gradually 
arrested the thermal declines, although no apparent recovery in temperature has been observed. 
Pressure drawdown of around 6 MPa at the production sector has enhanced reservoir boiling and 
expansion of the two-phase zone (Figure 5b). This is evidenced by physico-chemical indications such 
as increase in CO2 in the total discharge and increase in discharge enthalpy. Drilling and priority 
utilization of high enthalpy wells which tapped the expanded two-phase zone were undertaken to 
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minimize the pressure decline. In addition, the reduced amount of waste brine produced by this 
strategy has helped lighten the constraint of the fields' limited reinjection capacity. 

Cool acid inflow is a secondary type of recharge common among wells directed towards the high-gas 
upflow region. The sulfate-type acidity is derived from the oxidation of H2S in shallow groundwater 
forming an acid-SO4 perched aquifer [6], where the resulting acid is induced downwards along faults 
into producing horizons. Thus, acidity is commonly associated among wells with high-enthalpy 
discharges and high gas contents. Mineral deposition of silica (SiO2), calcite (CaCO3) and anhydrite 
(CaSO4) as blockages in geothermal wells greatly reduces the capacity of the well. Silica deposits 
reduced the observed reinjection capacity of the wells by as much as 50%. Calcite deposits, induced 
by boiling of fluids in the geothermal reservoir, were observed within the area of the flash point of the 
wellbore. Blockages of anhydrite were likewise observed in wells, normally just below the point of the 
acid-sulfate inflow [4]. 

Mineral deposition of silica (SiO2), calcite (CaCO3) and anhydrite (CaSO4) as blockages in geothermal 
wells greatly reduces the capacity of the well. Silica deposits reduced the observed reinjection capacity 
of the wells by as much as 50%.  Calcite deposits, induced by boiling of fluids in the geothermal 
reservoir, were observed within the area of the flash point of the wellbore.  Blockages of anhydrite 
were likewise observed in wells, normally just below the point of the acid-sulfate inflow [4]. 

 

FIG. 6. Stable isotope trends of geothermal reservoir fluids. 

 

The massive drawdown since the start of production at the Southern Negros Geothermal Field resulted 
to the lowering of the water levels of more than 500 meters, but this level appears to be leveling 
already as the geothermal field approach its steady state. The drawdown also affected the wells 
northeast from the geothermal field, where the water level of well N-1 declined from about 100 meters 
above surface (artesian) to ground level in the year 1994. No significant drawdown can be observed on 
the wells and springs that are located further to the east, which is indicated by the continuous presence 
of the thermal springs in Palinpinon. 
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5.2. Shallow Groundwater System 

At the lower Okoy and Banica watersheds, there has been no observed regional decline in groundwater 
levels.  Only a localized cone of depression of about 25 meters was observed within the immediate 
vicinity of wells 46, 47 and 48 and 20 meters in the area of wells 46, 47 and 48 due to the extraction of 
the MDWD [11]. 

6. Shallow groundwater geochemistry 

The conductivity, salinity and temperature profiles consistently delineate an anomaly within the warm 
springs in Palinpinon that appears to extend towards the northeast. Groundwater located southeast 
from the Palinpinon springs shows typical groundwater characteristics with less than 300μs/cm 
conductivity and temperature of 25ºC. 

The shallow groundwater in the area does not manifest a single homogeneous fluid but rather shows 
diverse composition. Water samples during September 1999 and September 2000, which falls within 
the rainy season, indicate a very distinct variation between the HCO3-rich, Cl-rich, Na+K-rich waters 
and those that are in between (Figure 7a). An apparent dilution line could be drawn from the cation 
ternary diagram with only two end products, but the anion diagram suggests three different water 
sources. One source is groundwater, the other source, which is relatively high in Cl concentration, is 
the geothermal outflowing fluids. The third, which is enriched in SO4, is a mixture of outflowing 
geothermal fluids and steam condensate from the two-phase zone of the geothermal reservoir. The 
presence of steam explains why there are only two end products in the cation diagram, suggesting that 
the steam transports only CO2 and H2S gases into the aquifer and forms SO4 compounds upon contact 
with the groundwater. The dilution is even more evident in Figure 7b during the dry season. High 
frecuency sampling of selected water sources from December 2001 to July 2002 depict the same 
chemical trend with no significant seassonal variation. 

 

(a) (b)
 

FIG. 7. Piper diagram of shallow groundwater sampled in year 2000 (a) and 2001 (b) showing 
similar dilution trends. 

 

The spatial distribution of the different types of water based on their chemical characteristics is shown 
in Figure 8. Wells that are located about 3 km. east of the Palinpinon thermal springs are the Na+K-
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Cl+SO4 waters, northeast of these wells are the Ca+Mg-Cl+SO4 waters and the wells to the southeast 
are the typical Ca+Mg-HCO3+CO3 groundwater. 

Some significant chemical parameters like Cl, B and Li were intermittently monitored by PNOC EMD 
group on the Metro Dumaguete wells from 1995 to present to determine specific chemical changes in 
the shallow groundwater system.  So far no significant change was observed. 

 

FIG. 8. Spatial distribution of the different types of groundwater in the study area. 

 

 

7. δ18O and δ2H isotopes, tritium and CFCs 

7.1. Rainfall 

Four stations are maintained and monitored by PNOC-EDC at SNGPF which are distributed at 
different locations and elevations within the geothermal field, namely: Ticala (350 masl), Puhagan 
(760 masl), Balas-balas (980 masl) and Nasuji (1100 masl).  Samples from these stations are analyzed 
monthly for Cl and isotope composition. A plot of the del 18O stable isotopic composition, as shown in 
Figure 9, clearly defines the Local Meteoric Water Line (LMWL). The LMWL was updated using 
available precipitation isotopic data from 1991 to 1997. Excess deuterium was recalculated and 
reduced to 12.5 per mille from the previous value of 14 per mille [7] making the equation of the line 
δ2H = 8 δ18O + 12.5. 
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FIG. 9. δ18O and δ2H isotope plots of shallow groundwater, hot/warm springs, and geothermal fluids. 

 

7.2. Wells and springs 

The shallow groundwater plot within the trace of the LMWL. Plots of the warm springs depict an 
evaporation trend, which is most likely caused by the evaporation of hotspring waters sampled from 
the surface. The isotopic composition of the deep geothermal fluids prior to the commercial operation 
in 1983 is also plotted for reference. 

Minor localized variation in heavy isotopes can also be observed among the groundwater wells, but 
not as distinct as that of rainfall. Wells located south of Banica river (46, 47, 48, etc.) are relatively 
depleted in heavy isotopes (-7.65 ‰ δ18O) while wells in north of Banica river, specially those within 
the vicinity of well 54 (δ18O = -6.85 ‰), are relatively enriched as shown in Figure 10. Same dilution 
trends could be observed for the Sep. 1999, Feb. 2000, Feb. 2001 and Dec. 2001-Jul. 2002 isotope 
data. The variation in isotopic composition could be attributed possibly to: (1) inflow of isotopically 
enriched thermal waters into wells to the northeast (2) inflow of isotopically depleted waters into wells 
46, 47 and 51 coming from higher elevations; (3) steam condensate addition in the Palinpinon thermal 
springs area. 
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FIG. 10. Iso-plot of δ18O concentration (Feb. 2001). 

 

 

7.3. Isotopic altitute gradient 

The weighted averages of the isotopic composition of rainwater at the four monitoring stations in 
Ticala, Puhagan, Balas-balas and Nasuji are defined by the equations h = - 347.3*δ18O - 1266 and h = 
- 47.52*δ2H - 857.24 with correlation coefficients of 0.90 and 0.82, respectively. The value of  h is 
the mean elevation of meteoric water recharge. Based on the equations derived from Figure 11, the 
average isotopic composition of rainfall at sea level are -3.65°/°° δ18O and -8.04°/°° δ2H corresponding 
to a decrease of  0.28°/°° and 2.1°/°°, respectively, for every 100 meters increase in elevation. 

Calculations of elevations of recharge [8] from three sets of data (1991-1992) for each of the four 
monitoring stations projected the elevation of recharge for the geothermal system at 1000 masl. 
Recharge for the shallow groundwater system was likewise projected [9] from seven sets of data 
(1991-1992) for the four monitoring stations at 551-754 masl for the deep wells (>50-150 meters 
depth) and 242-495 masl for the shallow wells (<50 meters depth). For this study, all available rainfall 
isotopic data with deuterium excess of 10-14 per mille was used in the calculation of the elevation of 
recharge which was calculated to be from 1000 to 1400 masl, which fall within the area of Nasuji and 
Sogongon at SNGPF, Mt. Talines, and the slopes of Cuernos de Negros volcano.  
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Equation of line:
Y = - 291.7 (del 18O) - 914.2
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FIG. 11. Isotope altitude effect at SNGPF. 

 

7.4. Tritium concentration 

Tritium concentrations of geothermal wells and shallow groundwater wells for 1991 and 1993, 
respectively, reveal that waters in the geothermal system are mature (values are mostly less than one) 
while that of the shallow well 46 is recent. Shallow wells 30, 04, and 47 may be tapping water that is 
mixed with recent and much older waters. The relative ages of the shallow waters are about 10 years 
old while that of the MDWD wells ranges from 50 to 100 years old.  

Tritium concentration sampled in tandem with CFC revealed levels that are already within the 
threshold atmospheric concentration in the area and could have limited use in age determination. 

7.5. Chlorofluorocarbon (CFCs) 

Five (5) groundwater production wells of the Metro Dumaguete Water District (MDWD) and two (2) 
rivers (Okoy and Banica rivers) were sampled in Dumaguete City in June 2000 for CFC, stable 
isotope, tritium and chemistry analyses. Samples from six (6) geothermal production wells, the brine 
line 317 and a creek were also collected for the same analyses at the Southern Negros Geothermal 
Production Field (SNGPF). Analyses and interpretation was done at the IAEA laboratory in Vienna by 
Dr. L. Han. 

The CFC technique has not been used in the geothermal environment and this study is the first attempt 
to introduce the tool in the determination of recent recharge waters or injection returns. 

7.5.1. Shallow groundwater and surface water 

Table 1 shows the CFC concentrations, the apparent ages of the young waters and the summary of the 
data interpretations. Among the 5 MDWD wells, well 47 was the only well which is CFC-free (CFC-
12 is nil). A trace of CFC-11 and CFC-113 was detected probably owing to contamination from air 

224



during sampling since these compounds are very hard to eliminate in the sample. This indicates that 
the water in the well is at least 60 years of age. This would also suggest that the recharge area of the 
aquifer tapped by the well is at a relatively higher elevation. Well 55 proved to have the youngest 
groundwater with more than 50% of the water having a relative age of only about 10 years 
(Figure 12). This could be attributed to the nearby recharge and infiltration coming from the Okoy and 
Banica river systems. 

Well 46 has mixed types of waters, with about 95-96% CFC-free “old” water and 5-6% young waters 
of about 40 years old. Younger groundwater based on the CFC-11 data is at least 30 years of age. This 
could signify that about 6% of the water in the well infiltrates at lower elevation than the older 94% 
water. 

Well 54 has about 11% recent component with a recharge date of 1964, and contains 89% CFC-free 
groundwater. The relatively high CFC-11 concentration probably indicates contamination from air 
during sampling. Hence, the high calculated mixing ratio of 5.08. 

The age of the groundwater appear increasing towards the southeast from 10 years old in well 55 to 
more than 60 years old in well 47. This suggests higher recharge elevation for the aquifer in the 
Valencia area, hence longer residence times, while the aquifer within well 55 is being recharged at 
lower elevations.  

Both the Okoy and Banica rivers have CFC concentrations that are slightly lower than the water at 
equilibrium with modern air, and indicate baseflow for Banica river of about 11 to 28% based on the 
concentration ratios of CFC-11 and CFC-113, respectively. Baseflow component for the Okoy river 
could not be estimated due to sample contamination. 

 

FIG. 12. Relative ages of shallow groundwater based on CFC. 

7.5.2. Geothermal wells 

Difficulty owing to instrument contamination from other volatile substances was experienced for the 
samples from the SNGPF. Steam condensate and Webre water samples from PN22, OK10D and the 
RI line 317 were successfully analyzed. However, only the Webre water sample gave conclusive 
results. 

At SNGPF, samples from production wells PN22 and OK10D (Webre samples) were analyzed with a 
CFC-12 concentration of 0.1 pmol/kg. This indicates that about 7% of the waters in both wells are 
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young waters with recharge year of 1961 (39 years old) and 93% of the water is CFC-free (old 
waters). Both wells were identified to be receiving injection returns from a reinjection well TC3R. 
However, it could not be determine if the young waters in the two wells are injection returns or 
groundwater recharge, or both. The RI line 317 was detected to have a CFC-12 concentration of 0.12 
pmol/kg, indicating that the geothermal waters being injected are a mixture of 77% CFC-free water 
and 33% 30-year old “young” water. The CFC concentration of the sample from the creek at the upper 
pad east was found to be in equilibrium with modern air. 

Since this is the first attempt to use CFC in geothermal environment, caution should be applied in the 
application of the technique for reservoir monitoring. 

Table 1. CFC data and interpretations [1] 
Water CFC Concentration Recharge Year Apparent Ages  

Source CFC-
11 

CFC-
12 

CFC-
113 

CFC-
11 

CFC-
12 

CFC-
113 

CFC-
11 

CFC-
12 

CFC-
113 

1.1. Remarks 

 (pmol/kg)    Years  

5547 0.11 ND 0.01 1961 <1940 <1970 39 >60 >30 CFC-free water, indicating water is at least 50 years old (or >60 yrs 
old?). Presence of CFC-11 and CFC-113 indicate contamination 
during sampling (both are hard to remove). 

5546 0.29 0.09 0.01 1966 1960 <1970 34 40 >30 Mixed waters. CFC-free water is ~94-95% and recent water is ~5-6%. 
Relative age of old water is ~40 years old while younger water is at 
least 30 years old 

5554 0.66 0.13 0.02 1972 1964 1976 28 36 24 Mixed waters. CFC-free water is ~89% and recent component is 
~11%.   Old water is about 36 years old while younger water is about
24 years old.  Relatively high CFC-11 concentration indicates possible 
contamination during sampling. Hence, high mixing ratio 

5556 0.75 0.29 0.05 1972 1968 1979 28 32 21 Mixed waters. CFC-free water is ~77-80% and recent component is 
~20-23%. Older water is about 32 years old and younger water is 21 
years old. The presence of relatively high percentage of recent 
component implies not-so-distant recharge area. 

5555 1.58 1.2 0.12 1981 1990 1986 19 10 14 Either relatively young water with recharge years between 1986-1990, 
or mixed waters.  CFC free water is ~13-42% and recent component is 
~58-87%. Slightly enriched 18O suggests inflow of isotopically 
depleted water (or evaporated surface water) 

Banica 
River 

2.09 2.42 0.15 1992  1988 8  12 Slightly lower than the water which is in equilibrium with modern air, 
indicating discharge of groundwater into the river. Baseflow 
component of river discharge is about 28%. 

Okoy 
River 

2.24 1.26 0.18 1990 1994 1991 10 6 9 Slightly lower than the water which is in equilibrium with modern air, 
indicating discharge of groundwater into the river. Baseflow 
component of river discharge is about 5-19%. 

UPE – 
creek 

2.91 1.27 0.32 1989 1988 <1970 11 12 >30 Why is this in equilibrium with modern air? My calculations show 
baseflow component of about 28%. 

RI Line 
317 

0.13 0.32 ND 1962 1970 <1970 38 30 >30 Mixture of CFC-free water (77%) and recent water (23%) which is 
about 30 years old.. Among the recent water, younger water is about
6%. 

PN22-
WBR 

c 0.1 c <1943 1961 <1970 >57 39 >30 Basically old water with only about 7% recent component which is 
about 39 years old. 

OK 

10D-
WBR 

c 0.1 c <1943 1961 <1970 >57 39 >30 
Basically old water with only about 7% recent component which is 
about 39 years old. 

 WBR: Webre water sample; RI: Reinjection 
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8. Interface between the geothermal system outflow and shallow groundwater 

The natural geothermal outflow is physically manifested in the form of warm springs in Palinpinon. 
The geothermal fluids are probably channeled through permeable east-trending faults and discharge to 
the surface near the contact of the volcanic terrain and the Quaternary alluvium resulting to the 
relatively elevated Na, Li, B, Cl and SO4 concentrations in wells 49, 53, 54, and 55.  Minor amount of 
fluids flow along the Lower Okoy Fault towards Sibulan but these are already diluted with the shallow 
groundwater as evidenced by low values of Li and B concentrations. This trend suggests that the 
geothermal outflow from the Palinpinon mixes with meteoric water and flows towards the northeast. 
The apparent increase in the chemistry (Cl, Li, Na, and SiO2) of the fluids at the Mainit well located 5 
kilometers north of well 54 suggests that slightly mineralized fluids are being channeled along the 
Lower Okoy Splay fault and appears in the Mainit well area (Figure 13). 

The chemistry of fluids south of the Banica river does not show any indication of mixing with the 
geothermal fluids from the Palinpinon area. 

 

FIG. 13. Migration of thermal fluids from the SNGPF to the Palinpinon area and towards the 
shallow groundwater aquifer. 

 

9. Numerical modeling and simulation 

9.1. The model 

Integrated groundwater data from chemistry, isotope and other physical properties imply that there are 
three types of waters in the lower Okoy and Banica watersheds. Groundwater south of Banica river is 
typical HCO3 waters, while waters to the northeast are diluted waters coming from the well 5554 area.  
The mineralized waters from the thermal area in Palinpinon appear to influence the groundwater 
quality towards the northeast. Depth to groundwater near the shore is zero and elevates to around 70 
masl within well 5555 and to around 130 masl near Valencia. The uniformity of the chemistry and 
isotopic composition, as well as the well log data, manifest a single unconfined aquifer with 
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occasional lenses of clay. Well data, however, indicates that the upper 50 meters of the aquifer has 
higher permeability (25x10-5) and has lower permeability from 50 to 150 meters (5x10-5).  

Influxes into the lower Okoy and Banica watersheds are recharge from precipitation, boundary influx 
coming from the upper aquifer, thermal water influx from the hot springs and river infiltration. 
Outfluxes are in the form of groundwater well discharges and flow to the sea Figure 14. 

 

FIG. 14. Flow model and fluxes in the shallow groundwater aquifer. 

 

9.2. Flow simulation 

Two-dimensional numerical flow model and simulation was restricted only to the lower Okoy and 
Banica watersheds to simulate the migration of thermal waters from Palinpinon into the shallow 
groundwater aquifer. Modeling the lower watershed also reduces the uncertainty of the simulation 
results since there are limited available data in the upper watershed. Aquifer conductivity values were 
based on pumping tests, borehole log data and geology. Faults were also represented as cells of higher 
permeability. Conductivity values were assigned for the less permeable quaternary pyroclastics to the 
west (5x10-5 m/s), the alluvial aquifer at the middle (8x10-5 m/s) and the more permeable aquifer near 
the shore (18x10-5 m/s).  

Initial heads were imported as the existing depth to groundwater table contour. River conductance was 
estimated based on the riverbed permeability. Total porosity was estimated at 20% and the effective 
porosity at 10%, while the storativity was assigned at 0.01. Influx from the upper watershed is 
represented through wells at the entire eastern boundary. Figure 13 shows the flux values inputted for 
the flow simulation run.  

Figure 15 presents the result of the flow simulation runs, which matches the depth to groundwater 
calibration target. The conductivity data assigned are within the standard deviations of the actual 
aquifer values. Hence, uncertainties are very minimal in the results obtained. The contour shows that 
the MDWD wells and the rivers have no influence on the groundwater flow, which is almost parallel 
to the coastline. The Banica river system is topographically elevated than the Okoy river system, and 
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hence the higher water level at Banica. This also suggests that some Banica river water are flowing 
towards the Okoy river valley, as shown in a N-S cross section in Figure 16. This flow was also 
postulated by Geotechnica Corp. in 1994 based on topographic differences. 

The presence of higher permeable faults does not have an effect on the flow direction but on the 
relative flow velocity. The presence of such structures is more manifested in volcanic areas than in 
alluvial aquifers. 

 

FIG. 15. 2-Dimensional groundwater equipotential contour map under steady state condition. 

 

 

FIG.16. N-S cross section at higher elevation showing Okoy and Banica rivers. 
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10. Conclusions 

Geothermal production since 1983 resulted to different changes in the geothermal reservoir processes 
that were determined through the use of chemistry (Cl, SO4, Mg, Ca) and isotopes. These changes are 
injection returns, pressure drawdown, inflow of cool acid fluids, and mineral deposition. Among these 
changes, the rapid return of injection fluids into the geothermal reservoir have caused major concerns 
and posed challenges in reservoir management. Hydrological connection through permeable structures 
resulted to the immediate return of injected brine to the production wells resulting to thermal declines 
and consequent reduction in production output. Shift in injection farther from the production wells, 
controlled injection and prioritization of high enthalpy production wells proved effective to sustain the 
production capacity of the geothermal field. 

The shallow groundwater in the Lower Okoy valley is grouped into three major water types: (1) 
Na+K-Cl+SO4 waters, (2) Ca+Mg-HCO3+CO3 waters and (3) Ca+Mg-Cl+SO4 waters.  The waters 
in the first group are those located 2 to 3 kilometers downstream of the Palinpinon thermal springs.  
MDWD wells 55, 49, 53 and 54 produce diluted mineralized fluids with relatively elevated Cl, SO4, 
Na, K, Li and B values. The second type are the wells located along and south of the Banica river. 
These represent the typical shallow groundwaters. The third type are waters in wells located east of the 
Okoy river towards Sibulan. It should be noted, however, that the Cl and SO4 concentration in the 
wells, though relatively enriched, are still within the limits of the Philippine drinking water standard.  

Stable isotope compositions in years 1993, 1995, 1999, 2000 and 2002 and chemistry of MDWD wells 
and shallow wells shows minimal seasonal variation in the area. However, rainfall isotope data from 
1991 to 1997 reveal a relative depletion attributed to lesser amount of rainfall. An updated 
precipitation isotopic composition was used in recalculating the deuterium excess of 12.5 per mille, 
making the equation of the LMWL δ2H = 8 δ18O + 12.5.  Recalculation of the isotope altitude gradient 
revealed a decrease in δ18O and δ2H of 0.28°/oo and 2.1°/oo, respectively. The calculated elevation of 
recharge ranges from 1000 to 1400 masl. 

Tritium concentrations of geothermal wells are generally below 1 TU indicating mature waters while 
that of the shallow wells are between 1 to 5 TU, which indicate more recent waters. CFC data 
indicates that the relative age of groundwater ranges from 10 years in well 55 to more than 60 years in 
well 5546. 

Geothermal fluids from the natural outflow in Palinpinon extend farther to the east as manifested in 
the chemistry of wells 55, 49, 53 and 54. Some of the mineralized fluids cross the contact of the 
volcanic terrane and the Quaternary alluvium, mixes with the groundwater and flows on the 
subsurface towards the northeast.  

The mixing of mineralized geothermal fluids in the MDWD wells 55, 49, 53 and 54, possibly through 
Palinpinon Fault, is a natural occurrence extending from the geothermal outflow in Palinpinon. Further 
northeast the fluid transport is already governed by convection and dispersion along preferred 
structures and pathways. 

Numerical simulation confirms the northeastward migration of relatively mineralized thermal fluids 
from the Palinpinon springs to the shallow groundwater aquifer. Detailed contaminant transport 
numerical simulation with established calibration targets would further verify mineralized fluid 
migration. 
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Abstract.  This report demonstrates the possibility of the application of environmental-isotope measurements to 
construct “early-warning system (EWS)”. EWS should help to prevent changes of water quality in deep 
groundwater bodies subject to long term exploitation. A systematic numerical study of flow and transport 
patterns was performed in system having a depth of 400 m and length of 15 km, and stands for a 'regional 
aquifer' with stable water divides and constant recharge of 150 mm/y. Results of modelling were shown in more 
detail for one representative class of multi-layered aquifer. The broader representation underlying the class of 
models for a shallow aquifer highly exposed to (diffuse-source) contaminations (mainly from agriculture) 
separated from a deep, ‘protected’ aquifer by a poorly-conductive layer, with hydraulic conductivity contrasts in 
the range (from top to bottom) 100:1:10 or 1000:1:10 and with layer height ratios 1:2:5. The anisotropy factor kz 
/ kx= 4 was assumed. The discharge boundary was approximated by a perfect hydraulic contact over the whole 
depth underneath the effluent. Generally, it was first more important to obtain qualitative picture of the system’s 
behaviour during, and following, long-lasting water abstractions from the deep layer. In most cases the aquifer 
was exploited at constant rate for three decades then allow it to relax, and simulate its recovery for further three 
decades. The abstraction volumes of 10%, 20%, 30% of total recharge were considered. The comparison of 
turnover balances for various abstraction ratios has shown that, with increasing pumping rate, ever more water is 
drawn from the upper (contaminated) to the lowest (allegedly protected) layer. Disrupted turnover balances in 
the presence of pumping were not without effect upon the downward migration of contaminants from the 
shallow aquifer and it is of particular relevance in the case of persistent components of diffuse-source 
agrochemicals. It was shown how such a component would, over decades, migrate towards greater depths, and 
how its migration is accelerated by pumping water out of the deep layer. The computer simulations have shown 
that 39Ar concentrations at depths of 150-300 m are the adequate indicators for an early warning system. 
Simultaneously it is shown that tritium measurements can be used for the EWS purposes when the monitoring 
net is installed in the depths of 100-150 m. 

1. Aims and tools 

This report demonstrates the possibility of the application of environmental-isotope measurements to 
construct “early-warning system” [1][2]. This system should help to prevent changes of water quality 
in deep groundwater bodies subject to long term exploitation. The system should be tested  for a 
particular hydro-geologic stratification pattern thought to be representative of regional aquifers in the 
Bavarian Upper Continental Freshwater Molasse. A number of questions which arose in the context of 
predicting long term solute transport at regional-scale are also addressed, comprising both 
methodological questions relating to how ‘groundwater dating’ tools are used to gain information on 
the hydrogeology of a system or to assess trends in its evolution, as well as a resource-related question 
which is typically ignored by the current groundwater management policies. It is shown that, even if 
no groundwater mining is taking place in classic hydraulic sense (i.e., even if local abstraction rates do 
not exceed local recharge rates), aquifers exploited from deep horizons may suffer an 'age mining', 
expressed long after the end of water abstractions [3]. The concept of a groundwater resource should 
thus be redefined as to include age repartition densities and their potential change under hydraulic 
stress, instead of considering only groundwater fluxes and their reduction by water abstractions. 
Consequently, the alleged 'sustainability' of current groundwater exploitation standards should be re-
assessed accordingly. 

Numerical simulations for heterogeneous aquifers subject to water abstractions from deep horizons 
confirm [4] that hydraulics, age, and solute (in particular, environmental isotope) transport may 
uncouple from each other in the lung run −as could also be expected from a scaling analysis of 
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groundwater flow and transport equations. This may limit the hydraulic relevance of usual 
‘groundwater dating’ instruments, especially when these are meant to serve in inverse problems (there 
being no unambiguous connection between age or isotope repartitions in an aquifer and its current 
hydraulic situation), but can be of advantage in designing early-warning systems for deep groundwater 
exploitation. 

A systematic numerical study of flow and transport patterns was first performed in systems presented 
in Figure 1. The representative system has a depth of 400 m and length of 15 km, and stands for a 
'regional aquifer' with stable water divides and constant recharge of 150 mm/y (corresponds to the 
multi-annual average for Germany). Results of modeling are shown in more detail for one 
representative class of multi-layered aquifer (Figure 2). Note that all 2D aquifer pictures in this paper 
are shown with a huge vertical exaggeration factor. The broader representation underlying the class of 
models for a shallow aquifer highly exposed to (diffuse-source) contaminations (mainly from 
agriculture) separated from a deep, 'protected' aquifer by a poorly-conductive layer, with hydraulic 
conductivity contrasts in the range (from top to bottom) 100:1:10 or 1000:1:10 and with layer height 
ratios 1:2:5. The anisotropy factor kz / kx= 4 was assumed. The porosity values assumed for transport 
simulations vary from layer to layer (5-40%). Extension of results obtained in these cases to systems 
with different hydro-geological properties is to some degree possible, by rescaling or similarity 
considerations (under the constraint that active water volumes be transformed consistently for all 
layers). Similarly to the previous work [5], the discharge boundary was approximated by a perfect 
hydraulic contact over the whole depth underneath the effluent. The resulting shape of age or 
concentration isolines near the effluent boundary (always on the right of pictures in this paper) will 
thus systematically hurt geologic realism, but it spares numerical effort associated with else sharply 
converging streamlines, at the cost of a relatively unimportant distortion to the overall age or 
concentration fields. Generally, it was first more important to obtain qualitative picture of the system’s 
behavior during, and following, long-lasting water abstractions from the deep layer. In most cases the 
aquifer be exploited at constant rate for three decades then allow it to relax, and simulate its recovery 
for further three decades. Throughout this paper, water abstraction rates (treated as permanent) are 
specified as ratios (or percentages) of the total aquifer replenishment through its upper boundary. 
More than 30% of the latter is turned over in the lowest layer (for the system shown in Figure 2), so 
abstraction volumes of 10%, 20%, 30% as considered in the sequel are still sustainable from a pure 
hydraulic point of view (no 'groundwater mining' is taking place). But a comparison (Figure 3) of 
turnover balances for various abstraction ratios shows that, with increasing pumping rate, ever more 
water is drawn from the upper (contaminated) to the lowest (allegedly protected) layer. Disrupted 
turnover balances in the presence of pumping are not without effect upon the downward migration of 
contaminants from the shallow aquifer and it is of particular relevance in the case of persistent 
components of diffuse-source agrochemicals (Figure 4). Figure 5 in section 3 will show how such a 
component would, over decades, migrate towards greater depths, and how its migration is accelerated 
by pumping water out of the deep layer; the effect becomes dramatic for abstraction ratios exceeding 
30%. 
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FIG. 1. Typical stratification pattern taken for a representative aquifer in Bavarian Molase. 

 

 

FIG. 2. Selected multi-layered aquifer as a representative one. 
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FIG. 3. Turnover balance in different layers as a function of increased abstraction ratios. 

 

 

FIG. 4. Flow velocity contrasts in the exploited heterogeneous system and ‘poor’ age field resulting 
from particle-tracking.  

 

 

FIG. 5. The hydraulic conditions (heads) in the tested aquifer (Fig. 2) compared with initial pollutant 
concentration at the surface of the aquifer (input) as a function of time.  
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2. Flow pattern and velocities in the stratified system under exploitation 

Figure 4 presents an example of the distributions of groundwater flow velocities and flow ‘trajectories’ 
for the stratified system (shown in Figure 2), obtained for a constant exploitation amounting to 10% of 
its total replenishment. Additionally, in Figure 4 is an example of a ‘poor’ tracer (water) age 
distribution shown in form of age-isolines, which result from the connecting of equal time marks on 
the tracer-trajectories as computed from a Cauchy problem for a first-order equation. This will be 
contrasted with examples of (transient) age computations relying on a second-order equation approach 
in section 5.  

Considerations in sections 3-5 will also show that such steady-state water-age distributions are of little 
use in assessing the fate of an exploited aquifer of regional scale. 

3. Contaminant transport enhancement under hydraulic stress 

The simulations of long term transport of pollutant were performed assuming that the pollutant source 
exists on the surface of entire system already two decades. The very nature of this issue makes gross 
simplifications necessary. It is assumed that the contaminant is chemically-stable. It may seem to be 
unrealistic for most agrochemicals except very few really undegradable pesticide fractions. However 
due to the fact that no secure information exists on degradation rates it was consider that it is more 
convenient to calculate the worst-case scenario (with “ideal tracer”) instead of using unsure reaction 
parameters. To keep simulation results general enough and easily interpretable, contaminant 
concentrations are expressed throughout this report in percentages of their initial input value at 
aquifer surface; the scenario chosen here for illustration assumes two decades of unperturbed (slow) 
migration, before the onset of deep water abstractions, and a ban on the respective agrochemical after 
ten years pumping (this more or less sudden change in agricultural practices was approximated here as 
a Heaviside signal), as outlined below. 

The above pictures represent just momentary concentration fields observed after five decades. One 
may learn more by examining the evolution of contaminant concentrations during the pumping 
decades in three characteristic depths (cf. the yellow marks “1,2,3” on Figure 2) which are shown in 
Figure 7. Since agrochemical had been loaded at the surface, during the first historical phase of their 
worldwide use, the contamination of the deep water resources can reach quite considerable values. 
Even some few percentages of the initial values, detected in the pumped water decades later (which on 
the other hand justified the deep abstractions policy), can already exceed the drinking water standards 
significantly. Figure 7 shows that obviously, contaminant migration downwards inextricably takes 
place even without water abstractions, but at a much slower rate. Deep pumping is poorly expressed in 
the shallow contamination levels, which are already very high −and this was what actually motivated 
initiating deep water abstractions. One may notice that choosing to pump out 30% instead of 20% of 
the total replenishment reduces the time-span of ‘safe pumping’ from 25 to 15 years. 

4. Isotope transport: The possibility of early-warning systems for deep groundwater 
exploitation 

In practice, one only has incomplete knowledge about the hydrogeology and structure of the regional 
aquifer from which deep water abstractions are planned or ongoing. One cannot predict in advance 
how long persistent contaminants would take to reach critical depths in the aquifer. It is does not know 
exactly beyond which value of the pumping ratio, or at what time-point, their travel downwards 
becomes dramatically accelerated. A time the pollutant would become detectable in the pumped water 
is considered as already too late for intervention [6][7]. 
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Unperturbed contaminant migration 
(no pumping for five decades) 

After two decades of unperturbed migration 
followed by three decades pumping 20% 

After two decades of unperturbed migration 
followed by three decades pumping 10% 

 

After two decades of unperturbed migration 
followed by three decades pumping 30% 

 

 

FIG. 6. The effect of different abstraction replenishment ratios upon the speed at which the pollutant 
front advances towards greater depths in the aquifer shown in Fig. 2. To be noted, the last two 
decades represent pure migration in the absence of contaminant input through the aquifer surface. 
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FIG. 7. Contaminant breakthrough in selected aquifer depths, during three decades of water 
abstractions amounting to 10%, 20%, and 30% of the total aquifer replenishment (preceded by two 
decades of unperturbed, slow migration). 
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Fortunately, some useful indicators which can show how the pollutant transport is developing in an 
exploited aquifer is offered by radioactive environmental isotopes. Due to their permanent input in the 
aquifer recharge they may offer a detectable signal in the pumped water or in accessible aquifer 
depths, long-time before the contaminant reaches these depths. As an illustration, Figure 8 shows how 
39Argon repartitions (in an aquifer shown in Figure 2) get altered by pumping, for three different 
abstractions rates (compare with Figure 5). The degree of this alteration is decided by the competition 
between three relevant time scales −whenever these happen, to match within reasonable limits. As 
illustrated in Figures 9-10 an ‘early-warning system’ (EWS) may be set up with the aid of 
environmental isotopes, i.e. using 39Argon (constant atmospheric input) with a half-life of 269 a, and 
Tritium 3H (a surface input signal characteristic to the Northern Hemisphere was considered from the 
1950's) with a half-life of 12.43 a. As in the previous section, the selected aquifer depths correspond to 
the boundaries between layers with contrasting hydraulic conductivities (cf. yellow marks “1,2,3” on 
Figure 2). 39Ar evolutions remain invariant under temporal translation (and as such may be seen as 
'prototype-curves' for designing an EWS), whereas Tritium evolutions do not.  

Tritium curves shown already pertain to ‘past history’ and as such can no longer serve in EWS, but it 
measurements enable better understanding and improved interpretation of existing Tritium data [8][9] 
for aquifers of the Bavarian Upper Freshwater Molasse with a past exploitation record extending over 
several decades. 

Without pumping there should be no change to 39Ar concentrations, since their atmospheric input is 
≈constant. Shallow 39Ar levels (no longer shown on Figure 9) increase very slightly during pumping 
and thus are uninteresting for an EWS. While 39Ar in greater depths is the ideal isotope for aquifers 
whose time-scales match the pattern described in Figure 2. 

In the case of 3H too, deep water abstractions are poorly expressed in its shallow response. 3H can be 
effectively used in EWS, when it signals are strongly differentiated. It still appears after the travel of 
3H through the middle (less conductive) layer (Figure 10). In the pumped water, however (some 100 m 
deeper), 3H signals can no longer be detected at reasonable costs. 

Figure 11 compares contaminant and environmental isotope concentrations in the aquifer, three 
decades later. Once the stable contaminant (significantly accelerated by water abstractions) got past 
the middle (‘protective’) layer, its migration in the lowest (again a well-conductive) layer is greatly 
facilitated, where it poses real a threat to the screening region. The isotope ‘memory’ of the system is 
also strongly impregnated by past hydraulic stress, even after three decades of rest.  

To be kept in mind when interpreting isotope data: it does not suffice for a system to have been 
‘unperturbed’ for the past 10-20 years, to ensure that an isotope's Nil-Line is where a steady 
computation says it should be, and this may impede upon the use of isotope data in flow model 
calibrations.  

The simulations of isotope transport on particular stratification models for which sufficient 
hydrogeological knowledge is available using isotope-independent calibrations may contribute to 
reconstructing the past exploitation history of aquifers. It is especially suitable for deep water 
abstraction wells which records provided by the pumping are unreliable, purportedly flawed or 
incomplete, as is the case for many private breweries in the urban area of Munich enjoying water 
abstraction rights since many decades [10]. An interesting suggestion was to use nitrate concentrations 
in the pumping wells as an additional information in the flow model validation. In such a case the 
environmental isotope concentrations may be used as a predictor of future contamination in the 
pumped water, in the sense of an EWS. 
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Unperturbed 39Argon repartition (no pumping) 

 

After 3 decades pumping 20% of total replenishment 

 

After 3 decades pumping 10% of total replenishment 

 

After 3 decades pumping 30% of total replenishment

  

 
FIG. 8. The comparison of the effect of pumping on the isotope repartitions for different abstractions 
ratios (isotope with approx. constant surface input). 
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FIG. 9. 39Argon response during three decades of water abstractions amounting to 10%, 20%, and 
30% of the total aquifer recharge, in an aquifer assumed to have never been pumped before (and  
kept under constant climatic conditions). 

 
Simulations on representative stratification patterns also contributed to clarifying some puzzling or 
inconclusive isotope findings for exploited regional aquifers of the Bavarian Upper Freshwater 
Molasse [8][9]. Useful investigations in the same area had previously been carried out by [10] but no 
modeling attempts had been made. Figure 10 may help now to understand how by comparing Tritium 
samples taken in 50 m depth one and ten years after the onset of water abstractions, respectively, one 
could come to the conclusion that “deep groundwater abstractions did not increase Tritium 
concentrations”. One can also easily find that for samples taken more recently (after 1990) the opinion 
“they even show a slight decrease” unrealistic. Just by occasion it would be true that the influence of 
pumping on the Tritium breakthroughs in this depth is negligible (the form of the breakthrough curves 
does not change with the pumping rate). From that nothing can be inferred as to the pumping-induced 
contamination threat to the deeper layer. On the contrary, Tritium breakthrough in 150 m depth 
strongly depends on the pumping rate, and its onset is seen 10 down to 5 years earlier than the 
contaminant breakthrough, for pumping rates from 20% to 30% of the total recharge. 

Control over long term aquifer evolutions, as desirable when exploiting deep groundwater, can only 
be achieved by means of early-warning systems that are specially tailored to the response time scales 
of the given aquifer. It should be stressed that it is not always possible to meet this requirement. 
Depending upon its size, its hydro-geological properties (and its past exploitation history), existing 
environmental isotopes sampled in medium aquifer depths or in the pumped water may be able or may 
fail to provide a useful indication on the remaining time-span for water abstractions, early enough 
before the hydraulically enhanced contaminant migration would reach critical aquifer depths. Despite 
all very fashionable recommendations of using transport data to “improve flow model calibration”, the 
time-scales disparity (in other words the ‘hydraulic uncoupling’) described in [3] may turn into an 
advantage in that it may yet allow a transport-independent calibration of a flow model when (mostly 
scarce) sufficient amount of isotope information is to be reserved for designing an EWS. The ideal 
situation would be to possess information on at least two species (with non-similar temporal variation 
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in their surface input, or with different half-lives) that are transported in the aquifer. Even if the 
practical implementation of an EWS turns out to be uneconomical, there is a clear message to be 
drawn from the above numerical simulations (confirming once again what was anticipated by 
qualitative considerations in [1][2]: deep groundwater does not stay protected from surface-input 
contaminations for indefinite times; they provide no relief against surface contamination problems; 
they do not represent a safe alternative for drinking water supply on a long term basis, and should be 
kept as a substitute or a reserve for short-term crisis situations. Measures to eliminate or at least reduce 
surface contaminations, especially of the diffuse-source kind, remain a must. 

 

 

FIG. 10. Tritium breakthrough 1950-2025, for the input characteristic to the Northern hemispher.  
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5. Age loss and age recovery 

In the context of devising an isotope-based EWS to prevent unacceptable changes to water quality in 
deep aquifers under long term exploitation plans, an interest for a direct modeling of groundwater ages 
arose as well. Flow, age and solute transport are not always linked to each other by simple 
correlations. Although reluctant to reveal themselves empirically, water ages are often invoked to 
interpret isotope information, especially when dealing with deep groundwater, or (with their less 
specific meaning of 'travel times') in various other water quality matters (of which the 50-day safety 
zone around a drinking water well is just a common example). Beyond these reasons, at least two 
further issues that make it worth endeavoring a direct, isotope-independent, and unsteady modeling of 
groundwater ages: (a) flow-time, or residence time repartitions are often called upon as a 'microscopic' 
(REV-scale) foundation of lumped-parameter models [11] for conservative solute transport; how 
stable are these repartitions against hydraulic perturbations? can their hydraulics-induced shift with 
time be related consistently and unequivocally to variations in the lumped-parameter values used by 
black-box models to assess system change? (b) answering a philosophical question: should old, deep 
groundwater be treated as a 'resource', or as a 'reserve'? (c) quantifying the loss of this resource or 
reserve as induced by anthropogenic hydraulic stress, and predicting the rate of its recovery after the 
stress has ceased (thus, transient age modeling may show that deep groundwater abstractions, even 
without groundwater mining, that is to say, 'sustainable groundwater exploitation' by the current 
standards, is insidiously feeding upon a non-renewable quality of these waters: their ages). 

If a single-phase groundwater flow of known velocity field v(r,t) would be equivalent to a collection 
of 'groundwater particles' moving with these velocities, groundwater ages, understood as a (generally 
time-dependent) scalar field  

a(r,t) = t − to(r,t) 

(resulting at each point r from the difference between the actual time t and the time to at which the 
'groundwater particle' reaching r at t had entered or was 'recharged' into the saturated part of the flow 
domain) would observe: a(r+vΔt,t+Δt) = a(r,t)+ Δt, i.e. the age of a particle moving during Δt from 
r to r+vΔt should increase by Δt exactly (with v denoting pore velocities). Taylor-series expansion 
of the l.-h.s. (assuming a(r,t) smooth enough) followed by lim⏐Δt→0  would then yield as an age 
evolution equation: ∂ta + v⋅∇a = 1, which could be read as a purely advective transport with a 
distributed, constant source of unit strength (stating that the ages' material, or total derivative equals 
one); if rewritten in terms of (non-intrinsic) phase averages and with seepage instead of pore 
velocities, the production rate may become supplemented by a porosity-gradient term. For any given 
groundwater flow v(r,t), groundwater ages would thus result as the solution to a Cauchy problem 
(a(r,t)=0 ∀t ∀r∈specified recharge boundary, or un/saturated interface) for a quasi-linear, first-
order equation. But the groundwater particles' identity presupposed above does not enjoy 
permanence on REV scale; dta=1 only holds on microscopic scale, and a macroscopic age evolution 
equation may contain additional contributions resulting from the averaging procedure (depending 
upon this procedure itself). 

If groundwater ages could be handled as the density of an extensive property of the fluid in motion 
(treated as a continuum), then for any such quantity a balance equation may be expressed via the 
Reynolds transport theorem, which in the framework of [12] and particularized for a property of unit 
intrinsic production rate in an incompressible motion would yield ∂ta+∇⋅(vaa)=1, whence ∂ta+∇⋅(va) 
+∇⋅(ja)=1, with ja≡a(va−v) representing a microscopic 'age current'. With the additional assumption 
that the latter fits into the Scheidegger-Bear hydrodynamic dispersion approach, the resulting age 
evolution equation takes the form of advective-dispersive transport with a distributed zero-order 
source (extended with terms accounting for flow sources/sinks), as was first stated by [3] −and the 
notion of an 'age mass' introduced by [13] is indeed equivalent to stating that ages represent the 
density of some extensive property. 
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FIG. 11. Facilitated contaminant migration, isotope memory effects, and hydraulic uncoupling,three 
decades later in the aquifer at rest. 
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Alternatively, one may use the new tools in continuum mechanics developed by [14][15], who have 
shown that for any physical quantity φ (not necessarily a motion invariant) 'carried' in the form of φi(t) 
by the particles ''i'' of a discrete system considered for t∈[0,T] (in which particles may dissappear, and 
all particles existing in the system, each for some time interval Ii⊆[0,T], are numbered from 1 to 
N<∞), a space-time coarse-grained average (CGA), defined (with H+ denoting the left-continuous 
Heaviside function) like (the original CGA definition and balance equation of [14] were rewritten 
such as to avoid confusion with symbols used for different quantities in this paper, such as a for ages, 
replaced by ρ etc) 
 

 

 
on R3×(τ,T−τ), possesses (for any ρ,τ ensuring local equilibrium) the smoothness properties that are 
normally required (in the ρ,τ→0 limit) from hydrodynamic fields, and it satisfies a balance equation of 
the form   

 

in which the 'average velocity' is itself given as the ratio of two CGA's.  

The concept of [14] can be particularized for groundwater ages as follows: if the age behavior of an 
aquifer is to be described for times t∈I (I a sufficiently large, yet bounded interval), then all water 
molecules visiting the aquifer during I form a finite collection; their individual trajectories with the 
associated ages are pure time functions ri(t), ai(t), 1≤i≤N, the latter with piecewise-constant 
derivatives, 

 

with  a given set of positive constants.  

 

CGA ages will then satisfy (in the ρ,τ→0 limit):  
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The age balance (for a single-phase flow) can thus formally be split into a 'mass' balance for 
identical particles whose 'mass' increases with time uniformly and synchronously (the constant, zero-
order distributed source of unit strength) and a mixing of particles with different 'mass' values to

i 
(constant) whose distribution is specified via the recharge boundary condition (e.g. for an aquifer 
which is uniformly recharged at a constant rate through its replenishment boundary {to

i}i will form a 
piecewise-constant repartition over the indices i∈1,N, with values increasing linearly from 0 to T). 
Pure advection of CGA ages would result, for instance, under the rather extreme assumption that 
particles move with constant velocities between successive collisions (in other words, that vi are 
piecewise-linear functions, as in the financial market model of [15]; but the approach of [14] creates 
the possibility of consistently dealing with age 'dispersion' and also in systems for which the 
hydrodynamic dispersion approach would be unsatisfactory. 

The kind of reasoning leading to purely-advected average ages is very similar to that of classic 
particle-tracking, yet there is one more important limitation with the latter: PT schemes included with 
standard software cannot yield time-dependent age fields, and the reason lies not primarily in the use 
of fixed (constant) velocity values (technically, updating velocities at each new time step would not 
pose big problems, since the pure hydraulic computation is always completed independently of, and 
prior to running a PT algorithm). The limitation lies with the very nature of these algorithms, which 
arbitrarily suppress one out of four dimensions of the original age problem. The age advection 
equation, seen as a quasi-linear PDE, abbreviates a four-equation system: (vx)−1dx= (vy)−1dy=(vz)−
1dz=dt=da, whilst any particle-tracking scheme amounts to a three-equation system, (vx)−1dx=(vy)−
1dy=(vz)−1dz=da thus possessing one 'first-integral' less; the latter, albeit trivial (it can be chosen for 
instance as φ(t,a)=a−t), makes all the difference: age evolution equations admit time-dependent 
solutions even with a constant velocity field, whereas classic particle-tracking schemes cannot yield 
transient ages even if transient velocities would be taken into account. Moreover, the basic numerical 
difficulty associated with advection-dominated transport seems better manageable for the PD age 
equation form (in which the transient character may be an advantage), than for a PT scheme directly. It 
should be noted also that its stream-function equivalent only works in two dimensions. 

5.1. Methodoligical consideratins 

If age computations are taken as a 'theoretical companion' in formulating predictions on the fate of an 
exploited aquifer, then it is important that water ages be treated as unsteady distributions −even under 
steady flow conditions and even if only long term evolutions are of interest−, or they will fail to 
provide a correct picture of the actual damage incurred to the aquifer by deep groundwater 
exploitations. As a general trait, steady state water age distributions tend to overestimate the 'damage' 
incurred to an aquifer under exploitation (compare the two cases in Figure 12), while for the aquifer 
under recovery after long term water abstractions they yield a falsely-reassuring picture. 

Steady age modeling is often misleading, because steady water age distributions are hardly ever 
achieved in aquifers exploited from greater depths (Figures 12a, b). There is a clear uncoupling 
between hydraulics and water age evolutions in such aquifers: while hydraulic equilibrium is achieved 
by the end of the first decade (after the onset of pumping), water ages would still be far from reaching 
horizontal asymptotes, even after (imaginary) two centuries of constant pumping. Moreover, one 
would first pump out some older water and would see an 'ageing trend' during the first decade, before 
water ages start decreasing univocally in all depths. The age spectrum first widens out then it collapses 
back, as if pumping would oppose 'entropy'. 

Comparison with hydraulic relaxation also indicates a marked age-head hysteresis: while ages take 
many decades to recover their original values (Figure 13). The hydraulic heads reach quasi-
equilibrium within 4-5 years after the onset/the end of water abstractions. Fluid pressure can no longer 
'feel' particle ages, and how these particles move in a given flow field does not depend on how 'old' 
they are −whilst water quality does (as demonstrated in the previous sections). 
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5.2. Transiet age densities 

The example presented here discusses an age repartition for the aquifer shown in Figure 2. This is just 
a more refined version of a comparison between postulated, lumped-parameter repartitions of travel 
times and steady repartitions computed numerically already carried out in [5]. The latter, shown here, 
however, aren't constructed manually by streamline counting, but are obtained directly from velocity 
and age fields (numerical solutions of the respective PDEs) in such a way that their shift with time 
during/after water abstractions may be followed (the results obtained using this procedure are probably 
time-dependent). Furthermore, it is not ascribe much quantitative significance to the repartition 'peak' 
occurring at the transition between the upper, well-permeable layer and the aquiclude next to it, since 
its magnitude depends upon the degree to which this sharp permeability contrast is 'smoothened' over a 
thin transition zone at the layers' interface −be it by nature itself, or by the modeler. A similar 
reasoning should be applied to the aquifer bottom vicinity in which sharply decreasing porosities 
(discarded in the numerical model) lead to much higher ages than could be shown here. 

FIG. 12. Water (tracer) age distributions for transient and steady state hydraulic conditions. Note 
that one may pump out four times more water for several years (20% of recharge, 6.3 a), without 
reaching steady state water age distribution (upper picture, transient). The similar picture may be 
obtained by steady state calculation for the pumping rate being equal only to 5% of recharge (lower 
picture, steady).  
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FIG. 13. Development of the water age distribution with a time.  

 
 

 

FIG. 13b. Development of the water age distribution in different aquifer depths as a function of time 
after beginning of abstraction (pumping rate = 20% of recharge). 
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FIG. 14. Water age distributions (in years) for 4 different time moments: 15 and 30 years after 
constant water uptake of 20% recharge (upper left and right, respectively); and 15 and 30 years after 
finishing the water uptake (lower left and right, respectively). 

250



 

 

FIG. 15. Age repartition density in the screening profile (at aquifer center), and its abstraction rates. 
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One should, however, not underestimate the value of these 'tiny percentages' at the end of the age 
spectrum. It is this precious reserve that mainly comes under threat, as a consequence of deep water 
abstractions. A density halving in the 1500−2000y age region, after just one decade pumping, is 
already a considerable age depletion, and one that radioactive environmental isotopes like 3H or 39Ar 
cannot reveal. This effect takes place in depths in which these isotopes no longer give measurable 
signals. They can, as shown in the previous sections, only provide indirect indication of it. 

The water age distribution was split into three characteristic intervals approximately corresponding 
to the three layers with contrasting hydraulic conductivities. Transient age densities, shown after 15 
and 30 years pumping (''P15'', ''P30'') then 15 and 30 years of aquifer recovery (''R15'', ''R30''), 
respectively, are generally enriched/ depleted in their younger/older part, in comparison to the 
aquifer at rest. Unlike in the setting of the previous sections, Figure 15 shows what would happen 
when water is pumped out yet 50 m deeper (screening from 200m ± 25m below the middle layer). 

For systems under hydraulic stress or having suffered hydraulic stress in the past, it becomes 
important, when talking of ‘water ages’ in a given depth, to distinguish whether the ages of water 
actually present in that depth are meant (water being reached there under past hydraulic conditions, 
which may differ from present), or the travel time a water particle starting from surface would need 
to get there (under current hydraulic conditions) is meant. How the ages are to be defined depends 
on what issue they are relevant for but, whichever definition is chosen, it becomes clear that deep 
groundwater abstractions are systematically associated with an age loss persisting very long after the 
and of water abstractions. Besides the contamination threat enhancement demonstrated in section 3, 
age loss may be a further serious reason to reconsider the current policies and management schemes 
for deep groundwater abstraction. To recall what Bear & Verruijt wrote in 1987, ‘Aquifers usually 
contain water stored in them from times in the distant past, sometimes under different climatic 
conditions. Such groundwater should be regarded as a non-renewable resource. The production of 
groundwater from such aquifers should be considered with great care’. 

 
6. Conclusions 

The study has show that variations in selected radioactive isotope concentrations are important tools 
for construction and calibration of groundwater flow models. Already calibrated numerical model of 
groundwater flow can be further used to develop adequate management strategies to protect water 
resources against pollution and over-exploitation. It was shown that the isotopes e.g., 39Ar and in some 
cases tritium, help to establish an early warning system for recharge of contaminated water for deep 
aquifers. The isotopic snapshot investigation highlights the importance of using transient simulation 
models when dealing with transport in multi-aquifer systems. The isotopic data can help to explain the 
present contamination situation, which in some cases is different from that what would expect from 
hydrodynamic data alone. Numerical simulations for heterogeneous aquifers subject to water 
abstractions from deep horizons confirm that hydraulics, age, and solute transport (in particular, 
environmental isotope) may uncouple from each other in the lung run −as could also be expected from 
a scaling analysis of groundwater flow and transport equations. This may limit the hydraulic relevance 
of usual ‘groundwater dating’ instruments, especially when these are meant to serve in inverse 
problems (there being no unambiguous connection between age or isotope repartitions in an aquifer 
and its current hydraulic situation), but can be of advantage in designing early-warning systems for 
deep groundwater exploitation. 
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Abstract. Artificial recharge of imported water into depleted aquifers is one of the important remediation 
mechanisms for compensating water deficit and a long term storage. While water balance can be deduced from 
known volumes of recharge, the water-quality changes that are induced by the artificial recharge are often 
neglected. Here we examine the impact of recharged water on the quality of groundwater by using geochemical 
investigation. Numerical simulation is also used to examine the transport of recharged water in the aquifer. 
Systematic analyses of the chemical (Cl, B, Br) and isotopic (O, H) compositions of more than 400 pumping 
wells in the Mediterranean coastal aquifer of Israel enabled us to distinguish between the recharge water (Sea of 
Galilee; δ18O=-1‰; Br/Cl=3x10-3) and the regional groundwater (Br/Cl≥1.5x10-3; δ18O=-4 to -5‰). We also 
detected the impact of wastewater (δ18O>-4‰; Br/Cl~1x10-3; B/Cl≥5x10-3) and saline groundwater (δ18O<-4‰; 
Br/Cl~1.5x10-3) in the aquifer. We used the δ18O distribution in the aquifer to reconstruct the flow paths and 
mixing relationships of the recharged water in the aquifer. The two-dimensional simulation results show that the 
size of the recharge plume is depended on the amount of recharge, aquifer configuration, and the spatial 
distribution of pumping wells around the recharging site. Both the geochemical data and numerical simulations 
show that the rate of salinization in the eastern part of the coastal aquifer has been decreased due to extensive 
(accumulated volume of 280 x106 m3) recharge of imported water. 

1. Introduction 

In many depleted or contaminated aquifers, artificial recharge of imported water compensates for 
over-exploitation and is a possible measure for water-quality remediation. Artificial recharge modifies 
the chemical composition as well as the oxygen and deuterium isotopic compositions of natural 
groundwater. In some cases where the recharge water is derived from upstream sources and higher 
elevations the recharge water have typically lower δ18O and δ2H values, and hence the groundwater 
becomes depleted in 18O and 2H upon artificial recharge. Such cases were demonstrated in the recharge 
of the Colorado River aqueduct in Orange County, California [1][2]) and the use of northern 
California imported water in Santa Clara valley, California [3]. In contrast, in cases where the recharge 
water is derived from open reservoirs the δ18O and δ2H values are significantly higher than that of the 
natural groundwater due to surface evaporation. This was demonstrated in Salinas valley, California 
where the Salinas River is recharged into the aquifer and the associated groundwater become enriched 
in 18O [4]. 

Here we investigate the impact of long term artificial recharge of imported water from the Sea of 
Galilee on the quality of groundwater from the Mediterranean coastal aquifer of Israel. The coastal 
aquifer annually provides 20% (~400 MCM) of the total water consumption in Israel. As a result, 
became one of the most exploited water resources in Israel. Large-scale utilization of the aquifer began 
during the 1930's and pumping rates have increased over the years. Due to over-exploitation, the 
salinity level of groundwater in the aquifer was increased and many wells were closed due to salinity 
level exceeding acceptable drinking-level regulations (in Israel 600 mgCl/l; [5] [6][7]. In order to 
compensate the over-exploitation, imported water from the Sea of Galilee has been recharged into the 
aquifer since 1960’s via the Israel National Water Carrier. In addition to compensation for over-
exploitation, the artificial recharge aimed to use the long term storage capacity of the coastal aquifer in 
order to provide management flexibility for water supply in draught years. Since mid-1980’s, treated 
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waste water has been used for irrigation and substitute groundwater extraction. In the Dan Region 
Reclamation Plant [8] the aquifer matrix has been used also as a filter for additional purification of 
secondary treated wastewater that are artificially recharged into the aquifer and pumped for irrigation 
supply. 

In order to evaluate the impact of recharged water on the quality of groundwater, we conducted 
systematic sampling of about 400 pumping wells from the coastal aquifer (Figure 1) and measured 
their chemical (chloride, bromide, and boron) and the stable isotopes (δ18O, δ2H) compositions. We 
use the distinguished oxygen and hydrogen isotopic signatures of the imported water from the Sea of 
Galilee (δ18O~-1‰; δ2H~0‰) relative to regional groundwater from the coastal aquifer (δ18O~-4.7‰; 
δ2H~-20‰; Gat, 1974) to trace the distribution and to calculate the relative proportion of the imported 
water in the aquifer. In addition, we have obtained two-dimensional numerical solutions of the flow 
and transport of imported water characterized by a distinguished isotopic signature, and present the 
relationships between the aquifer hydrological parameters and the extend of the recharged water 
plumes in the aquifer. 

2. Methodology 

2.1. Geochemistry 

Four hundred water samples from active wells in the Mediterranean coastal aquifer (Figure 1) were 
collected and analysed for chloride, boron, bromide, δ18O (200 analyses), and δ2H (50 analyses) during 
summer 2000. Chloride content was measured by AgNO3 titration, boron by spectrophotometer (for 
samples with boron content >0.2 mg/l), ICP, and ICP-MS (for sample with boron content <0.1 mg/l), 
and bromide by ion chromatograpgh (for samples with Br>0.1 mg/l) and ICP-MS. Oxygen isotopic 
composition of water samples was determined after equilibration with CO2 by shaking a 2 ml of water 
sample for 4-6 hours at 25oC [9]. Hydrogen isotopic compositions were determined after reacting the 
water samples with Zn reagent at 500oC for 50 min [10][11]. 18O/16O and D/H measurements were 
made on a VG SIRA-II mass spectrometer at the Israel Geological Survey, and are given in the permil 
notation relative to SMOW [12], calibrated using the Vienna SMOW (VSMOW) standard. Chemical 
and isotopic maps were plotted by using Surfer and MapInfo software. 

2.2. Theory and numerical formulation 

The two-dimensional flow and transport equations were solved to simulate the hydrodynamic head 
and tracer concentration in the south part of the coastal aquifer. The simulation domain covers an area 
of roughly 16 km x 12 km (see Figure 11) in the southern part of the aquifer. The two-dimensional 
flow equation is, 

∑+∇∇=
∂
∂

iQhBk
t
hS )(             (1) 
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FIG. 1. Chloride (mg/l) distribution in groundwater from the Mediterranean. 

where S is the storage coefficient, B is the aquifer thickness (head-bottom), h is hydrodynamic head, k 
is the hydraulic conductivity coefficient and Qi represents the natural recharge (QnR), pumping (Qp) 
and artificial recharge (QR). The two-dimensional transport equation is, 

∑+∇−∇∇=
∂

∂
iicQVccD

t
BcS )()()(

         (2) 
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where c is concentration, D is the dispersion tensor and V is water flux ( jviuV öö+=  ). The  

components of the dispersion tensor are, vuD TLxx αα += , vuD LTyy αα += , 0== yxxy DD . 

The flux is hBkV ∇−= .  

Lithological characterization was estimated using geological cross sections [13], providing both the 
depth of the Saqiye Group (aquifer bottom) and an estimate of the aquifer transmissivity. A constant 
slope of the Saqiye Group was assumed. Given that its location on the western and eastern boundaries 
is -160 m and +25 m above sea level respectively, the aquifer bottom was described by 

30700634.000846.0 −−= yxz  (x(m) is the west-east coordinate and y(m) is the south-north 
coordinate). 

The hydraulic conductivity was taken as constant (k = 10 m/day), following the observation that the 
aquifer formation is relatively uniform and more detailed information is unavailable. Still, clay 
pockets are distributed throughout the aquifer and may affect the hydrology of the aquifer. 

The hydrological coefficients were estimated using both general literature and local information. 
Mechanical dispersion coefficients, mL 10=α  and mT 1=α , were matched with the Coastal 
aquifer lithology using review papers [14][15]. Porosity, storability (0.25) and conductivity were 
estimated based on the aquifer lithology and a large number of references [16][17][18][19][20]. 

The flow problem boundary conditions were specified by interpolated measured data, ignoring the 
seawater intrusion boundary problem. Water level in this area decreased severely in the fifties and 
early sixties. Since then, the aquifer experienced a recovering process. For simplicity, the water level 
measured in year 1999 was used as a representative steady case through the definition of the boundary 
conditions. The water level value along the boundaries was calculated based on nearly 100 observation 
and pumping wells, located around the simulation domain.  

Several types of boundary conditions were tested in the transport problem. The distribution of δ18O 
values was solved by applying a specified boundary value (δ18O =-5‰), insulated boundaries 
( 0=+∇− VccD ) and for the case where the boundary flux is equal to the convective flux ( 0=∇c ). 
The results shown here combine a specified boundary value (δ18O =-5‰) along the boundaries, except 
for a convective boundary condition, which was applied at the east and northeast boundaries. 

The pumping wells were simulated by lumping the 88 active wells into 14 pumping areas (marked as 
small circles of 250m diameter in Figure 11). The pumping rate represents the sum of the nearby wells 
and its location was weighted accordingly. This approach was adopted to reduce computation cost and 
its 2D solution is considered, therefore, as a first approximation. An examination of the pumping 
history reveals that its temporal variation does not follow a specific trend. Therefore, the pumping rate 
of each pumping site was kept constant and equal to the multi annual average. An examination of the 
recharging data reveals a somewhat different history. The recharging rate of the eastern site was kept 
high in the sixties and seventies. Following some fluctuations in the eighties, the recharging rate 
declined to nearly zero through the nineties. This operational pattern is a direct result of the national 
water availability during these years. The reported recharging rate of the nineties was smoothed and 
then introduced into the simulation. The simulations time was 20 years. During the first 10 years the 
recharging rate was kept constant. A cosine function (0-δ/2) was used to describe the decrease in 
recharging rate during the last 10 years. 

The numerical solutions were obtained using FEMLAB (Comsol), a finite element code developed for 
the MATLAB environment. The numerical solutions were accurate when validated against simple 2D 
flow problems. The reported numerical solutions were generated by applying bilinear weight functions 
and as many triangle elements needed to obtain a stable and accurate solution. The equations were 
solved using a mesh size of 36816 elements, with a fine grid around the pumping and recharge areas. 
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FIG. 2. Distribution of δ18O values in groundwater from the Mediterranean coastal aquifer as 
sampled during summer 2000. Note the site of the recharge basins sorted by the accumulative 
volume of recharged basin. The high δ18O plumes are located in the vicinity the recharge sites and 
reflect the distribution of the recharge water characterized with a high δ18O value. 

 

3. Results and discussion 

3.1. Overall chemical and oxygen isotopic distribution 

Mapping of the chemical and isotopic variations enables us to establish water quality maps of salinity 
(Figure 1) and oxygen isotopic composition (Figure 2) in the coastal aquifer for summer 2000. Since 
the data obtained from pumping wells, vertical profiles of the groundwater quality are not available. 
The salinity map shows that a significant fraction of the groundwater pumped from the coastal aquifer 
exceeds the EU and WHO upper drinking water limit of 250 mgCl/l (197 out of 583 wells; 33%). 
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Moreover, 4% also exceed the Israeli upper drinking limit of 600 mgCl/l. Most of the high salinity 
zones occur as saline plumes in the central [5][7] and along the eastern margin of the aquifer 
[21][6][22]. The δ18O-δ2H relationships (Figure 3) show that most of the data points lie between the 
local meteoric water line (the Mediterranean meteoric water line (MMWL, δD = 8*δ18O + 22; 
deuterium excess=22‰; [23][24] and the global meteoric water line (MWL, δD = 8* δ18O + 10; 
deuterium excess=10‰).  

Based on Gat [23] and Vengosh et al. [7] we distinguish between several principle water sources in the 
Mediterranean coastal aquifer: 

(1) Wastewater stored in open reservoirs has typically a relatively high δ18O value (>-4‰), high B/Cl 
(5x10-3), and low Br/Cl (<1.5x10-3) ratios. 

(2) Imported water from the Sea of Galilee is characterized by a high δ18O value (-1‰), low B/Cl 
(<1x10-3), and high Br/Cl (3x10-3) ratios. 

(3) Fresh groundwater (Cl= 50 to 150 mg/l) typical to the coastal aquifer has δ18O values in the range 
of -4 to -5‰, low B/Cl (1-2x10-3), and marine or higher Br/Cl ratios (>1.5x10-3). 

(4) Saline groundwater associated with saline plumes in the central and eastern parts of the aquifer has 
a low δ18O value (<-4‰), low B/Cl (1-2x10-3) and marine Br/Cl ratios (~1.5x10-3). 

(5) Saline groundwater associated with seawater intrusion along the western margin of the aquifer has 
a high δ18O (>-4‰; depends on mixing proportion with seawater), low B/Cl (<1x10-3), and marine 
Br/Cl ratios (~1.5x10-3). 
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FIG. 3. δ18O versus δ2H values of groundwater sampled during 2000 and the Sea of Galilee. Most 
of the data points fall between the local (MMWL) and the global (MWL) trends. The data points 
that fall below the MWL indicate evaporation processes. 

Gat (1974) [23] showed that natural variations of δ18O in groundwater from the coastal aquifer vary 
between -4‰ to -5‰; hence we use the upper value of -4‰ as a threshold between natural and 
anthropogenic sources. Figure 2 shows several high δ18O plumes that are associated with the basins in 
which imported water from the Sea of Galilee has been recharged to the aquifer. Only in sites in which 
the accumulated volume of recharged water exceeded 90x106 m3 during the last 30 years the isotopic 
signature of the imported water (i.e., δ18O >-4‰) is traceable. In the central part of the aquifer the 
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high- δ18O plumes are associated with basin in which treated waste water has been recharged as part of 
the tertiary treatment of sewage from Tel Aviv metropolitan area (the Dan Region Reclamation 
project; [5][8]. The distinction between imported water from the Sea of Galilee and treated waste 
water can not be made by δ18O and δ2H variations as both sources are enriched in the heavy isotopes 
due to evaporation process. However, the use of B/Cl and Br/Cl ratios assist in this distinction. 
Sewage effluents are enriched in boron due to the use of boron in detergents and cleaning agents and 
hence the B/Cl ratio of both raw and treated sewage is high [25][26]. Moreover, wastewater has a low 
Br/Cl ratio due to the household use of NaCl salt that is depleted in bromide [27]. In contrast, the Sea 
of Galilee has typically high Br/Cl ratio due to the composition of natural saline springs that emerge 
into the lake [28][29][30]. Consequently, the integration of δ18O-B/Cl-Br/Cl values enabled us to 
delineate between the different sources. 
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FIG. 4. δ18O vs Br/Cl ratios in groundwater sampled during 2000 as compared to the composition 
of the Sea of Galilee. Lines A and B represent possible mixture curves between the recharge water 
and  (1) fresh groundwater with high Br/Cl [27] and (2) bulk regional groundwater with δ18O=-
4‰ to –5‰ and Br/Cl~1.5x10-3. Boxes C and D represent expected ranges of saline groundwater 
and wastewater, respectively. 

In the southern part of the aquifer, the δ18O plumes are associated with high Br/Cl ratios (Figure 4), 
which reflects the recharge of imported water from the Sea of Galilee. In the central part of the aquifer 
we are able to distinguish groundwater derived from recharge of sewage effluents (high δ18O, chloride, 
and B/Cl) from groundwater influenced by seawater intrusion (high δ18O and chloride, low B/Cl; 
Figure 5). Consequently, we argue that integration of these geochemical tools provides a sensitive 
monitoring for evaluation of water-quality degradation in aquifers. For groundwater with high δ18O 
and Br/Cl values we assume that it is derived from recharge of the Sea of Galilee. It is possible to 
calculate the fraction of the imported water mixed in the groundwater, by using the mixing equation,  

δ18Omix = δ18Orecharge  F + δ18Ooriginal gw (1-F)         (3) 

where δ18Omix, δ18Orecharge, δ18Ooriginal gw, are δ18O values measured in the groundwater, recharge water 
(assuming a constant value of -1‰), the pristine groundwater (adopting the threshold value of -4‰) 
respectively, and F is the fraction of the recharged water that is mixed with the regional groundwater. 
Consequently, we use the δ18O variations to calculate the proportion of the imported water that are 
mixed in the aquifer (Figure 6). 
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FIG. 5. Chloride, boron and δ18O variations in groundwater from the central-western part of 
the coastal aquifer as compared to the compositions of the Sea of Galilee and waste waters. 
Note that the δ18O-chloride relationships (Graph A) reveal a single end-member with high 
chloride and δ18O values, which correspond to the composition of wastewater. In contrast, the 
boron-chloride variations (Graph B) distinguish between three types of water: (I) fresh 
uncontaminated groundwater; (II) groundwater contaminated by wastewater with high boron 
content; and (III) groundwater salinized by seawater intrusion with a low B/Cl ratio [27]. 
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FIG. 6. Distribution of the calculated proportion of the Sea of Galilee mixed with regional 
groundwater as deduced from δ18O distribution in the vicinity of Zohar and Gevar ‘Am 
recharge basins. Note the site of the recharge basins sorted by the accumulative volume of 
recharged basin. 
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3.2. The relationship between recharge and water quality 

The recharge of imported water to the aquifer was carried out by two methods. The first is the use of 
pumping wells. During the winter imported water is recharged to the aquifer by reversing the pump’s 
direction. During the summer the wells are returned to the pumping mode. The water extracted by the 
summer pumping reflects primarily the recharged water. This is illustrated in the salinity variation 
recorded in well Gat 21 (Figure 7), which followed the salinity variation observed in the Sea of Galilee 
during that time. Consequently, short-term variations in the quality of the recharged water are 
traceable in groundwater in the closed vicinity of the recharged wells. It should be noted that the δ18O 
monitoring did not reveal the recharge water in the recharge/pumping wells or any wells in their 
vicinity. This is explained by the cyclic nature of recharge and pumping in which pumping exceeded 
recharge and the less significant impact of hydrodynamic dispersion to have a regional affect on the 
δ18O distribution in groundwater. 
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FIG. 7. Long term variations of chloride concentrations in multi-use well (Gat 21) as compared 
to the variations in the chloride contents of the Sea of Galilee. Note that the chloride 
concentration in the Sea of Galilee reached a peak during the beginning of 1960’s (Point A), 
began to decrease during the late 1960’s (Arrow B), and increased again during the draught 
years of early (Arrow C) and late (Arrow D) 1990’s. The chloride variations in well Gat 21 
mimic those of the Sea of Galilee since recharge operation at the beginning of 1960’s. 
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FIG. 8. Variation of the overall volume of imported water recharged to the aquifer since the mid-
1960’s (data from Mekorot Campany). 

The second mode of recharge is via surface infiltration basins. The recharge through basins (Figure 8) 
resulted in accumulation volume of about 400x106 m3 in the aquifer. We identified several high δ18O 
plumes in groundwater that are associated with the recharge basins (Figure 2). The fraction of the 
imported water mixed in the regional groundwater, which is located down-flow from the recharge 
basins, is presented in Figure 6. 

Zohar Reservoir, located in the eastern margin of the aquifer (Figure 9) is the largest recharge 
operation site in the coastal aquifer for imported water from the Sea of Galilee. Since early 1960’s a 
volume of 280x106m3 has been recharged in this basin. The site is located in the eastern part of the 
aquifer, which is characterized by high salinity that is derived from lateral flow of saline groundwater 
from the adjacent Eocene aquitard [22][31]. The salinity and δ18O (Figure 9) variations clearly show 
regional spreading of imported water from the Sea of Galilee in the aquifer. Moreover, the δ18O values 
suggest that the imported water consist more than 50% of the regional down-flow groundwater 
(Figure 6). 
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FIG. 9. A location map of the recharge basins in the southern coastal aquifer together with the 
distribution of salinity (Chloride in mg/l) and δ18O values. Note the location of the high δ18O 
plume downstream from Zohar recharge site and the saline plume (with low δ18O values) further 
south. The pumping wells Kchohav 1 and 3 (Ch1, Ch3) are located down flow from the recharge 
site. 
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A few km south from the recharge site the groundwater is saline (>1000 mgCl/l) and is characterized 
by δ18O<-4‰ (Figure 9). In contrast, the salinity of well Kokhav 3, which is located a few km down-
stream from Zohar Reservoir, is significantly lower (~300 mgCl/l). The high δ18O (-2.5‰) value 
measured in this well suggests that the relatively low salinity is derived from recharged water with 
chloride content of ~220 mg/l (since early 1970’s). The chloride time series shows a salinity peak 
(~450 mgCl/l) during the late 1970’s, following a gradual decrease of salinity (Figure 10). We suggest 
that the salinity peak reflects flushing of the saline water that existed in the eastern part of the aquifer. 
We assume that the rate of artificial recharge exceeded the natural discharge of saline groundwater 
from the adjacent aquitard. As a result, the saline plume was transported along the groundwater 
flowpaths. We therefore suggest that the rate of natural saline water discharge is lower than that of the 
artificial recharge (an annual artificial recharge between 4 to 10x106 m3). The present δ18O =-2.5‰ 
infer a mixture of 50% of recharged water (Figure 6). Assuming that the fraction values obtained for 
the δ18O values are identical also for the chloride mass-balance, the present salinity of 300 mgCl/l 
infers that the original chloride in the saline plume was also about 400 mg/l. Indeed, the chloride 
content of groundwater in that part of the aquifer during the 1950’s (before recharge) was about 400 
mg/l. In contrast the southern area, which is not influenced by the recharge of the imported water (i.e., 
δ18O <-4‰), has significantly higher salinity (Cl>1000 mg/l). We conclude that saline groundwater 
with δ18O <-4‰ has been continued discharged from the adjacent Eocene aquitard. In the area of high 
recharge like the Zohar basin the rate of saline discharge did not exceed the artificial recharge (4-
10x106/year) and the water quality has been controlled by the mixing relationships between the 
imported water and the residual saline plume. However, in conditions of no recharge the continued 
discharge of saline groundwater from the Eocene aquitard has increased the salinity of groundwater in 
that area. As illustrated in Figure 13 the recharge rates have been significantly reduced during the last 
decade and hence the impact of the recharge water is expected to be reduced. Consequently, we posit 
that the salinity will rise again in that part of the aquifer meaning that 40 years of recharge only 
delayed the salinization rate of the eastern aquifer. 
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FIG. 10. Variations of chloride content during the last 40 years in Kokhav 3 well. Note the salinity 
peak observed during the late 1970’s and the following gradual decrease. The rise in the salinity is 
interpreted as representing the flushing of saline groundwater by the recharge water. 
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3.3. Numerical results 

The numerical solution simulates the influence of the two recharging basins in the southern part of the 
aquifer as identified by the δ18O analysis. The two recharging basins are shown in Figure 11 as 500 m 
diameter circles (double the diameter of the pumping areas), one (Zohar Basin, E1) near the east and 
the other (Erez Basin, E2) near the south boundaries of the domain. The impact of the E1 recharging 
area is significantly larger than the impact of any other recharging site in the aquifer. This is reflected 
by the distribution of δ18O values (Figures 2 and 9). Several lithological, hydrological and operational 
reasons for these large differences are suggested. These include the relative large recharging rate of the 
eastern site, the recharging/pumping spatial and temporal interactions (e.g. the summer/winter cycles 
in recharging/pumping wells), and the spatial variations in the thickness of the aquifer. 

Figure 11 shows the simulation results at t = 1, 10 and 20 years. It presents the δ18O distribution by 
color, the head by contour lines and the water fluxes by white arrows. The initial conditions of all the 
results were δ18O =-5‰ (the original groundwater conditions; [23]. Also the head distribution that was 
generated by the steady state solution, applying a constant pumping and recharging rate at all sites. 
These rates represent an average of the pumping and recharging rates in 1965-1990. Figures. 11a and 
11b show the simulation results at t = 1 year and t = 10 years respectively. The diameter of the ten-
years-old-plume around the E1 site is 4 km, which is about twice the size of the E2 plume. The center 
of gravity of the E2 plume was shifted to the northwest. This shift is a result of the observed flux 
pattern and the role played by the nearby pumping wells. Head contour lines show the effect of the 
boundary conditions, pumping and recharging. The highest water levels are on the east, and the lowest 
are around the center of the pumping field 3-4 km west from the coast. The hydrological depression 
and the potential risk of seawater intrusion are clearly shown. Figure 11c shows the solution at t = 20 
years. The recharging rate was modified to follow the decrease in recharging rate at site E1 during the 
nineties. It is shown that the relative size of the E1 plume has further increased. The spatial pattern of 
E2 is irregular and is strongly influenced by the particular nearby wells configuration 

The mean annual volume recharged by the E1 site (~ 6.7 x106 m3) is more than twice the volume 
recharged by the E2 site (~ 3 x106 m3). This by itself could explain the differences shown in the δ18O 
distribution. In fact, the recharging rate was so high such that the extrapolated result of the contour 
line of δ18O = -3‰ in Figure 9 indicates that fluxes of imported water have reached the saline eastern 
boundaries of the aquifer (Figures. 1 and 9). The head contour lines around E1 in Figure 11b support 
this observation. It may be suspected that these high quality waters experienced a salinization process 
due to mixing with local high salinity water along their path lines. In order to separate the influence of 
the recharging rate on the extent of the δ18O plume, the conditions of Figure 11 were repeated with the 
exception that both recharging sites, E1 and E2, imported water at the same high rate (equal to that of 
E1). Figure 12 shows the simulation results. Indeed, by increasing the recharging rate of site E2, the 
plume diameter was increased, but did not reach, however, the size of the E1 plume. The simulation 
demonstrates that the specific location of the recharge basins and the specific location of the pumping 
wells around them have a major influence on the size and shape of the imported water plumes. 
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FIG. 11. Numerical simulations of δ18O (in color), hydrodynamic head (contour 
lines) and water fluxes (arrows) at t = 1, 10 and 20 years. Initial conditions δ18O 
= -5 ‰ and a steady state solution of the 1999 hydrodynamic head distribution. 
The recharging rate at E1 is double the recharging at E2. Both are constant 
during the first 10 years and declines to zero during the second ten years. The 
plume around E1 is larger than the E2 plume, which is significantly influenced by 
the nearby pumping wells. The water flux around E1 changes its direction from its 
radial direction in (a) and (b) to an east-to-west direction in (c).       
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FIG. 12. . Numerical results at t = 20 years given an increase in the recharging rate of E2 to 
be equal to that of E1. All other conditions are the same as in Figure 11. The center of the E2 
plume was shifted to the west. Its north, west and south boundaries are parallel to the local 
streamlines. Its size has increased but did not reach the size of E1.  

 

 

FIG. 13. A location map of wells and the two major recharging basins (E1 and E2). Also shown 
are the temporal variations of the annual recharging volumes at Zohar basin (E1), the water 
level upstream and the water level downstream from the recharging basin. The different 
temporal behavior of the two wells agrees with the model results. These water levels and the 
simulation results (Fig. 11) indicate that high recharging rate at E1 lead to fluxes of imported 
water towards the saline eastern boundaries of the aquifer. It may be suspected that these high 
quality waters experienced a salinization process due to mixing with local high salinity water 
along their path lines.  
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The results of the two-dimensional simulation show that a significant volume of imported water is 
pumped out from the aquifer by nearby pumping wells. This is reflected by both the δ18O plume 
patterns and the increase of δ18O values at the nearby wells. Furthermore, the location of the plumes is 
a result of the history of recharging and aquifer flow patterns. Figure 13 presents additional data, 
including the spatial distribution of active pumping wells, the recharging history at E1 and water level 
at two pumping wells in its vicinity. It shows, first, that the number of pumping wells near the eastern, 
E1, site is indeed significantly smaller. It also shows the nearly constant recharging rate at E1 until the 
late eighties, and the average decline trend in recent years. Figure 13 shows that the water level near 
E1, some short distance upstream from it, follows the recharging history, showing an increase follow 
by a decrease. The figure also shows the water level downstream from E1 (to the west), which exhibits 
a short decrease period in the early sixties followed by a continuous increase. It may be suggested that 
the long extensive recharging at E1 has build up a region of high water levels. High quality water was 
distributed around the recharging site. Since recharging has decreased, water level slowly declined 
with a simultaneous translation of the plume to the west. It is expected that these two processes will 
continue. 

4. Conclusions 

This study shows that conservative natural tracers can be used to monitor the long term affect of 
artificial recharge on the quality of groundwater. We use the high δ18O signature (δ18O =-1‰) of the 
imported water derived from the Sea of Galilee to distinguish between recharged water and local 
groundwater (δ18O = -4‰ to -5‰). We used two modes of evaluations. The first includes sampling 
followed by chemical and isotopic analyses of 400 wells from the Mediterranean coastal aquifer of 
Israel. Mapping of the chemical and isotopic results provides the geographical distribution of the 
different water sources in the aquifer. The second is simulation by two-dimensional numerical 
modeling of the evolution and distribution of imported water in the aquifer, using the δ18O as a proxy 
for the recharged water. 

Our results show that the use of multiple geochemical tracers is essential in evaluating the impact of 
long term recharge on the quality of groundwater. We were able to delineate different sources of 
salinity that affects the water quality (e.g. recharge of treated wastewater, sea-water intrusion) and to 
isolate the net contribution of the recharged water from the Sea of Galilee 
(δ18O ~-1‰; Br/Cl>1.5x10  3). The distribution of δ18O reveals that recharge water is traceable only in 
basins where the accumulated volume of recharge water exceeded 90x106 m3. Our modeling 
simulations show that the long term impact is primarily depend on the volume of the recharge water, 
although the spatial distribution of pumping wells (and the amount of pumping) and the depth of the 
saturated zone (to a lesser effect) also determine the size and shape of the recharging plume. We 
demonstrate that recharge of the Sea of Galilee (Cl=220 to 380 mg/l) reduced the rate of salinization, 
particularly in the eastern part of the aquifer where saline groundwater from the adjacent aquitard is 
discharged. At the same time, the model simulation shows that some fraction of the recharged water 
may be mixed with saline groundwater and thus lost for potable use. 
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Abstract.  This study demonstrates the use of isotope tracers as a tool for monitoring groundwater resources, 
their depletion and recovery due to a phase of over-exploitation. It is based on spatial hydro-geological data of a 
Quaternary basin, a three dimensional numerical groundwater flow model and detailed hydraulic, hydro-
chemical and isotope records over a period of more than 30 years at selected major production wells. Hydro-
chemical data and tritium values have been used to comprehend the complex flow system throughout this period 
of exploitation. Tritium values in groundwater samples are influenced by the temporal tritium input function in 
precipitation, radioactive decay or residence time as well as by the mixing portion of various groundwater 
components due to exploitation. The mixing portions of groundwater components were dramatically changed by 
groundwater abstraction, especially during over-exploitation in the late 1960s and early 1970s. The long term 
tritium record (1969-2001) demonstrates this change for the central part of the aquifer system where main 
discharge took and takes place. Various snapshots of calculated mean residence times prove increased flow 
dynamics in the system during the period of over-exploitation and the recovery of the system due to a more 
sustainable groundwater management. Groundwater hydro-chemistry shows admixtures of NaCl-rich 
groundwater, that is derived from a waste disposal site. The significant increase in NaCl-concentrations during 
the 1970s can be attributed to the strongly reduced dilution processes with fresh groundwater from the already 
over-exploited system. Due to the reduction of groundwater withdrawal, freshwater dilution has improved and 
the groundwater dynamics have been reduced. The pollutant plume has affected all wells along the flow path 
into the central cone of depression and is still a problem to groundwater quality. The combination of various 
investigation methods applied here resulted in a profound understanding of the flow and transport conditions 
within the studied groundwater reservoir under transient flow conditions over a time scale of more than three 
decades. The experience of a shallow, fast responding aquifer system, is an encouragement for groundwater 
managers and experts dealing with (strongly) exploited aquifer systems to use isotope tracer techniques for 
monitoring purposes and to find adjustment of exploitation to sustainability. 

1. Introduction 

The city of Singen at the north-western border of Lake Constance (South Germany, Figure 1), is 
situated within the water protection area of the city's drinking water supply. The well studied 
groundwater reservoir has also been tapped by private companies for large quantities of drinking and 
industrial water (Figure 2) form the early 20th century to present. Over this period the commercial and 
industrial use of large areas was competing with the established protective measures for the drinking 
water supply. Due to the mutual impact of the municipal and private groundwater abstraction facilities 
and hydro-geological conditions, groundwater quantity and quality was affected by anthropogenic 
contaminant inputs for several decades. To maintain quality and quantity of this drinking water 
reservoir, it was recommended to the operators of water supply facilities to conduct geological, 
hydraulic, hydro-chemical and isotope tracer investigation covering the whole aquifer system. The 
results of these comprehensive and detailed investigations were used to establish a management plan 
for the water supply and to adjust groundwater abstraction by use of a numerical groundwater flow 
model. 

2. Geological and hydro-geological situation 

The investigation area is situated in the region of the Pleistocene western Rhine Glacier, which 
originated in the central Alpine ridge and caused several foreland glaciations. As a result, deep basin 
structures and channels were eroded into the Tertiary beds. During the latest Quaternary period, these 
basin structures were filled with sediments. The Singen basin (25,6 km²) is one of these basins. 
Significant aquifers exist within the Quaternary sediment layers and in the Jurassic beds underlying 
the Tertiary Molasse sediments.  
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FIG. 1. Map of the study area, geological cross section and flow of seepage waters. 

Inside the investigation area three aquifers exist within the Quaternary basin sediments. Highly 
permeable sediments bodies within the basin complex are clustered to three aquifers, confining layers 
and vertical aquifer connections by hydraulic windows. The resulting information has led to a hydro-
geological five-layer-model of the Quaternary basin fill. The five layers differ with respect to their 
spatial distribution, thickness, petrography, and hydraulic conductivity. The thickness of the 
Quaternary sediment fill ranges from 10 to 80 meters. Depending on the lithological composition and 
the results of hydraulic tests representative values for hydraulic conductivity and storage coefficient 
can be assigned to different types of sediments. Hydraulic conductivity (kf) in the gravel beds ranges 
from 1,0 × 10-4 m/s to 3,0 × 10-3 m/s and in the siltstones, marls, fine sands and diamictons of the 
aquicludes (Quaternary fines and Tertiary Molasse sediments) from 1,0 × 10-7 m/s to 1,0 × 10-5 m/s. 

In areas with a partial absence of the low permeable confining layers, the aquifer are connected 
vertically by hydraulical windows. Groundwater flow within the individual aquifers is more or less 
horizontal. Groundwater flow over the hydraulic windows has a decisive impact on water circulation 
in the system and makes it completely 3-dimensional. Due to large windows between the bottom 
aquifer C and the central aquifer D their hydraulic heads are equalized and look different from the 
unconfined water table in the upper aquifer (E). This results in two groundwater storeys (E and CD) in 
the Quaternary sediments. 

The hydraulic connectivity between the two groundwater storeys of the groundwater reservoir can be 
determined directly from the two contour line maps of hydraulic head (Figure 2). All hydraulic 
windows in the western and north-eastern part of the basin show a downward water flux into the 
deeper storey CD. Only the hydraulic window in the south-eastern part of the basin is an area of 
upward water flux feeding the upper aquifer E (Figure 2). Water table fluctuations lead to dry areas in 
unconfined aquifer E. Today the thickness of the unconfined aquifer ranges between 0 and 20 meters 
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and shows seasonal fluctuations from 0.5 to 1.5 meters. The bulk mass of water in the reservoir can be 
estimated using the saturated aquifer volume times the porosity to a total of 145 million m³ at present.  

Positive balance terms of the groundwater budget are recharge from precipitation, influx from adjacent 
Molasse ridges and river bank filtration. These components enter the system through aquifer E. 
Additionally, there is water influx from the underlying Upper Jurassic karst into aquifer C. Negative 
balance terms are groundwater withdrawal and outflow into adjacent gravel channels. Figure 3 gives a 
conceptual overview of gaining and loosing groundwater components of the aquifer system. 

Although the reservoir has been used for drinking and industrial water supply since the early 20th 
century, the reliable data record of groundwater withdrawal starts in the 1960s (Figure 4). Two 
important phases of groundwater exploitation are represented. During the 1960s and early 1970s 
(period of over-exploitation) the groundwater withdrawal (CD) averaged 150 % of the present level 
with a peak value of 250 % in 1971. This over-exploitation caused a drawdown of more than 10 
meters in the central part of the upper unconfined aquifer E. Since the mid 1970s groundwater 
discharge was reduced gradually (period of recovery) as a result of reduced industrial water demand 
and protection measure against negative effects on groundwater quality. 

 

FIG. 2. Contour maps of groundwater storeys E and CD (present situation) location of Seewadel 
waste disposal site and discharge facilities. 
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FIG. 3. Basic model of the aquifer systems in Quaternary sediments and mean balance terms of 
steady-state groundwater budget (present situation). 

 

 

FIG. 4. Groundwater abstraction between 1956 and 1998 in groundwater storey CD. 

 

3. Hydro-chemistry and isotopes 

The documentation of groundwater hydro-chemistry (major ions in water of production wells) started 
in 1940. Extensive investigations in the early 1980s and 1990s delivered facts to outline the capacity 
of the aquifer system. Furthermore, they provided information for the identification and quantification 
of different groundwater components as well as for understanding the system’s dynamics, the 
contaminant load and the plume movement. Basing on the knowledge gained this chapter summarizes 
basic relations and briefly describes important events. 
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FIG. 5. Piper plot of shallow groundwater (aquifer E, window DE, aquifer D) and relation to seepage 
waters (1994). 

 
Locally recharged groundwater in the basin generally shows an alkaline-bicarbonate type. However, in 
the major chemical constituents, there are notable admixtures of NaCl-rich groundwater (Figure 5). 
Today this groundwater component is found near the waste disposal site (Seewadel) as a result of 
chloride and ammonium leakage from the site. The site is regarded as the source of major 
anthropogenic groundwater contamination in the aquifer system. The chloride and ammonium plume 
resulting from the sites leakage was ascertained in the last 30 years and is detectable until today. Some 
additional alteration of dissolved solids like Ca-Mg exchange and carbonate solution as well as 
subdivisions of these water types are detected within the two groundwater storeys. They are connected 
to upward leaking groundwater influx from the underlying, slow circulating regional Upper Jurassic 
karst aquifer. 

Isotopes in precipitation in South Germany are available from the stations in Stuttgart and Konstanz 
via the global network for isotopes in precipitation (GNIP) [1]. On the basis of monthly tritium data 
from GNIP (amount of precipitation and tritium value), additional data of a local station 
(Steißlingen/Hegau) and correlation calculations to Vienna and Ottawa data sets a tritium input 
function was derived for local evaluations. The reliability of the derived tritium input function was 
checked using tritium values of young spring water and lysimeter leachate. 

Isotope tracer investigations in groundwater started in 1969-1971 with a sampling of water from 
selected production wells in aquifers CD for 3H- and 13C/14C-DIC-analyses. During the early 1980s, 
3H- and 18O/2H-analyses were performed to create time series and more spatial information about 
deeper parts of the basin [2]. 3H-analyses of water in major production well waters in aquifers CD and 
three extensive basin-wide sampling campaigns for 3H-, 18O/2H-analyses were carried out in the 
early 1990s. Additionally 85Kr-analyses were performed in 1993-1995 to study the deeper parts of the 
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basin. Finally in the context of this study several 3H-analyses were carried out in the wells used as 
references in 2001 (Table 1). 

Mean residence times were calculated using the input-functions, tritium or 85Kr-values and the 
exponential flow model (EM) and the combined exponential and piston Flow model (EPM; percentage 
of EM) respectively. This lumped-parameter model approach [3] was interpreted adjusted to the well 
position within the flow path in the basin. 

Based on isotope tracer data from the extensive sampling campaign in 1994, the derived mean 
residence times show some increase from the near surface to the deeper parts of the system (2 to 15 
years in aquifer E by EM, 8 to 15 years in aquifer D by EPM). Average residence times derived from 
tritium range between 10 and 20 years for the present situation of exploitation in aquifers C and D 
respectively. The closer the wells are located to the hydraulic windows, the lower is the mean 
residence time. Summarizing, in the Singen groundwater, in spite of the effective hydraulic 
connections between the storeys, a layering effect according to age can be seen. Today, the layering is 
only slightly disturbed by the fast, downward moving young inflow in the vicinity of hydraulic 
windows. 

Especially groundwater in aquifer C contains an additional influx of old (> 45 years), tritium free 
groundwater from the underlying Upper Jurassic karst aquifer. The influx of a second tritium free 
groundwater component makes the determination of a mean residence time difficult. The complex 
mixing relationships of groundwater with strongly varying tritium contents made it necessary to use 
painstaking, more extensive isotope methods for the evaluation of the total system than just the tritium 
method. In doing so, the 85Kr-determination method produced important information for the 
characterization and exact quantification of the recharge from local precipitation and karst component 
in aquifers C and D. 

4. Contaminant situation and development 

Beyond the negative effects on groundwater quality due to industrial facilities, urbanization and 
leakage from waste water sewers, the chloride and ammonium leachate from waste disposal sites 
(Figure 1) also led to a detectable impairment in quality. However, heavy metals or organic carbon 
compounds have only been detected in few areas surrounding the waste deposits. They enter 
groundwater only subordinately. The presently low discharge of contaminants from the sites is mainly 
caused by heavy microbiological activity inside the waste deposits. The results from combined hydro-
chemical and isotope (2H, 18O, 3H, 85Kr, 39Ar, 13C/14C, 15N/18O, 34S/18O) investigations have 
provided an important data base for deciding these issues. Furthermore, these investigations have 
shown that contaminants from the waste deposits that enter the near surface aquifer E are strongly 
diluted or quickly decomposed. For this reason they are no longer detectable in groundwater 
monitoring wells surrounding the dumpsites. Due to the decomposition and dilution processes, only 
the diluted salt compounds are detected in the groundwater of the area. 

TABLE 1. RESULTS OF THE ISOTOPE ANALYSES IN SELECTED MAJOR PRODUCTION 
WELLS. 

Well Date δ18O δ2H 3H ± Well Date δ18O δ2H 3H ± 85Kr 
  (‰) (‰) (TU) (TU)   (‰) (‰) (TU) (TU) (dpm/ 

mLKr) 
G. Fischer 

neu 
01.08.69   242,3 6,0 Maggi 

1939/69 
22.02.93 -9,15  33,7 1,9  

 01.11.71   185,0 5,0  13.09.93   26,6 2,4 29,9±2,1 
 13.03.81 -9,71  112,8 27,3  17.05.94 -9,76  27,4 2,0  
 03.04.81 -9,80  86,6 12,3  10.03.01 -9,74 -70,0 18,0 1,2  
 09.05.81 -9,84  86,1 18,8 Münchried 

IV 
01.01.69   2,5 2,5  

 01.06.81 -9,87  97,5 11,7  01.11.71   14,0 4,0  
 09.07.81 -9,88  102,0 11,0  11.03.81 -9,75  81,8 15,2  
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Well Date δ18O δ2H 3H ± Well Date δ18O δ2H 3H ± 85Kr 
  (‰) (‰) (TU) (TU)   (‰) (‰) (TU) (TU) (dpm/ 

mLKr) 
 21.10.81 -9,96  99,5 12,2  07.04.81 -9,68  52,2 11,8  
 24.02.82 -9,85  94,5 11,8  29.04.81 -9,84  77,6 16,9  
 18.07.89 -10,30  41,8 3,1  02.06.81 -9,59  67,8 11,0  
 22.02.93 -9,93  35,0 2,6  03.07.81 -9,83  62,6 11,1  
 21.09.93 -9,71  26,4 2,2  14.10.81 -9,67  64,5 10,2  
 08.06.94 -9,68  27,3 2,1  23.02.82 -9,67  71,2 11,3  
 10.03.01 -9,71 -69,0 16,4 1,2  18.07.89 -9,60  32,8 3,1  

Maggi 
1957 

02.02.82 -9,81  106,0 12,1  19.02.93 -9,76  26,9 1,4  

 22.02.93 -9,59  36,0 2,1  08.06.94 -9,69  22,7 1,5  
 20.09.93 -9,73 -71,0 30,7 2,2  06.02.95 -9,55 -72,0 20,7 1,7 11,1±0,6 
 17.05.94 -9,75  30,0 1,7  21.10.97 -9,83 -70,0 18,6 1,0  
 10.03.01 -9,69 -68,0 15,9 1,2  11.03.01 -9,67 -69,0 17,0 1,2  

Maggi 
1970 

18.03.81 -9,88  97,6 23,0 Münchried 
VI 

11.05.89 -9,91  43,8 2,2  

 03.04.81 -9,83  83,0 13,7  12.05.89 -9,85  41,0 2,0  
 06.05.81 -9,59  88,4 18,1  14.06.89 -9,89  43,7 3,1  
 01.08.81 -9,96  98,1 11,7  18.07.89 -9,88  43,2 2,5  
 14.10.81 -9,93  90,6 12,0  23.02.93 -9,97  40,1 2,1  
 02.02.82 -9,84  97,4 17,4  16.09.93 -9,83 -73,0 32,1 2,5  
 22.02.93 -9,68  31,8 1,5  08.06.94 -9,91  32,8 1,9  
 20.09.93 -9,64 -70,0 26,6 1,7  28.03.95 -9,75  25,8 1,4  
 17.05.94 -9,51  26,6 2,2  28.03.95 -9,83 -72,0 29,6 1,8  
 09.03.01 -9,59 -69,0 15,8 1,2  11.03.01 -9,77 -68,0 16,4 1,4  

Maggi 
1939/69 

13.03.81 -9,59  97,9 22,0 Münchried 
VII 

01.11.71   16,0 4,0  

 03.04.81 -9,77  85,0 12,3  18.07.89 -9,84  45,2 3,1  
 05.05.81 -9,73  95,6 18,0  23.02.93 -9,88  38,1 2,3  
 01.06.81 -9,69  94,0 11,6  13.09.93   39,5 3,4 7,9±0,6 
 14.10.81 -9,76  99,6 13,5  08.06.94 -9,85  34,0 1,8  
 02.02.82 -9,83  95,9 11,9  11.03.01 -9,83 -69,0 16,6 1,2  
 18.07.89 -10,15  55,6 3,9        
 

However, in deeper aquifers showing higher mean residence times near the waste disposal site 
Seewadel, massive impairments in the groundwater quality were detected. Detailed investigations 
using samples taken at different aquifer depths as profiles, showed that contaminated groundwater 
components are present here, especially with a sudden rise in total dissolved solids at the bottom of 
aquifer D and C. Using residence times of groundwater and a flow path analysis of groundwater flow 
the contaminants could be traced back to seepage water discharge from the 1970s and 1980s. By these 
investigations, the Seewadel waste disposal site could be identified as the source of the major 
impairment of groundwater quality (Figure 1). 

Due to the connection of the hydraulic window near the Seewadel site in the cone of depression of 
aquifers CD, dump site leachate flows towards the production wells (Figure 6) of public drinking 
water and industrial water supplies. Based on the aquifer geometry and the groundwater flow field, the 
well G. Fischer has been affected primarily during the period of over-exploitation (Figure 7). Hereafter 
the peak of the chloride plume has reached all wells along the flow path into the centre of the cone of 
depression. Mean flow velocities of 10 to 12,5 m/month can be derived from the long term response 
over the last decades. Well specific reactions are visible over a long period as chloride concentrations 
are correlated to well discharge. This indicates that high mineralized groundwater components 
(undiluted seepage water) were present at the bottom of the aquifer. Throughout the last years most 
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wells showed similar chloride concentrations, which proves that a stable extent of dilution has been 
established. 

Today the contaminant plume still affects the wells of the city's drinking water supply (Münchried 
wells) seriously. Caused by the position of the wells Münchried VI and VII in the centre of the cone of 
depression, chloride loads are generally on a raised level here and well specific reactions still exist. 
Trends of chloride concentrations in individual wells are caused by specific well discharges and the 
varying dilution with uprising karst water. The karst component mainly affects well Münchried IV [4]. 

 

FIG. 6. Flow path of anthropogenic chloride plume. 

 

 

 

280



 

FIG. 7.  Chloride concentrations versus time in major production wells. 

 

5. Development in mean residence times and age composition 

The results of tritium analyses reflect the age composition of a groundwater and thus the prevailing 
flow dynamics in connection with the hydraulic boundary conditions. Former tritium values from 
production wells still give a valuable insight into the system dynamics in the past. 

This fact is important for understanding the long term system reaction, considering the development of 
the groundwater discharges in the past with peaks between 1969 and 1974 and the following decline 
(Figure 4). The set of isotope tracer data, with tritium values covering different periods of exploitation 
is also helpful for the understanding of contaminant migration into the deeper aquifers. To meet a 
proper interpretation, an assessment of all available isotope data has been performed. Based on this 
data sampling sites in the Singen basin with a isotope covering different periods of exploitation were 
pre-selected. 

It has to be stated, that all data form the Singen basin show an increase of mean residence times over 
the last decades whereas the data do not indicate this for adjacent Quaternary basins. Within this study 
selected isotope tracer records from production wells in the central and the southern part of the basin 
have been documented (Table 1). These wells represent major discharge and therefore the historic 
development of withdrawals as well as the dynamic response of the aquifer system due to exploitation. 

To guarantee the comparability of data and results, the calculation of mean residence times during all 
periods of exploitation was carried out using a lumped parameter approach adjusted to the well 
position in the Quaternary basin. The calculation of mean residence times was assisted by the 
computer program MULTIS [5]. Table 2 gives an overview of the results for the selected wells. EM 
represents exponential model, EPM combined exponential/piston flow model. Numbers express the 
percentage of the exponential model portion. 
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TABLE 2. MEAN RESIDENCE TIMES DETERMINED BY LUMPED PARAMETER MODELS. 

Well Aquifer Model Record Mean residence time (a) 
    1969-

1971 
1981-
1983 

1989-
1990 

1993-1995 2001 

G. Fischer neu CD EPM80 1969-2001 1 - 2 3 – 8 8 - 11 9 - 15 12 - 15 
Maggi 1957 CD EPM70 1982-2001 - 7 – 10 - 12 – 15 12 – 15 
Maggi 1970 CD EPM70 1981-2001 - 3 – 8 - 10 – 12 12 – 15 
Maggi 1939/69 CD EPM70 1981-2001 - 3 – 8 12 – 16 10 – 14 15 – 18 
Alusingen TB I CD EPM80 1981-1994 - 2 – 7 7 – 9 8 – 12 - 
Alusingen TB III CD EPM80 1992-1994 - 2 – 7 - 8 – 12 - 
Alusingen TB II D EPM80 1981-1994 - - - 6 – 10 - 
Münchried IV CD EPM60 1969-2001 * ** ** ***60%,16 ? 14 – 16
Münchried VI CD EPM60 1989-2001 - - ? 9 – 12 ? 12 – 16 ? 14 – 16
Münchried VII CD EPM60 1971-2001 * - ? 9 - 12 ***75%,20 ? 14 – 16
Rielasingen II CD EPM80 1993-2001 - - - 8 – 14 18 – 22 
Rielasingen I E EM 1981-1994 - 1 - 4 - 8 – 12 - 
 

*- mixing system: 3H-values indicate low portions of young groundwater  
**- mixing system: 3H-values indicate relevant portions of young groundwater 
***- mixing system: 85Kr-values indicate (portion of young groundwater, mean residence time) 
? - mixing system: 3H-values show inadequate low mean residence times (results of lumped  
 parameter model for 100% of young groundwater) 

In groundwater storey CD near to the central hydraulic window, isotope data of well G. Fischer 
(Figure 1, 2 and 6) cover the two periods of exploitation. The tritium values and the calculated mean 
residence times particularly show a significant difference in the prevailing flow dynamics between 
1969 and the current situation (Figure 8). 

 

FIG. 8: Calculated 3H-output-curves and analysed 3H-values for well G. Fischer. 
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FIG. 8. Calculated 3H-output-curves and analysed 3H-values for Münchried wells. 

 

During the period of over-exploitation (1960s and early 1970s) very low residence times indicate - 
stress caused - fast groundwater flow and direct inflow of young groundwater through the hydraulic 
window into deeper parts of the system. In comparison to present conditions (1993/1994 or 2001), the 
total and individual well discharges were almost the double. The high discharge rates of over-
exploitation affected the total reservoir including groundwater storey E seriously and caused a 
lowering of hydraulic heads as well as an acceleration of groundwater flow velocities. 

The significant increase in chloride and ammonium concentrations in the 1970s can be attributed to 
the strongly reduced dilution processes with young groundwater and the direct inflow from the over-
exploited groundwater storey E (Figure 7). The tritium values of well G. Fischer analyzed in the 
recovery-phase (early 1980s to 1995) show a positive trend in mean residence time. This trend is well 
correlated to the lowering of total discharge in groundwater storey CD. Wells Alusingen I-III, located 
near the central hydraulic window within a separate small-scale draw-down cone, show a similar 
effect corresponding to the general and well specific decline of withdrawals. Within the central cone 
of depression, the Maggi wells are situated halfway in the flow-path between well G. Fischer and the 
drinking water supply of Münchried wells. Due to their greater distance to the central hydraulic 
window they tend to higher groundwater mean residence times. In this case the recovery of the 
reservoir is indicated by an increase of mean residence times, too, although there are some overlying 
effects associated to well specific exploitation rates. The Münchried wells are located in the center of 
the cone of depression. In this area there is additional high influx of the Upper Jurassic karst water (3H 
≈ 0 TU; 14C-DIC ≈ 50-60 pmc) via tectonically stressed zones. 

Due to the complex mixing-system (karst influx and locally recharged groundwater) at each well and 
time-related variations, tritium values can not be interpreted by using a simple lumped parameter 
approach here. Only the combination of 3H- and 85Kr-values analyzed in 1994-1995 and the 
definition of the groundwater components involved allows the interpretation of mean residence times 
in detail. Based on the total withdrawal and the results of the combined isotope methods, the local 
karst water influx was quantified as 30% of the total present water budget or 40 - 50 l/s [4]. 
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Hydro-chemical data (Figure 7) and tritium data (Figure 8 and 9) show that during the late 1960s and 
early 1970s in spite of high exploitation rates, portions of karst water were dominant. In contrast to 
this, the tritium values analyzed in 1981-1982 (period of rising  chloride concentrations), indicated as 
an early warning signal the progressive shift of the mixing system caused by increased portions of 
locally recharged groundwater. This shift influenced the three wells differently throughout the 
following years. While the influx of uprising karst water supplied well Münchried IV to a higher 
extent, the wells Münchried VI and VII have been affected more by the young groundwater 
component and the anthropogenic chloride plume. Especially Münchried VI was connected tightly to 
the central hydraulic window whereas the catchment area of Münchried VII was dominated by the 
slower circulating groundwater of southern part of the central cone of depression (Rielasingen II). 
Today the modern well management succeeded in stabilizing the hydro-chemical situation of the 
Münchried wells. Differences in karst water portions do not become apparent when using only the 
tritium values sampled in 2001. If differences still existed, their detection and quantification would 
need the combination of the 85Kr- and  tritium analyses. It was decided to put this question on the 
agenda of a planned INTERREG III research program dealing with the regional flow and discharge 
rates of the regional Upper Jurassic karst aquifer system (border area Switzerland-Germany). 

6. Numerical simulation 

A 3-dimensional, transient numerical groundwater flow model was established for the Quaternary 
porous media sediments of the Singen basin using the graphic-interactive simulation system FEFLOW 
[6]. The finite element mesh is built up of triangular prisms. For the horizontal triangular 
interconnexion, model relevant geometric features were taken into account in order to provide the best 
fit for watercourses, for setting the boundaries of areas with different hydraulic conductivity and to 
best determine the position of the discharge wells. The vertical discretion was oriented on the hydro-
geological five-layer-model. Aquifers and confining layers are represented by at least one element 
layer. Figure 3 shows a review of the hydro-geological concept model and the layering. The finite 
element mesh has 6750 nodes and 11444 elements, set up in 9 node slices and 8 element layers. 
Hydraulic conductivity was based on a vertical anisotropy of 10. Water exchange through the 
hydraulic windows was not controlled by boundary conditions, but rather calculated from the 
calibrated hydraulic gradients and assigned hydraulic conductivity. 

The flow model was calibrated for two steady-states (August 1993 and April 1994) and transient for 
the period of February 1992 to December 1993. Calculated hydraulic heads fit observed water levels 
very well. The numerical values for the individual groundwater balance terms are also in good 
agreement with field measurements. These were, as already mentioned, verified through painstaking 
hydraulic, hydro-chemical and isotope studies. 

The short term transient model was extended to a long term transient flow model that covers a period 
of almost 50 years (1953-2001). The transient flow model can also be constrained by the long term 
record of hydro-chemical and isotope data. Flow simulations are able to reproduce and to quantify the 
change in flow dynamics during the period of over-exploitation which are provided from isotope data. 
The model can simulate the lowering of hydraulic heads and therefore calculate the increase in 
groundwater flow velocity during the period of over-exploitation. Isotope data help to constrain the 
models’ uncertainties. Travel times of groundwater between the Seewadel waste disposal site and the 
major production wells aquifers CD are calculated by means of a dispersion-free pathline algorithm. 
For the period of over-exploitation calculated mean travel times between the site and the wells are in 
the order of less than 5 years. For the period of recovery calculated mean travel times are approx. 20 
years. These values match very well the isotope based mean residence times for various snapshots 
during the exploitation history of the system (Table 2). 

Due to the enormous consumption of computing time and a lack of working resources during the year 
2001 the planned numerical transport simulation of tritium movement through the aquifer system 
(period from 1953 to 2001) was cancelled. 
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The existing model enables experts to simulate the effect of hypothetic groundwater abstractions to 
groundwater budget and the movement of contaminants in the system. It is the basis for all future 
management strategies. The goal of water authorities is to use the system sustainably with respect to 
groundwater budget and to protect wells of public drinking water supply against pollutants which 
already entered the deeper layers of the system. 

7. Conclusion 

The groundwater of the Singen basin is primarily recharged by the infiltration of the local precipitation 
and is subject to the manifold impacts from urban, commercial, and industrial settlements. However, 
the contribution from the ascending Upper Jurassic karst water is very important for the water balance 
and quality. 

Tritium values of the major production wells show that a definite decline in the groundwater dynamics 
of the groundwater storey CD occurred since the early 1970s. This is visible in the increasing mean 
residence times of the groundwater and linked with a gradual decline of the total discharge out of the 
groundwater storey CD. Summarizing the comparisons, it can be stated that, under the present 
boundary conditions of the groundwater resources, groundwater flow conditions and discharge rates, a 
stable groundwater circulation system and a reduced affection by the anthropogenic chloride plume 
has been achieved. 

The main reasons for the clear isotope and hydro-chemical response due to exploitation in the Singen 
aquifer systems are: 

– Small, shallow flow systems with flow velocities in the range of meter per day. 
– The small reservoir is sensitive to groundwater discharge in the order of 0.010-0.100 m3/s. 
– The two major groundwater components (locally recharged and deep karst water) represent perfect 

end members of a mixing line with respect to tritium and chloride at the Münchried wells. 

The groundwater balance calculations and model calculations completed show that an essential 
increase in groundwater withdrawal is not possible. This would develop a flow situation similar to the 
one developed during the years of over-exploitation, with the corresponding consequences for 
pollution transport. Large scale urbanization would cause a decrease in recharge from precipitation 
and also leads to the same result as an increase in discharge. This must be considered in future city 
planning and development. Much lower withdrawals are also not recommended, since they would lead 
to a rise in the groundwater level and could cause imbibation in different regions of the area modelled. 

The management concepts for the total withdrawals from the basin have resulted today in a much 
better balanced groundwater reservoir. Withdrawal rates that are too high have been avoided, as well 
as rates that are too low. The underground flow system can and must be adjusted to anthropogenic 
withdrawals, so that the existing pollutant plume affections are stable. The groundwater model as a 
prognosis instrument can only deliver cues for corresponding well operation. The effects in nature 
must be monitored on the long term by a suitable monitoring program and if necessary corrected. 

The results from isotope investigations carried out over more than 30 years proved the ability of the 
method as a monitoring tool reflecting the age composition of a groundwater and thus the prevailing 
flow dynamics in connection with the hydraulic boundary conditions. If the interpretation of the data is 
adjusted to an even complex groundwater circulation system, isotope results can be used as a very 
effective early warning system. 

Using these experiences from a small, shallow and fast responding aquifer system, groundwater 
managers and experts working on strongly exploited aquifers can be encouraged to detect and quantify 
groundwater components, to start monitoring the components, to work on the understanding of 
possible movements of components and the change of mixing, to start predicting the future 
development using simulation models and finally to improve model based predictions by monitoring 
results. 
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