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FOREWORD 

Baseflow often plays a very important role in ensuring the sustainability of perennial rivers. 
Being a critical component of streamflow, it can also be a useful indicator of the 
sustainability of aquifer systems hydraulically connected to rivers and streams. In fact, water 
in streams has two main components: surface and near surface quickflow and baseflow that 
enters slowly. Baseflow generally comes from shallow, unconfined aquifers and enters a river 
through its banks and the river bed bottom. However, this exchange may involve waters with 
different transit times in the basin and the underlaying aquifers, since water components enter 
surface and ground water bodies at different times, originate from different sources in the 
catchment and leave the systems at different times. Baseflow has been recognized as an 
important diagnostic variable to define boundary conditions for climatic and hydrological 
models, but substantial work remains to uncover how changes in baseflow impact a larger 
catchment system as a whole, including issues such as water quality, wetland viability, water 
availability, ecological stability and risks and human health. Baseflow in large rivers may 
increase or decrease with downstream distance, depending on the distribution of recharge and 
discharge zones and sources along streams. Hence an improved understanding of the role of 
baseflow in overall catchment vulnerability is a key element in the support of water resource 
management tools and thus best management practices on a large scale.  
 
In most cases, stable isotopes and other water tracers provide deeper insight into hydrological 
processes, especially regarding aspects related to water pathways, interconnections, transport 
of water and pollutants and the transit time of water. However, the relation between baseflow 
age distributions and spatial sources of baseflow along streams is poorly understood, 
including what the age distribution of baseflow indicates about the vulnerability of aquifers 
contributing to the baseflow and how to interpret baseflow age so it can be utilized as a 
potential management tool. Water age dating techniques, along with modelling and 
conventional techniques, can be used to understand the contribution of baseflow to a river 
and the sustainability of associated aquifer systems. With this concept in mind, and to test the 
suitability of age dating techniques to understand the sustainability of aquifers systems in 
large catchments by measuring baseflow age in rivers, the coordinated research Project 
(CRP) associated with this document was launched.   
 
This publication presents the results of several isotopic studies carried out by different research 
groups in 12 countries, as well as the conclusions drawn from available isotope results. The 
summary chapters compiled in this publication have been provided by the CRP participants and 
went through a process of minor editorial and formatting changes.All isotope data compiled as 
part of the CRP have been included in the IAEA’s isotope database and are available online. A 
combination of isotopic, geochemical, modeling and conventional techniques has revealed both 
the amount of groundwater flow into rivers and the temporal dimension of groundwater travel 
time from infiltration areas to discharge locations in streams. The CRP provided an opportunity 
to test various techniques for estimating the age of both groundwater and surface water, in 
order to assess groundwater sustainability. Work for this CRP also revealed that tritium dating 
may be a good tool to measure baseflow residence time, but tritium-helium is much better in 
cases where residence time is shorter. However, chlorofluorocarbon (CFC) dating has not been 
found to be a good age dating technique in this case, as it yields high values, particularly when 
river water is polluted.   
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SUMMARY 
 

The CRP Isotopic Age and Composition of Streamflow as Indicators of Groundwater 
Sustainability had the objective ‘to develop and test an isotopic methodology for 
characterizing aquifers and catchments by monitoring baseflow age in large rivers’, which 
was completed by 12 research groups. River catchments of different scales, from medium 
(1000 km2) to large (100 000 km2) were chosen by various research groups for field studies. 
Different isotopic and non-isotopic techniques were used to evaluate age distributions of 
baseflow to rivers such as stable isotopes, environmental tritium, CFCs, 3H/3He, long term 
discharge data and various modeling approaches. Stable isotopes were used to characterize 
water. This TECDOC summarizes the CRP’s (F 33015) achievements supported by 11 case 
studies of large river basins programme. The RCM meetings took place in Vienna, Austria, 
the first held from 15–19 November 2004, the second from 8–12 May 2006, the third from  
1–5 Oct 2007 and the 4th from 28 September–2 October 2009. 
 
Past available hydrological, chemical and isotopic data, as well as the data developed during 
the course of the study were synthesized and interpreted in terms of baseflow contribution 
results and the sustainability/vulnerability of shallow aquifers in those cases where a 
complete dataset could be compiled. 
 
The CRP demonstrated the use of isotopic methodologies for evaluation of the isotopic age 
and composition of streamflow as indicators of groundwater sustainability. Groundwater 
discharge to rivers and other surface water bodies plays an important role in many regions of 
the world, and this contribution is responsible for maintaining the baseflow of rivers that 
provide drinking water to millions of people. This CRP provided new insights into the 
amount of groundwater flow into rivers and the temporal dimension of the travel time of 
groundwater from infiltration areas to its discharge in streams in 12 river catchments located 
in various geographical and geological settings. Most of the participating organizations used 
CFCs and 3H/3He techniques for water dating, stable isotopes (δ18O and δ2H) for 
characterising various types of water input to rivers, along with some other isotopes to 
understand origin and anthropogenic effects. Hydrogeochemical techniques to understand 
soil–water chemistry have been used to support isotopic investigations, and various types of 
available hydrological data have been used along with hydrological measurements during the 
CRP period. A set of ‘mandatory’ methods at all sites, such as sampling for CFCs, was 
accepted by most participating organizations. Organizations without CFC measurement 
facilities sent samples to the IAEA (Isotope Hydrology Laboratory), where they were 
analysed and the results used for cross-comparison.  However, CFC age dating has not been 
found to be an appropriate technique for determining baseflow contribution, as in many cases 
estimated ages were found to be many times higher than ages estimated using other 
techniques. Tritiogenic helium dating technique results, produced by a few organisations, 
were found to be very encouraging. Thus, this technique can be treated as a potential tool for 
the assessment of baseflow in streams/rivers. 
 
A compilation of available case study results from different participating Member States 
showed that the amount of groundwater discharging into rivers via dominantly porous 
alluvial aquifers decreases with the increasing travel time of groundwater to a river; in other 
words, aquifers with a greater amount of groundwater flow have a faster (potentially less 
sustainable) hydraulic turnover. The karst/fractured system of the Zamanti River (Turkey) do 
not follow this trend because of high effective recharge and substantial storage of high 
amounts of relatively old groundwater in karst fractures. The use and comparison of the same 
techniques at all study sites allowed for the integration of particular quantitative results (for 
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example, groundwater discharge to rivers, groundwater travel time, etc.) to create more 
complete indicators of sustainability. 
 
Analysis of river discharge records at last five years showed an average of about 60–70% of 
baseflow in most catchments, ranging from about 30% in basins with runoff dominated by 
wet seasons (Morocco, Ghana, Pakistan and Vietnam) to 80% in karst systems dominated by 
subsurface flowpaths (Turkey). Stable water isotopes revealed that quick shallow 
groundwater contributions to rivers put river water age at up to two years old, while in other 
places (Brazil, Slovakia, Serbia) indicated relatively older groundwater ages. Tritium and 
chlorofluorocarbon provided information about the contribution of slower groundwater flow 
components, creating an accurate reflection of catchment geology and ranging up to 50 years 
in terms of residence time. Relatively lower residence times were observed in some larger 
catchments (Danube near Vienna), indicating a dominant groundwater contribution through 
tributaries instead of direct exfiltration. Thorough collaboration by all participating teams 
allowed for the application and cross-comparison of identical isotope and conventional 
techniques in all catchments.  
 
River/stream baseflow has been used as an indicator of shallow aquifers, with an improved 
interpretation of baseflow age estimated via various isotope dating techniques. Groundwater 
and surface water interactions have been studied in large river basins. It was found that the 
amount of groundwater discharging into rivers via dominantly porous alluvial aquifers 
decreases with the increasing travel time of groundwater to a river; in other words, aquifers 
with high amount of groundwater flow have a faster (potentially less sustainable) hydraulic 
turnover. Karst/fractured systems do not follow this trend, because they have high effective 
recharge and substantial storage of high amounts of relatively old groundwater in karst 
fractures. Baseflow age, geological formations, hydraulic gradient and distance from the 
discharging point/river have been found to be the main factors determining shallow 
groundwater sustainability.  
 
Further, it has been found that 3H/3He and 3H dating techniques yielded good estimates for 
the age of baseflow, while CFCs provided very high ages in the case of polluted waters. 
However, of the two techniques the 3H/3He dating technique has been found to be the most 
suitable for interpretation, while CFC age dating has not proven to be an appropriate 
technique where anthropogenic activities dominate. However, one index to identify baseflow 
has also not been found to be sufficient in the case of polluted stream water. Therefore, 34S 
has been found to be suitable as an additional index with low flow age for different ranges of 
fresh water and polluted water. 
 
The CRP lead to an improved understanding of the use of these techniques for catchments of 
different scales, land use and human development, as well as an improved awareness of the 
capabilities and limitations of available isotope techniques. The CRP made use of the recently 
established Global Network of Isotopes in Rivers (GNIR) and provided further valuable data 
to this database. 
  



1.  INTRODUCTION 

1.1. Background 

Water in streams has two main components: surface and near surface quickflow in response 
to rain or snowmelt, and baseflow, which is water that enters from persistent, slowly varying 
sources and maintains streamflow between water input events [1]. Baseflow generally comes 
from shallow unconfined aquifers containing water less than 50 a old at depths of between 10 
and 100 m [2] and enters the river through the river banks and the bottom of river beds [3]. 
However, streamflow between events can also derive from drainage of lakes or wetlands; 
conversely, groundwater can also contribute to quickflow. Streams that receive 
proportionately large amounts of baseflow tend to have relatively low temporal flow 
variability and provide a more reliable source of water for water resource purposes. Baseflow 
is hence considered to be an integrate descriptor of the vulnerability of groundwater resources 
at the catchment scale [4]. 

 
Shallow groundwater sources of baseflow that are intimately connected to a river system 
need to be studied as part of a catchment. However, studies on this interaction to date have 
focused either on small catchments or on classical local, intermediate and regional 
groundwater flow systems [5] without a catchment context. Baseflow has been recognized as 
an important diagnostic variable for constraining climatic and hydrological models [6], but 
substantial work remains on the issue of how changes in baseflow impact a large catchment 
system as a whole, including issues such as water quality, wetland viability, water 
availability, ecological stability and risks and human health. In 1992, an action plan called 
Agenda 21 was adopted at the United Nations Conference on Environment and Development 
(UNCED) in Rio de Janeiro identifying hydrologic knowledge as a base for decision making. 
Hence, the improved understanding of the role of baseflow in overall catchment vulnerability 
is a key novel water resources management tool, encouraging best management practices on a 
large scale.  
 
Groundwater discharge to baseflow may take place over many years; water components enter 
into a catchment at different times, originate from different sources in the catchment and leave 
the catchment after a time of residence. Consequently, groundwater withdrawals and losses 
from groundwater storage manifest themselves slowly over time [7]. However, little work has 
been done to date on what the age distribution of baseflow indicates about the vulnerability of 
aquifers contributing to baseflow and how to interpret baseflow age as a potential 
management tool. 

 
The mean residence time (MRT) or ‘age’ of water in a catchment is the average time water 
spends in the subsurface system before it reaches a designated point along its flowpath [8], 
such as a watershed outlet, a monitoring well, or a specific soil depth. To date, stable water 
isotopes have been the dominant age dating tool, generally because of the conservative nature 
of these isotopes and the ease with which they can be processed both in the field and the 
laboratory. Stable isotopes 18O and 2H, and, more rarely, radioactive isotopes 3H and 35S, have 
been the mainstays in recent years to estimate MRT water exiting a catchment [9], a spring 
[10], a hill slope [11] or a set of soil lysimeters [12]. These approaches are typically based on 
residence time distribution models presented in Refs [13, 8, 10], which have been recently 
formalized in a variety of software packages, such as FLOWPC [12] and MULTIS [14]. Most 
of this work involves deconvoluting the time course of isotope input (i.e., the isotopic 
composition of precipitation or throughfall) with a system response function (also called 
weighting function) to calculate the time course of isotope output (i.e., the isotopic 
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composition of stream water) from the catchment. The degree to which temporal variations 
are preserved in baseflow depends on the frequency of the variations, the mean residence 
time, and the magnitude of dispersion processes in the subsurface. Over the past 40 years, 
reasonable success in obtaining residence times of a few years has been achieved in small, 
well-instrumented experimental catchments, which are typically located in headwater areas 
[15]. Sustainable management of large catchments, however, requires a thorough 
understanding of the nature of the baseflow recharge areas, aquifer boundaries and 
groundwater flowpaths, which in large catchments are extremely difficult to derive with 
confidence. Existing estimations of the mean age of baseflow are typically on the order of 10 
years [16]. However, no thorough knowledge exists on the upscaling of baseflow ages to 
regional systems and large catchments. McGlynn et al. [17] did not find any significant 
implication of residence times on small scales in a larger catchment. However, Böhlke and 
Denver [18] showed in a small catchment study, that outflowing water will continue to be 
contaminated with nitrates for 2–3 decades to come, which demonstrated implications for 
systems on the size of the Chesapeake Bay, USA.  Theoretically, an exponential model of 
flow in an unconfined aquifer that arises when recharge is spatially constant predicts that the 
flow weighted mean travel time is independent of horizontal distance (i.e. independent on 
scale). In such idealized systems, the flowweighted mean travel time of water discharging as 
baseflow into a river will be the same in the upper and lower reaches of a watershed [19]. If 
small scale flow systems are part of a continuum that contributes to large catchment scale 
systems, then one might hypothesize that the mean baseflow age for both scales will be 
similar. Testing this hypothesis is a crucial research objective and a major challenge for the 
design of an optimal protocol and sampling programme. A pioneering study on surveys of 
rivers in the conterminous United States of America was published by Kendall and 
Coplen [4]. 
 

Baseflow in large rivers may increase or decrease with downstream distance, depending 
on the distribution of recharge and discharge zones and sources along streams. The relation 
between baseflow age distributions and spatial sources of baseflow along streams is poorly 
understood and has been rarely the object of thorough research. Craig [20] compiled water 
isotope content in selected rainfall, stream water and groundwaters and demonstrated the 
effects of evaporative enrichment and water–rock interactions on the deviations of stream 
water isotopic composition from the global meteoric water line. This information and existing 
methodologies have been further integrated into longitudinal surveys of larger streams, which 
have allowed for the identification of recharged waters isotopically enriched due to 
evaporative effects in lakes, streams, drainage channels and shallow river banks [21, 22] and 
waters isotopically depleted from irrigation returnflow in arid areas [23]. Schlosser et al. [24] 
demonstrated the use of 3H and 3He and Ellins et al. [25] showed the use of 222Rn to study 
leakage of river water into shallow aquifers and delineate exfiltration and infiltration zones 
along river reaches. In zones where river baseflow exfiltrates into adjacent aquifers, recharge 
velocities and residence times of the recharged water can be obtained by using the 3He/3H 
technique [26]. Conversely, the source and residence times of groundwater seepage to streams 
were evaluated by use of chlorofluorocarbons [27–29]. Several studies documented increased 
recharge of shallow aquifers in developed areas [30] due to leakage from water supply pipes 
and storm sewers [31] and septic leach-fields [32]. These findings apparently contradict the 
common view of urban catchments as sources of enhanced rapid runoff on impervious areas 
[33] and indicate a substantial need for further investigation into processes in developed 
catchments. A large number of studies also provided information on the contributions of 
nitrate from precipitation and from microbial nitrification [34], from microbial denitrification 
in shallow aquifers [35], from septic tank leakages and animal waste [36], and from natural 
soil nitrogen in fertilizer and wastes [37]. Isotopes of solutes such as 87Sr and 210Pb became 



tools for identification of the evolution and origin of river waters via tracing the weathering 
reactions along water pathways in a catchment [38, 39]. This expansion of isotopic 
applications for a variety of catchment related processes shows that in nature there are several 
useful environmental isotopes which can be used for different specific investigations. 
However, each isotope has advantages and limitations in comparison to others. Hence, recent 
trends indicate continuously growing interest in multi-isotopic studies, which address 
complex hypotheses related to the use of isotopic studies in catchments as management tools. 
Keeping this in mind, this CRP was planned to investigate the age of baseflow in large rivers, 
the information from which is intended to be used as a management tool for shallow aquifers. 
 
1.2. Objectives 

 
This document has been created to relay the outcome of a CRP called Isotopic Age and 

Composition of Streamflow as Indicators of Groundwater Sustainability, which was launched 
in order to understand and evaluate the sustainability of groundwater in an area by knowing 
the age and isotopic composition of streamflow. The main objective of the CRP was to 
develop and test an isotopic methodology for characterizing aquifers and catchments by 
monitoring baseflow age in large rivers, while the specific objectives were: (a) to improve 
interpretation of baseflow as an indicator of shallow groundwater aquifers, (b) to study 
interactions between groundwater and surface waters at the large river basin scale and (c) to 
investigate quantitative parameters responsible for shallow groundwater sustainability. 
 
1.3. Scope of the report 
 
This report covers studies undertaken in catchments of 11 major rivers worldwide and 
preliminary interpretations of the data collected, along with conclusions drawn. These 
individual studies led to testing of the suitability of various age techniques to identify the 
correct age of baseflow as an integrated component of river flow. The contribution of 
individual studies undertaken in several countries, such as Argentina, Brazil, China, Ghana, 
Morocco, Pakistan, Serbia, Slovakia, Germany, Turkey, and Vietnam, has been invaluable in 
evaluating the sustainability of aquifer systems in large river basins through estimating the age 
pattern of baseflow as one streamflow component. 

 
1.4.  Structure 
 
The foreword of this publication describes the importance of baseflow as an integrated 
component of streamflow. Further, it describes the utility of the age pattern of baseflow in 
understanding the sustainability of an aquifer system in a large river catchment. It also 
discusses the reason for this document, which is that the improved understanding of the role 
of baseflow in overall catchment vulnerability is the key for optimal utilization of novel water 
resources management tools, in turn supporting best management practices on large scale. It 
goes on to outline the role of age dating and other isotopic and non-isotopic techniques for 
providing information about the sustainability of aquifer systems in a large river catchment.  
 

The summary in Section 1 of this document outlines the undertakings which were part of the 
CRP and the principal objectives of the CRP, including various isotopic and non-isotopic 
techniques used by the different research groups and the size of catchments chosen for 
investigations. It describes the few ‘mandatory’ approaches followed at all sites by most of 
the participating organizations. The organizations which did not have adequate measurement 
facilities to complete the mandatory approaches were provided with support by the Agency. 
Results and conclusions drawn on the basis of isotopic and non-isotopic approaches used by 
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12 research groups considering river catchments of varying scales are also discussed in the 
summary. 

The background leading up to the CRP to evaluate the age pattern of baseflow to understand 
the sustainability of aquifers system in large river catchments is outlined in the introduction, 
including the need for developing a technique for the efficient management of groundwater 
on a large scale. Achievements and results are also discussed in Section 1, including 
important conclusions. The CRP discussed in this document will encourage the development 
of new CRPs on baseflow measurements in rivers, further refining and establishing isotope 
techniques in order to provide better management practices. 

The remaining sections document a series of case studies, providing details about work 
undertaken with the Quequen Grande, Piracicaba, Huai He, White Volta, Souss, Váh in the 
Danube, Zamanti, Lebrija, Weser, Velika Morava, Red and Indus River basins/catchments. 

 
1.5. Achievements and results 
 
The CRP has demonstrated the use of isotopic methodologies for evaluating the isotopic age 
and composition of streamflow as indicators of groundwater sustainability. Groundwater 
discharge to rivers and other surface water bodies plays an important role in many regions of 
the world and this contribution is responsible for maintaining the baseflow of rivers that 
provide drinking water to millions of people. This CRP provided new insights into the 
amount of groundwater which flows into rivers and the temporal dimension of the travel time 
of groundwater from infiltration areas to its discharge in streams in 12 river basins with sizes 
ranging between 1000 and 100 000 km2 in various geographical and geological settings. Most 
of the participating organizations used CFCs and 3H/3He techniques for water dating and 
stable isotopes (δ18O and δ2H) for characterising various types of water inputs to the rivers, 
along with a few other isotopes to understand origin and anthropogenic effects. 
Hydrogeochemical techniques have also been used to understand soil–water chemistry and as 
a supporting tool for isotopic investigations. In addition, various types of available 
hydrological data were used, along with hydrological measurements during the CRP period. 
The brief results of each participating Member State are mentioned below. 
 
Argentina studied groundwater and baseflow characteristics in the Quequen Grande River 
(QGR) Basin. The sinus signal of stable isotopes in the river yielded a MRT of about two 
years, while CFC dating revealed ages of around 35 years for most groundwater and baseflow 
samples. 3H/3He dating also provided an apparent age of about two years. A fast component 
(about two years) can be identified and likely assigned to pre-event water released during 
storm periods (translatory flow), and another component of baseflow is formed by 
groundwater of about 30 a. A MRT of about 30 to 40 has been identified for baseflow. The 
QGR and its tributaries discharge a shallow aquifer constituting an intermediate flow system. 
A deeper part of the aquifer with water ages higher than 50 a forms a regional system which 
discharges directly into the sea. 

 
Brazil carried out a sustainability baseflow study at the Piracicaba River Basin, located in 
south-east Brazil. The average δ18O value of all rivers and streams studied (–5.7‰) were 
about 1.2‰ more enriched than the average value of wells and springs (–6.9‰) in the dry 
season. The amplitudes of δ18O found in precipitation and groundwater were used as a first 
approximation to estimate mean residence time of unconfined groundwater. 
 
China conducted studies on two main tributaries in the Huai He River Basin. CFC dating 
shows that the recharge time of low flow ranges from early 1982 until early 1983, the shallow 



groundwater originates from mid-1982 until 1983, and that groundwater at a depth of about 
50 m is from 1978. The spatial distribution of groundwater tritium shows the sensitive zone 
of recharge to be about 50 m below ground surface and river baseflow can only hold only 
information within that depth. Three sources of waters for low flow are identified from 
uranium disequilibrium. One index to identify baseflow has not been found sufficient in the 
case of polluted stream water. Therefore, 34S with different ranges of fresh water and polluted 
water has been considered to constitute an additional index with low flow age. 
 
The Germany studied the isotopic age and composition of streamflow in the Weser basin 
(Germany) to understand possible implications for groundwater sustainability. Tritium 
recession in the streamflow of large basins indicates contributions of slowly moving water. 
Runoff separations using the TACD model led to baseflow quantities of 54–71% (including 
fast and slow groundwater), 76–95% using WaSiM-ETH and 59–71% with a simple digital 
filter method (BFLOW). Mean residence times of 14–50 a and 15–26 a were derived with 
TRIBIL-TACD and TRIBIL-WaSiM, respectively. Stable isotopes (δ2H and δ18O) in 
streamflow were used in combination with simple black box modelling approaches (a 
dispersion model with a FLOW-PC, sine-wave method) to calculate mean residence times. In 
contrast to tritium, stable isotopes on a large scale mainly characterize fast runoff components 
(seasonal variations) and estimated stable isotope mean residence times were in the order of 
several months for the dispersion model and close to one year for the sine-wave method.  
 
Ghana conducted studies to examine riverine wetland and streamflow interaction in order to 
developing strategies for water resources management in the White Volta Basin. The results 
revealed a high proportion of groundwater contribution (baseflow) to flow in the months of 
May, August and September. Using BFLOW, the proportion of baseflow contribution was 
found to vary from 4% (Pwalugu) to 44% (Kubore). Measurement of 3H indicated the mean 
residence time in wells ranged between 10–60 years with Nungu groundwater having the 
highest age. To estimate the apparent age of baseflow at Kubore, CFC values were used, and 
indicated young water. This research shows that changes in catchment characteristics will 
have ramifications on surface water flow. 
 
Morocco carried out studies to uncover the relationship between surface water and 
groundwater in the Souss upstream catchment. The apparent MRT clearly indicates a mixing 
of old and recent contributions to streamflow. The mass balance mixing model estimates a 
groundwater contribution of 72% during the wet season and 36% during the dry season. 
Similar values turn up using 226Ra and 87Sr/86Sr for both surface water and groundwater 
estimations, indicating a groundwater contribution to streamflow and vice-versa.  
 
Pakistan conducted studies to evaluate the relationship between streamflow and groundwater 
in the Indus Basin (Pakistan). Isotopic data indicated that surface water is not the dominant 
source of groundwater recharge in two study areas out of the three, while in the case of the 
third region, the Indus River appears to be the main source of recharge to groundwater. Stable 
isotope data revealed that the Haripur pocket of Tarbela Lake receives significant baseflow 
(20% when the lake level is high and about 48% when the lake level drops). During low flow 
periods, the average baseflow contribution (using stable isotopes) in the selected section of 
the river Chenab is found to be about 36%, while that in the selected section of the Indus 
River is 34–41%. 
 
Serbia evaluated surface water and groundwater interactions in the Velika Morava catchment. 
Several baseflow separation methods based on groundwater table discharge and digital filter 
approaches using different algorithms (BFLOW-2) were applied to a long term hydrological 
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time series. The sinus coded method is proposed as an alternative technique to calculate MRT 
in order to provide a better periodic data fit using MRT as a single parameter, because neither 
the annual average nor the magnitude of isotopic variations in meteoric precipitation remains 
constant from year to year. A lumped parameter model using 3H concentrations was used to 
calculate groundwater residence time distribution in aquifers under steady state flow 
conditions. Mean values of baseflow at two stations along the Velika Morava River varied 
from 50–90%, depending upon the method of separation applied. 
 
Slovakia assessed vulnerability in the upper Váh catchment and its two subcatchments, 
located in Danube River basin, Slovakia. Mean streamflow transit time varied from 16–20 
months, and the highest value was calculated for the smallest catchment. The mean transit 
time of baseflow during low flow conditions, was 26–30 months. Hydrograph recession 
showed two typical recessions (residence times) with corresponding mean transit times of 9–
19 months and 16–41 months, respectively. Spatially distributed snapshot sampling of 
streams within the catchment during the several longer dry periods indicated light water 
(snow) in summer and heavier (rainfall) water in winter. Since the mean transit time based on 
δ18O is longer than one year, it reveals that the light water feeding the streams in summer 
months originates from snow which accumulated and melted in the previous winter (1 year 
before). Apparent ages indicated by CFCs for the two smaller catchments were about 10 
times higher than the mean transit times calculated by 18O. The alluvium part of the largest 
catchment is found to be important from a groundwater vulnerability point of view. 
 
Turkey evaluated baseflow age in the Zamanti River Basin using the tritium base lumped 
parameter model. The MRT of baseflow was found to be in the range of 26–29 years. But as 
tritium is diminishing with time, the potential use of tritiogenic helium (3He*) in models was 
also investigated. Direct examination of baseflow 3He* content revealed a substantially lower 
age because of helium loss into the atmosphere. Models based on the 3He*content of springs 
provided encouraging results. It was found that the 3He* signal of springs fed by confined 
karst aquifer is well kept and yields ages which are in agreement with tritium based ages. 
However, springs fed by unconfined karst aquifer lost their original 3He* signal during their 
flow through the conduits. Eventually, 3He* appears to be a potential tracer for the age dating 
of karst baseflow if it is supplied mainly by springs fed by confined aquifer(s). 
 
Vietnam carried out studies in the Red River Basin. The baseflow of the Red River section 
from Laocai to Yenbai (133 km), calculated using a hydrograph method, varied from 
6.26 m3/s (April) to 19.83 m3/s (December). When using groundwater flow rate data, it 
varied from 2.37 to 63.53 m3/s in the section from Laocai to Viettri (the Da River catchment 
is not included). Further, baseflow for the section from Viettri to Danphuong during the dry 
season was estimated to be as much as 60–70% of total streamflow, while during the rainy 
season this contribution is estimated to be only 30–35%. The residence time of the baseflow 
is as long as 57.3 months (almost 5 years), as estimated by isotopic (δ18O) techniques, while 
the historical CFC tracer technique declared it to be almost 10 times older. The 
overestimation for residence time of the river baseflow component was thought to be due to 
the biodegradation of gases in the unsaturated zone. 
 
The compilation of available case study results from different participating Member States 
showed that the amount of groundwater discharging into rivers via dominantly porous 
alluvial aquifers decreases with the increasing travel time of groundwater to a river; in other 
words, aquifers with a high amount of groundwater flow have a faster (potentially less 
sustainable) hydraulic turnover. The karst/fractured system of the Zamanti River (Turkey) 
does not follow this trend because of high effective recharge and substantial storage of high 



amounts of relatively old groundwater in karst fractures. The use and comparison of the same 
techniques at all study sites allowed for the integration of particular quantitative results (for 
example, groundwater discharge to rivers, groundwater travel time, etc.) to create more 
complex indicators of sustainability. 
 
Analysis of river discharge records over at least five years showed an average of about 60–
70% of baseflow in most catchments, ranging from about 30% in basins with runoff 
dominated by wet seasons (Morocco, Ghana, Pakistan and Vietnam) to 80% in karst systems 
dominated by subsurface flowpaths (Turkey). Stable water isotopes revealed that quick 
shallow groundwater contributions to rivers contain waters up to two years old, while other 
places (Brazil, Slovakia and Serbia) have relatively older groundwater supplies. Tritium and 
chlorofluorocarbon provided information about the contribution of slower groundwater flow 
components, creating an accurate reflection of catchment geology and ranging up to 50 a in 
terms of residence time. Relatively lower residence times were observed in some larger 
catchments (Danube near Vienna), indicating a dominant groundwater contribution through 
tributaries instead of direct exfiltration. Thorough collaboration by all participating teams 
allowed for the application and cross-comparison of identical isotope and conventional 
techniques in all catchments. The CRP led to an improved understanding of the use of these 
techniques for catchments of different scales, as well as for land use and human development. 
It also improved awareness of the capabilities and limitations of available isotope techniques. 
The CRP made use of the recently established Global Network of Isotopes in Rivers (GNIR) 
and provided further valuable data to this database. 

 
REFERENCES 

 
[1] DINGMAN, S.L., Physical Hydrology, 2nd edition, Prentice Hall, Upper Saddle 

River, NJ (2002) 646 pp. 
[2] SEILER, K-P., LINDNER, W., Near-surface and deep groundwaters, J. Hydrol. 165 

(1995) 33–44. 
[3]  WITTENBERG, H., SIVAPALAN, M., Watershed groundwater balance estimation 

using streamflow recession analysis and baseflow separation, J. Hydrol. 219 (1999) 
20–33. 

[4] KENDALL, C., COPLEN, T., Distribution of oxygen-18 and deuterium in river 
waters across the United States, Hydrol. Process. 15 (2001) 1363–1393. 

[5] TOTH, J., Theoretical analysis of groundwater flow in small drainage basins, J. 
Geophysics. Res. (1963) 4795–4812. 

[6] DÖLL, P., KASPAR, F., LEHNER, B., A global hydrological model for deriving 
water availability indicators: model tuning and validation, J. Hydrol. 270 (2003) 105–
134. 

[7] ALLEY, W.M., REILLY, T.M., FRANKE, O.L., Sustainability of Ground-Water 
Resources, U.S. Geological Survey Circular 1186 (1999) 79 pp. 

[8] MALOSZEWSKI, P., ZUBER, A., Determining the turnover time of groundwater 
systems with the aid of environmental tracers. 1. Models and their applicability, J. 
Hydrol. 57 (1982) 207–231.  

[9] MCGUIRE, K.J., DEWALLE, D.R., GBUREK, W.J., Evaluation of mean residence 
time in subsurface waters using oxygen-18 fluctuations during drought conditions in 
the mid-Appalachians, J. Hydrol. 261 (2002) 132–149. 

[10] MALOSZEWSKI, P., STICHLER, W., ZUBER, A., RANK, D., Identifying the flow 
systems in a karstic-fissure-porous aquifer, the Schneealpe, Austria, by modelling of 
environmental 18O and 3H isotopes, J. Hydrol. 256 (2002) 48–59. 

9



[11] ASANO, Y., UCHIDA, T., OHTE, N., Residence times and flowpaths of water in 
steep unchanneled catchments, Tanakami, Japan, J. Hydrol. 261 (2002) 173–192. 

[12] MALOSZEWSKI, P., ZUBER, A., Manual on Mathematical Models in Isotope 
Hydrogeology, IAEA-TECDOC-910, IAEA, Vienna (1996). 

[13] KREFT, A., ZUBER, A., On the physical meaning of the dispersion equation and its 
solutions for different initial and boundary conditions, Chem. Eng. Sci. 33 (1978) 
1471–1480. 

[14] RICHTER, J., SZYMCZAK, P., JORDAN, H., Use of combination of lumped 
parameter models to interpret groundwater isotopic data, J. Contam. Hydrol. 14 
(1993) 1–13. 

[15] BUTTLE, J.M., “Fundamentals of small catchment hydrology”, Isotope Tracers in 
Catchment Hydrology (MCDONNELL, J.J., KENDALL, C., Eds), Elsevier, 
Amsterdam (1998) 1–49. 

[16] MICHEL, R.L., Residence times in river basins as determined by analysis of long-
term tritium record, J. Hydrol. 130 (1992) 367–378. 

[17] MCGLYNN, B., MCDONNELL, J., STEWART, M., SEIBERT, J., On the 
relationships between catchment scale and stream water mean residence time, Hydrol. 
Processes 17 (2003) 175–181. 

[18] BÖHLKE, J.K., DENVER, J.M., Combined use of groundwater dating, chemical, and 
isotopic analyses to resolve the history and fate of nitrate contamination in two 
agricultural watersheds, Atlantic coastal plain, Maryland, Water Resour. Res. 31 
(1995) 2319–2339. 

[19] HAITJEMA, H.M., On the residence time distribution in idealized groundwatersheds, 
J. Hydrol. 172 (1995) 127–146. 

[20] CRAIG, H., Isotope variations in meteoric waters, Science 133 (1961) 1702–1703. 
[21] MCKENNA, S.A., INGRAHAM, N.L., JACOBSON, R.L., COCHRAN, G.F., A 

stable isotopic study of bank storage mechanisms in the Truckee River Basin, J. 
Hydrol. 134 (1992) 203–219. 

[22] SIMPSON, H.J., HERCZEG, A.L., Sable isotopes as an Indicator of evaporation in 
the River Murray, Australia, Water Resour. Res. 27 (1991) 1925–1935. 

[23] FRIEDMAN, I., REDFIELD, A.C., GLEASON, J.D., AARDEN, A., HARRIS, J.M., 
Stable isotope compositions of waters in south-eastern California: Part I, modern 
precipitation, Jour. Geophys. Res. 97 D5 (1992) 5795–5812. 

[24] SCHLOSSER, P., STUTE, M., DÖRR, H., SONNTAG, C. MÜNNICH, K.O., 
Tritium/3He dating of shallow groundwater, Earth Plan. Sci. Letters 89 (1988) 353–
362.  

[25] ELLINS, K.K., ROMAN-MAS, A., LEE, R., Using 222Rn to examine 
groundwater/surface discharge interaction in Rio Grande, DeManati, Puerto Rico, J. 
Hydrol. 115 (1990) 319. 

[26] SOLOMON, D.K., SCHIFF, S.L., POREDA, R.J., CLARKE, W.B., A validation of 
the 3H/3He method for determining groundwater recharge, Water Resour. Res. 29 
(1992) 2951–2962.  

[27] MODICA, E., BUXTON, T.H., PLUMMER, L.N., Evaluating the source and 
residence times of groundwater seepage to streams, New Jersey Coastal Plain, Water 
Resour. Res. 34 (1998) 2797–2810. 

[28] OSTER, H., SONNTAG, Ch., MÜNNICH, K.O., Groundwater age dating with 
chlorofluorocarbons, Water Resour. Res. 32 (1996) 2989–3001. 

[29] PLUMMER, L.N., BUSENBERG, E., “Chlorofluorocarbons: Tools for dating and 
tracing young groundwater”, Environmental Tracers in Subsurface Hydrology 
(COOK, P., HERCZEG, A., Eds), Kluwer Academic Publishers, Boston (2000) pp. 
441–478. 



[30] FOSTER, S., LAWRENCE, A., MORRIS, B., Groundwater in Urban Development, 
World Bank Technical Paper No. 390, Washington, DC (1998) 55pp. 

[31] LERNER, D.N., Identifying and quantifying urban recharge: A review, Hydrogeol. J. 
10 (2002) 143–152. 

[32] SHERLOCK, M., MCDONNELL, J.J., CURRY, D.S., ZUMBUHL, A.T., Physical 
controls on septic leachate movement in the vadose zone at the hillslope scale, 
Putnam County, New York, USA, Hydrol. Process. 16 (2002) 2559–2575. 

[33] HIRSCH, R.M., WALKER, J.F., DAY, J.C., KALLIO, R., Vol. 0 – 1, “The influence 
of man on hydrologic systems”, Surface Water Hydrology (WOLMAN, M.G., 
RIGGS, H.C., Eds) Geological Society of America, Boulder, CO (1990) 329–359. 

[34] BURNS, D.A., KENDALL, K., Analysis of δ15N and δ18O to differentiate NO3
- sources 

in runoff at two watersheds in the Catskill Mountains of New York, Water Resour. Res. 
38 (2002). 

 [35] BÖTTCHER, J., STREBEL, O., VORKELIUS, S., SCHMIDT, H.L., Using isotope 
fractionation of nitrate-nitrogen and nitrate-oxygen for evaluation of microbial 
denitrification in a sandy aquifer, J. Hydrol. 114 (1990) 413–424. 

[36] ARAVENA, R., EVANS, M.L., CHERRY, J.A., Stable isotopes of oxygen and 
nitrogen in source identification of nitrate from septic systems, Groundwater 31 
(1993) 180–186. 

[37] KREITLER, C.W., BROWNING, L.A., Nitrogen-isotope analysis of groundwater 
nitrate in carbonate aquifers: natural sources versus human pollution, J. Hydrol. 61 
(1983) 285–301. 

[38] BULLEN, T.D., SHANLEY, J.B., CLARK, S., Sr and Pb isotopes as surrogate tracers 
of water flowpaths in a forested catchment, EOS 75 16 (1994) 144. 

[39] BULLEN, T.D., KRABBENHOFT, D.P., KENDALL, C., Kinetic and mineralogic 
controls on the evolution of groundwater chemistry and 87Sr/86Sr in a sandy silicate 
aquifer, northern Wisconsin, Geochim. Cosmochim. Acta 60 (1996) 1807–1821. 

  

11



GROUNDWATER AND BASEFLOW STUDIES IN THE QUEQUEN RIVER BASIN, 
ARGENTINA, APPLYING ISOTOPIC AND HYDROGEOCHEMICAL 
TECHNIQUES 

 
D.E. Martíneza,b, O.M. Quiroz Londoñob, C. Dapeñaa,c,  H.E. Massoneb, H. Panarelloa,c, 

E.M. Bocanegrab, A. Ferranteb 

  
a National Council of Scientific and Technology Research (CONICET),  

Buenos Aires, Argentina 

b Instituto de Geología de Costas y del Cuaternario,  
Universidad Nacional de Mar del Plata,  
Mar del Plata, Argentina 

c National Institute of Geochronology and Isotope Geology (INGEIS),  
CONICET – University of Buenos Aires,  
Buenos Aires, Argentina 

Abstract. An isotopic and a water age dating survey were conducted in the catchment of the Quequen Grande 
River (QGR) in Argentina. The catchment area is 10 000 km2 and the QGR receives many tributaries before 
discharging at the Atlantic Ocean. A stable isotopes monitoring network was set up, consisting of three sites for 
collection of monthly composite rain water, three sites for stream water sampling on a weekly frequency, and 
about 60 groundwater sampling points on a bi-yearly schedule. A clear seasonality effect is observed in the 
isotope composition of precipitation, ranging from –0.35 to –10.60‰ for δ18O and from –0.4 to –74.0‰ for δ2H. 
The representation of groundwater isotopic composition in a δ18O vs. δ2H diagram including GMWL indicates a 
narrow range of variation, resulting in a concentrated group of points. The values of δ18O range from –4.20 to 
 –6.10‰ and δ2H varies between –22.5 and –39.0‰. Average weighted values are –5.31‰ for δ18O and  
–33.8‰ for δ2H. The stable isotopic characterization shows that groundwater composition corresponds to the 
average precipitation, indicating that recharge comes directly from precipitation and the aquifer behaves as a 
well-mixed system. On the other hand, when analyzing stable isotope time series in stream water, a sinus signal 
is recognized.  Hydrograph separation using stable isotopes reveals that baseflow forms about 80% of total 
streamflow in the QGR catchment. CFC and 3H/3He techniques were used to estimate the age of groundwater 
and river water (baseflow) in order to obtain the mean residence time of groundwater. Specific discharge sites 
were selected, taking into account the availability of flow measurement data for baseflow discharge points 
considering the integration of as many flow lines as possible to estimate mean residence time. The sinus signal 
of stable isotopes in the river uncovered a MRT of about two years, while CFC dating provided age of around 
35 years for most of the groundwater and baseflow samples. Dating via 3H/3He also reveals an apparent age of 
about two years. Therefore, a fast component (about two years) can be identified and probably assigned to pre-
event water released during storm periods (translatory flow), while a 30–40 year old component corresponds to 
groundwater MRT, has been identified for baseflow. The QGR and its tributaries discharge into a shallow 
aquifer constituting an intermediate flow system. A deeper part of the aquifer with water ages higher than 50 
years forms a regional system, discharging directly into the sea. 

1. INTRODUCTION 

Characteristics of the relationship between groundwater and surface water are an important 
feature of a hydrological system. Understanding of this relationship allows for the evaluation 
of different essential aspects of water resources management, such as water availability, 
pollution risks, or the influence of groundwater in flood or drought periods.  

The importance of considering groundwater and surface water as parts of an integrated 
system has been defined by Winter et al. [1]. In a bulk way, the behavior of a river or stream 



with reference to groundwater can be classified in two main groups: when a river receives 
groundwater discharge into its surface channel, which forms a proportion of its surface flow, 
it is called a gaining river. On the other hand, if the water from the river bed infiltrates and 
recharges groundwater in an adjoining aquifer, it is called a losing river. In gaining rivers, 
stream water is formed by two main components, a fast surface flow coming from rain and 
snowmelt, and an underground slow flow, which is called baseflow and supports the stream 
water during dry periods. Baseflow is usually supplied by shallow, unconfined aquifers, 
having waters younger than 50 years at depths ranging between 10 and 100 m [2]. The water 
contributions to rivers by surface runoff due to precipitation or from aquifers through 
baseflow is received in different denominations of [3], new flow and old flow [4], young 
water and old water [5]. Nevertheless, the response of streams to precipitation events is not so 
evident and direct as could be expected, because of a phenomena defined by Kirchner [5] as 
the fast mobilization of old water, one of his paradoxes which has been observed in small 
catchments. New evidence indicates that pre-existent water is quickly released during storm 
phenomena [6]. The behavior of the different stream water components in large catchments is 
poorly understood. 

The overall objective of the CRP Isotopic Age and Composition of Streamflow as Indicators 
of Groundwater Sustainability has been the development of a methodology for characterizing 
aquifers and catchments by monitoring baseflow age in large rivers using isotope tools. The 
CRP focused on the development of methods in selected catchments with a long series of 
isotope records and on testing the ability of existing methods to uncover baseflow age 
distributions from small catchments to big river catchments. Accordingly, the age distribution 
of baseflow has been assessed as a resource management tool for changes and risks to water 
quality and quantity in large river catchments.  

After the First Research Coordination Meeting, it became clear that to achieve these 
objectives, it was important to determine when baseflow dominates streamflow, creating the 
most favourable conditions for collecting representative samples of groundwater discharge. 
The group motto developed naturally: “Go to the river, take a sample and tell me about the 
aquifer.” This sentence was the main inspiration behind the activities and objectives for 
individual projects under this CRP in each participating country.  

In this section, the components of a large catchment in the Pampas Plain of Argentina are 
analyzed through the application of geochemical, isotopic and water dating techniques. Most 
of the techniques used to separate streamflow components are based on discharge records and 
some graphical or mathematical differentiation of the hydrograph, but these techniques miss 
many important features in water flow components. Hydrogeochemical and isotopic 
techniques are useful tools for studying surface water–groundwater relationships. In addition, 
differences between the isotopic composition of rainwater and groundwater also form the 
basis of a methodology for baseflow quantification [7–11].  

Most applied denominations involve water age in stream water composition (e.g. young water 
and old water). In this case, dating water age becomes another technique for baseflow 
recognition. Furthermore, the concept of Mean Residence Time (MRT) is specifically 
included in project formulation and related with the sustainability paradigm, as it underlies 
the idea that baseflow age is the MRT of the aquifer. This can be true if one considers a 
gaining river in a shallow aquifer area.  

As mentioned above, baseflow is usually supported by waters younger than 50 years, and 
adequate techniques for dating young water should be applied. The denomination ‘young 
water’ is used for groundwater recharged during the last 50 years, a small time scale defined 
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by few tracers, mainly implying that water has been impacted by human activities [12]. 
Among the dating techniques for groundwater, three groups can be recognized 1) single 
radionuclides such as 3H, 85Kr, 39Ar, 32Si and 35S, 2) the 3H/3He method and 3) methods based 
on the measurement of atmospheric gas concentrations, such as chlorofluorocarbons (CFCs) 
and sulfur hexafluoride (SF6). Techniques suchs as the 3H/3He method and CFC 
measurements can be applied without previous records for the specific region [13] and thus 
are applicable in almost all areas. In the case of the Pampas Plain in Argentina, CFCs may be 
a promising dating tool because this area is not heavily affected by local industrial CFC 
emissions.  

The Pampas Plain is an extended geographical region (about 1.5 M km2) characterized by 
very small slopes, usually ranging from between 0.001–0.05% and including a wide cover of 
Neocene and Quaternary sediments. Most of its importance lies in the fact that its climatic 
and edaphic conditions make it very appropriate for agriculture, which has become a main 
economic activity in the country. More than 70% of the total gross national product (GNP) 
comes from agriculture in the Pampa Region. The dependence of agriculture on water 
resources is obvious, but recurring droughts and floods have affected productivity since the 
end of the 19th century.  

Many large catchments exist in the Pampas, and most of them are characterized by gaining 
rivers and shallow aquifers. Among them, the Quequen Grande River (QGR) catchment was 
selected for this study.  

2. SELECTED CATCHMENTS AND PREVIOUS STUDIES 

The selected QGR catchment is located in the province of Buenos Aires, Argentina. The 
QGR catchment covers an area of 10 000 km2 and is between two low mountain ranges, the 
Tandilia and the Ventania. The wide region between these ranges is called the Inter-mountain 
plain (Fig. 1).  

It was proposed that this basin be part of the CRP because of its interesting and useful 
characteristics, including that: 

(1) The hydrogeological and hydrological features appear to conveniently fit the working 
hypothesis stated in the background documents of the CRP. The Intermountain basin 
geological region is a very extensive area and the Quequen river basin is the most 
important part of the region.  

(2) The alternate drought and flood phenomena seriously affect economic activity in the 
region, thus knowledge of the hydrological system enables better management policy-
making. This basin was the first that implemented a management committee, integrating 
representatives of all the cities in the basin and the provincial water authority.  

 



 

FIG. 1. Location map of the Quequen Grande River catchment. 

(3) The study was encouraged because of the occurrence of flooding events related to 
groundwater level rise. Rainfall beyond mean values in 2002 led to an important increase 
in groundwater levels, creating a non-saturated zone thickness of between 1.0 and 10.0 m 
all over the basin. The phreatic aquifer is highly vulnerable, and the risk of pollution in 
some areas is significant. The main activity in the area is agricultural production, and the 
use of pesticides can affect groundwater quality, which in turn, can affect surface water 
due to the contribution to baseflow of rivers and streams. 

(4) The research team conducted previous work in the basin, which is located at about 
150 km from Mar del Plata city. 

 
The QGR catchment has previously been object of different studies, the first of which were 
undertaken in the 1990s. Many of them were carried out by a group led by Dr. Eduardo 
Kruse, Universidad Nacional de La Plata, and focused mainly on hydrological issues [14–17] 
and climatic and hydrologic aspects [18]. 
 
In the first years of the 21st century, a cooperation agreement between the Universities of 
Mar del Plata (Argentina) and Ferrara (Italy) promoted the realization of new studies the 
results of which have been published by Teruggi et al., Kruse et al., Martínez et al. [19–22]. 

3. GEOLOGY AND HYDROGEOLOGY 

The study area lies in a sedimentary basin between the Tandilia and Ventania mountain 
ranges in the Pampas Plain. The Tandilia range [23] is formed by Precambrian metamorphic 
rocks and Lower Paleozoic sedimentary rocks which constitute a series of hills and low 
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mountains, ranging from between 50 m and 500 m in altitude m.a.s.l. They follow a NW–SE 
orientation along 300 km, but with some gaps occupied by valleys. The system is typical of 
the Block Mountains in that it is defined by a fault system, with the NW–SE trend being the 
most important. The Ventania [24] range is formed by a sequence of Paleozoic sedimentary 
rocks. The trend is also NW–SE, it is a folded mountain range, and it is affected by some 
faults. The maximum altitude is found at the Cerro Tres Picos at 1239 m.a.s.l. Different 
outcroppings in these ranges have boreholes drilled at different depths, forming the 
hydrogeological basement of the catchment. The basement reaches a depth of 290 m close to 
the coastal belt (Necochea city) and probably depths of over 150 m in most of the area, 
becoming shallower just close to the hills.  

The sedimentary sequence covering the basement rocks starts with red sandstones and clays 
of continental origin and Miocene age. These sediments have low permeability, but include 
some aquifer sections at the bottom. They are overlapped by green and blue cays of marine 
origin, also of Miocene age, with some sandy intercalations, resulting in aquiclude levels with 
aquifer inter-bedded stratum. The Miocene series is covered by a thick sequence (from a few 
meters to 200 m) of loess-like silt and silty sand sediments, frequently including calcium 
carbonate compact layers, called Pampeano sediments [25]. Finally, the Holocene is locally 
represented by sand deposits forming dunes corresponding to denominated Post-pampeano 
sediments. The set formed by Pampeano and Post-pampeano deposits constitutes a 
hydrogeologic unit known as the Pampeano Aquifer. It is the main and only exploited aquifer 
in the zone.  

The hydrogeological properties of the Pampeano Aquifer System are quite heterogeneous, 
with permeability values ranging from between 1 to 30 m/d with 10 m/d being a 
characteristic value [26]. In some areas of the region, the Pampeano aquifer presents 
characteristics of a semiconfined aquifer, but within the study area it has been qualified as an 
unconfined aquifer [26]. The piezometric map for the province of Buenos Aires elaborated by 
Sala [27] allows for the calculation of a regional hydraulic gradient of around 8.8×10-3 in the 
Depressed Pampa, and around 1.6×10-4 in the Inter-mountain Pampa. Transmissivity has 
been measured by conducting pumping tests in more than 50 wells drilled in the Pampeano 
aquifer near Mar del Plata city, with the obtained values ranging between 600 and 1200 m2/d. 

The QGR’s sources are located at the southern side of the Tandilia range. These include the 
river tributaries which discharge to the river via the left margin. The QGR is 180 km in 
length, and the total drainage network is 1162 km long.  

The phreatic aquifer is widely present in the entire catchment area. The hydrogeological 
basement is formed by Paleozoic rocks and at some points in the lower catchment by marine 
Miocene sediments. As these Miocene sediments are of marine origin and thus contain saline 
waters, they are not the target of drilled boreholes, which could cause the upward movement 
of saline water. From well logging records and the experience of local drillers, basement 
depth can be estimated. Borehole depth ranges from between 80 and 150 m without reaching 
the hydrogeological basement. 

The phreatic contours map (Fig. 2) obtained for the QGR catchment through manual 
interpolation of 60 measured points (Martinez et al., 2004.b), shows that groundwater flow 
paths coincide mainly with surface water flow direction, flowing in a N–S direction near the 
quartzitic outcrop hilly area, with a final NNW–SSE trend. Most of the hydrologic network 
shows gaining behavior in a major proportion of the stream courses. The aquifer is recharged 
by precipitation. Recharge was calculated using the annual hydrologic balance with the 
Thornthwaite method [28], for a 10-year period (1995–2005). A recharge value of 13% of 



total precipitation was obtained using the average value of the annual mean precipitation in 
the area. The recharge value reached 17% if calculations were made using individual annual 
values for the same decade. This analysis indicates that recharge mainly occurs from July to 
September. Recharge estimations have also been made applying the chloride balance method, 
using rain and groundwater concentration data obtained in sampling performed in 2005. The 
obtained result was a net recharge of 160.2 mm/a, equivalent to 18% of precipitation [29]. 
Discharge takes place mainly through streams, as well as directly as underground flow to the 
sea [30]. Human extractions are represented by water supply wells in scarcely populated 
areas, and in lower proportion by some irrigation wells in the rural area.  

4. CLIMATE AND HYDROLOGY 

Rain is the only source of water for groundwater recharge or runoff. No other major water 
inputs exist in the catchment. Thus better knowledge of precipitation records and water 
excess for infiltration is a very important element of this study. Climatic and hydrologic 
features have been previously described by Deluchi et al. [14], Campo de Ferreras [18] and 
Piccolo et al [31] and Kruse et al.  [16]. The average yearly temperature is 14ºC, with July 
being the coldest month having a mean value of 7.3ºC, and January the warmest month with a 
mean value of 21ºC. Average precipitation for the period 1961–1990 is 855 mm/a. 
Evapotranspiration calculated using the Thornthwaite method[28] is 740 mm/a, resulting in a 
water excess of 115 mm/y 16]. 

Agricultural practices have been a major economic activity since the beginning of 
colonization in the area, and the dependence of productivity on precipitation for basin 
inhabitants is clear. Normally, each farm has one simple rain gage instrument or pluviometer, 
and the biggest farms, called Estancias (usually more than 1000 ha), can have random 
modern meteorological stations. Other weather data sources can be found in small airports or 
local newspaper offices. 

Nevertheless, there are few accurate data records and in most of the cases data are simply 
noted in booklets. In order to obtain accurate data based on existing information, a complete 
census of weather records was developed during field campaigns. In some cases, more than 
30 years of daily precipitation records can be found noted in booklets on a small farm. In all 
cases, gage positions were taken using a GPS and records digitalized in an accessible 
database.  

17



 

FIG. 2. Water table contour map (from Ref. [16]). 

 

As a result of the weather data census, a total of 13 stations including more than 200 000 
records have become available in an Access file. These stations are well distributed in the 
catchment (Fig. 3). The list of stations, kind of data available and number of records are 
shown in Table 1.  

Using a 10 year period for a well distributed group of stations, mean monthly precipitation 
numbers (Fig. 4) allow us to observe that minimum precipitation occurs during winter 
months, with maximum amounts being reached at the end of spring or the begin of fall. 
Summer months are characterized by precipitation in the order of 100 mm. The average of 
total annual precipitation is about 900–1000 mm.  

Heavy rains can occur, with a most notable incident having occurred in May 2005, when 280 
mm were registered at San Manuel (LSM) station. Precipitation instances of over 100 mm/d 
have taken place many times during humid years. 



 

FIG. 3. Distribution of weather stations and yearly precipitation data available. 

 

Temperatures are also recorded, but only at a few stations. In this case, it is possible to 
observe the differences in mean monthly temperature between a station placed at the ocean 
coast (LMV) and another placer in the piedmont (LLV) (Fig. 5). It can be observed that at 
station LLV, which is at an altitude of 120 m.a.s.l., mean temperatures are about two degrees 
higher than at LMV, with 20 m.a.s.l., thus closer to the sea. 

In Figs 4 and 5 it is possible to recognize a similar design both for precipitation and 
temperature, which implies that during months of maximum precipitation the temperature, 
and consequently evapotranspiration, is also high.   

Using temperature values it is possible to estimate evapotranspiration by applying the 
Thornthwaite method, thus a yearly average hydrologic balance can be obtained. For the 
QGR catchment, application of the Thornthwaite method by Quiroz Londoño [29] showed a 
water excess of between 160 mm/a in the coastal area and 220 mm/a towards the hills. 

In a simplified conceptual model, an excess of precipitation over evapotranspiration 
constitutes aquifer recharge. Quiroz Londoño [29] calculates recharge using other methods, 
including chloride balance and water table fluctuations, obtaining similar results, in the order 
of 15% of total precipitation. 
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FIG. 4. Mean monthly precipitation in five stations distributed in the catchment. 

 

 

FIG. 5. Mean temperatures at stations LMV and LLV, period 1995–2005 (after Quiroz, 2009).  

Only one gage station exists in the catchment, which is located 15 km upstream from the 
river outlet (SLC), and which has operated since 1960. Nevertheless, many gaps can be found 
in the records. QGR average flow is 11 m3/s for the period 1960–1980 [16] and 17 m3/s for 
the period 1980–1990 [32], corresponding to a water sheet in the catchment of 35 mm and 54 
mm respectively.  

In the course of this project, gauge records for the period 1960–2005 were reanalyzed 
according to the main project objectives, always including gaps and missing data. Analyzing 
of available data identified two long periods of continuous daily records: 1986–1990 and 



1994–2000. These series of daily records were used to differentiate streamflow components 
in the QGR.  

Two computer programmes were used for baseflow separation in the hydrograph; the first 
one was HYSEP [33]. Results of HYSEP application on the two daily records series selected 
demonstrate the dominance of baseflow in total streamflow (Fig. 6). It is roughly possible to 
say that baseflow constitutes between 60–90% of total streamflow for the QGR. 

 

FIG. 6. Streamflow separation for the periods 1986–1990 and 1995–2000 using HYSEP. 

 

FIG. 7. Streamflow separation for the 1986–1990 and 1995–2000 periods using BFLOW.  

General agreement was achieved during the third coordination meeting for using the code 
BFLOW for hydrograph separation. The results for the period running parallel to HYSEP 
analysis are shown in Fig. 7, using the three filters included in the software programme. 
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BFLOW results provide a mean discharge of 13.90 m3/s, considering total existing records 
between 1960 and 2005. Average baseflow is formed by 10.53 m3/s, 9.01 m3/s and 8.24 m3/s 
according the filters 1, 2 and 3. Around 65–70% of total streamflow is formed by baseflow.  

Discharge into tributaries has been measured in a discontinuous way in some sections. Quiroz 
Londoño [29] performs some monthly measurements for the Tamangueyú and Seco creeks. 
Maximum values of 2.65 m3/s and 0.46 m3/s, and minimum values of 0 m3/s and 0 m3/s were 
measured for Tamangeyú and Seco creeks respectively.  

Considering an average water surplus of precipitation over evapotranspiration distributed on 
the catchment surface, a total volume of water input can be estimated in the order of 
977 hm3/y. On the other hand, average discharge values obtained from HYSEP or BFLOW 
runs indicate a total annual discharge at the SLC gage station of 466 hm3. This difference can 
be partially assigned to the use of average monthly values that can minimize strong discharge 
during peak flooding. But, more importantly, it means that an important proportion of 
groundwater flow may be discharging directly into the ocean.  

5. DESIGN OF THE SAMPLING NETWORK 

Taking into account project objectives, it was necessary to have a sampling network capable 
of producing the data necessary to achieve expected results. The project background indicates 
that beyond the characterization of streamflow, other different components of the hydrologic 
cycle must be well known. Other important aspects of the samples should include their 
representativeness in space and also in time.  

Considering these constraints, the sampling network was designed to obtain information on 
three main components: rainwater, stream water and groundwater. 

A specific sample labeling style was developed: An initial capital letter indicates the type of 
sample, L indicates a rain water sample (L is used for the Spanish word lluvia), S designates 
any stream water sample and G stands for any groundwater sample. The two other capital 
letters indicates sampling points for precipitation or stream water. In the case of groundwater, 
a three digit number follows the letter G and corresponds with specific sampling wells.  

Depending on the sample type and location, letters for precipitation samples include the 
abbreviation of the sampled month and year, for example, LNEdec06 corresponds to a rain 
water sample composite from the month of December 2006. In the case of stream water and 
groundwater samples, complete sampling data forms part of the sample label and uses the 
following format: ddmmmyy, for example SLC25jan07 or G145_25jan07. The labeling 
scheme is shown in Table 1.  

Rainwater samples have been taken monthly since December 2005 via sample collectors 
installed at four different points in the catchment (Fig. 8). The main purpose is to characterize 
isotopic composition in precipitation. The distribution of sampling points matched well 
distribution importance in this large area, mirroring accessibility and local cooperation.  

 

 

 



TABLE 1. SAMPLE LABELING KEY 

 

The water collectors were constructed from 10 L plastic containers, with a plastic funnel and 
a 6 m pipe in order to allow for air expulsion without atmospheric exchange. The collectors 
are operated by local collaborators and periodically the sample collection sites are toured.   

Stream water was initially sampled at five points. Two of these were on the main part of the 
QGR River, one close to the source and the other close to the outlet. The remaining three 
sampling point were located on some tributaries, two of them on the upper tributaries forming 
the main river, and the third one on the last tributary, discharging into the QGR (Fig. 8). The 
sampling frequency required to meet project goals was to be at least weekly. Availability of 
local cooperation for sampling was also a determining factor. Weekly sampling was sustained 
at these five sites over three years, and weekly sampling is still underway as part of the GNIR 
programme at three of them (SPB, SLC and STA).  

In the case of groundwater, samples were primarily taken from domestic shallow wells 
exploiting the top of the aquifer. Four wells of 100 meters depth were drilled during this 
project in order to obtain better knowledge of the subsurface geology; deeper water samples 
were also taken. Around 80 wells were used to characterize groundwater, all of which were 
sampled during the project. Groundwater sampling was performed following E.P.A. 
recommendations about pumping time. Physicochemical parameters include: temperature, pH 
and electrical conductivity (EC), which were measured ‘in situ’, and samples were adequately 
preserved.  

 POINT LOCATION/NAME DATE EXAMPLES
L NE NECOCHEA

L LO LOBERIA
L SM SAN MANUEL
L LN LA NEGRA
S PC PUENTE COLGANTE
S LC LAS CASCADAS
S PB PUENTE BLANCO
S TA ARROYO TAMANGUEYU (RUTA 227)
S TB ARROYO TAMANGUEYU (EL MORRAL)
S TC ARROYO TAMANGUEYU (MEZCLA AT-AH-AM)
S MA ARROYO EL MORO (RUTA 88)
S MB ARROYO EL MORO (RUTA HACIA LOBERIA)
S EC CHANCHO
S PA ARROYO PESCADO CASTIGADO
S HA ARROYO LOS HUESOS
S HB ARROYO LOS HUESOS
S MT ARROYO LAS MOSTAZAS

LNEabr05 
(Composite rain water 

sample taken in Lobería April 
2005)

SPB01jun04
(Surface water sampel taken 

at Puente Blanco site on 
Juyly 1st 2004)

G101_05may05
(Groundwater sample taken 

at May 5th 2005)
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FIG. 8. Sampling network. 

6. INFORMATION DATABASE AND DIGITAL TERRAIN MODEL 

A GIS-managed hydrological database has been developed in order to support data used for 
the integrated management of both surface and groundwater water resources. A data model 
relating several hydrological variables with four different dimensions (latitude, longitude, 
altitude and time) was created. The first three dimensions describe the location in which 
measurements were taken, and the last one their variability over a given period. 

Storing and manipulating data with a spatial relationship can be achieved via a GIS package 
using a geodatabase model, which consists of linking a relational database to specific 
geometrical features. Model entities are organized into categories sharing common 
characteristics (points that represent wells, piezometers, climatological or gauge stations). 
Each category is represented by a table. The different attributes are seen as table columns, 
while the rows assure data registration. A relationship of ‘one to one’ or ‘one to many’ can be 
established between tables.  

Before implementing the GIS, a conceptual model of the system, consisting of general 
geographic layers and one geodatabase, was generated (Fig. 9). In this geodatabase, each 
sample is considered to be a different station with several information fields. The entity–
relationship model (ERM) shows in a schematic way the tables, fields and relationships 
among the different records and primary keys that exist in the entities.   

Finally, the collected information related to water in the Southeast of Buenos Aires Province 
was migrated to the GIS. Despite the diverse origin of the data obtained from scholarly, 
public and private institutions, a cartographical and alphanumerical standardization was 
performed. This process included changes in parameter units, coordinate systems, 
digitalization and graphic formats. The Gauss Krüger coordinate system (Campo Inchauspe 
datum) was used. A brief description of the compiled information in the geodatabase is 
shown in Fig. 10. 



In addition, a Digital Terrain Model (DTM) was constructed using the topographic maps 
(1:50000) of the Military Geographic Institute (IGM) and spatial information obtained from 
the Shuttle Radar Topography Mission (SRTM), conducted by NASA (Fig. 11). Free access 
data with 90 m of spatial resolution was used. This DTM allowed for the elaboration of slope, 
drainage and unsaturated zone maps, determination of station elevations and the aquifer 
delimitation. 

 

Fig 9. A conceptual model of the system, consisting of general geographic layers and one geodatabase. 

7. CONCEPTUAL HYDROLOGIC MODEL 

The existing information and the new data initially obtained during this project led to the 
development of a preliminary conceptual hydrologic model of the catchment. This model is a 
very important assumption because it implies the feasibility of producing a contribution to the 
main CRP. 

The QGR catchment is a basin originated by tectonic processes which took place during the 
last Andean movements (Tertiary) producing a basement subsidence. The basin was filled by 
Neogene sediments, mostly fine sand and silt, of aeolian or fluvial origin. The sedimentary 
sequence constitutes a thick porous media that can be considered aquifer with an aquitard 
interlayer.  The geological characteristics of the basin on a passive continental margin and the 
aeolian and fluvial modeling result in the generation of a flat alluvial plain. The development 
of a humid to sub-humid clime during the last millennia has led to the present landscape and 
function of the area.  

Precipitation minus evapotranspiration balance results in a precipitation excess of between 
115 mm/a [20] to 230 mm/a [29], depending on the station and considered data period. This is 
the water source of the hydrologic cycle in the catchment.  

The precipitation exceeding evapotranspiration can follow two main different fates in the 
catchment: overland runoff or groundwater recharge. Studies performed by Quiroz Londoño 
[29] calculated that about 15% of total precipitation infiltrates, recharging the aquifer. On the 
other hand, the hydrograph separation performed in this project showed that about 25% of the 
total QGR discharge corresponds to direct runoff, highlighting the importance of groundwater 
discharge, i.e. baseflow.  
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FIG. 9. A brief description of the compiled information in the geodatabase. 

 

FIG. 10. Digital terrain model of the QGR basin. 

 



In a simplified conceptual model, the catchment is a sedimentary basin limited by Early 
Paleozoic rocks constituting an impermeable hydrologic basement. This limit can be 
observed in outcrops of the NE sector and in the central west area. As mentioned, it has been 
detected in boreholes at different depths, with a maximum depth of 290 m. The sediments 
have a moderate permeability, constituting a complex multilayered aquifer system.  

The aquifer is considered multilayer, unconfined and relatively homogeneous. This is a big 
simplification in the conceptual model. Moreover, other groundwater inputs or outputs in the 
catchment to or from neighboring catchments have not been initially considered, despite 
Quiroz Londoño [29] demonstrating their occurrence.  

8. PRECIPITATION: ISOTOPES AND HYDROCHEMISTRY 

Since November 2004, composite monthly samples of rainwater have been taken in six 
different places for stable isotope determination and occasional chemical analyses (depending 
on the collected volume). More complete rain water data series are found from gauges 
installed in the towns of La Negra (LLN), Necochea (LNE) and San Manuel (LSM). Rain is 
the only recharge source to the aquifer, providing some degree of chemical reactivity due to 
CO2 dissolution and incorporating small amounts of dissolved substances. Statistical values 
of the major ion composition of rainwater are shown in Table 2. 

TABLE 2. RAIN WATER: STATISTICAL PARAMETERS OF CHEMICAL AND 
ISOTOPIC COMPOSITION 

Parameter Unit Min Max Average St. Dev. Dev. Coef n 
pH   6.67 9.00 7.13 7.14 100.13 21 

Cond µS/cm 2.60 96.60 57.50 28.03 48.76 20 

Ca mg/L 1.30 13.50 6.59 3.46 52.49 19 

Mg mg/L 0.20 13.10 3.80 3.76 98.88 19 

Na mg/L 0.00 34.00 13.69 8.87 64.75 18 

K mg/L 0.00 7.27 1.88 1.96 104.40 18 

Cl mg/L 5.17 70.50 23.77 20.33 85.53 23 

HCO3 mg/L 16.40 86.40 45.65 20.56 45.05 19 

SO4 mg/L 0.00 42.90 9.14 10.38 113.56 17 

NO3 mg/L 0.00 6.70 0.86 1.86 217.07 13 

F mg/L 0.00 1.05 0.37 0.41 111.74 13 

Si mg/L 0.00 13.00 2.82 3.15 111.52 15 

δ18O (‰) -10.6 -0.35 -4.9 2.20 -45.5 233 

δ2H (‰) -74.0 -0.4 -30.3 16.7 -56.5 233 

Tritium T.U. 3.90 10.50 7.61 1.69 22.21 38 

 

Through representation of rain composition in a Piper diagram (Fig. 12), it is possible to 
identify different hydrochemical facies, mostly bicarbonate calcium-magnesium or 
bicarbonate sodium waters, but some samples are chloride or sulfate sodium types. This 
variability indicates different origins for precipitation with some marine influence.  
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Isotopic contents range from –0.35‰ to –10.60‰ for δ18O and from –0.4‰ to –74.0‰ for 
δ2H. Sample distribution with reference to the Global Meteoric Water Line (GMWL) (Fig. 
13) shows wide distribution due mainly to temperature effects. More depleted samples, 
including for δ18O or δ2H, usually correspond to winter months. Precipitation collected closer 
to the coast (LNE) present the most enriched samples. Local meteoric water lines (LMWL) 
have been obtained for the two most complete data sets corresponding to LNE and LSM 
stations, which in turn correspond to the respective equations.  

 

FIG. 11. Piper diagram of rain water composition. 

The representation of δ18O vs. time at LSM between 2004 and 2009 (Fig. 14) shows a 
behavior approximately sinusoidal according to seasonality and the temperature effect. 
Nevertheless, this behavior is modified by the amount effect, which produces extremely 
depleted values. 

Average values for stable isotopes in precipitation in the catchment, integrating the six 
gauging stations (n = 223) are δ18O = –4.9‰ and δ2H = –30.3‰. Tritium measurements were 
carried out on a small group of samples (n = 39) with an average value of 7.5 TU. Mean 
values calculated for the most complete dataset collectors are: LSM δ18O= -5.0‰ and δ2H= -
30.5‰, LLN δ18O = –5.2‰ and δ2H =  –31.4‰ and LNE δ18O = –4.8‰ and δ2H = –31.2‰. 

9. GROUNDWATER: ISOTOPES AND HYDROCHEMISTRY 

Groundwater has been characterized by using 254 samples taken from 173 wells. Main 
statistics parameters of ionic content and isotopic composition are shown in Table 3. Sodium 
is the dominant cation, followed by magnesium and calcium. Among anions, bicarbonate 
presents the highest concentrations, followed by chloride and, in a lower proportion, sulphate 
(Fig. 15). More chloride and sulfate waters are located in the SPB area.  

The representation of groundwater isotopic composition in a δ18O vs. δ2H diagram including 
GMWL (Fig. 16) indicates a narrow range of variation, resulting in a concentrated group of 
points. Values of δ18O range between –4.20‰ and –6.10‰ and between –22.5‰ and  
–39.0‰ for δ2H. Average weighted values are –5.31‰ for δ18O and –33.8‰ for δ2H.  
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FIG.13. Location of rain sampling points and local meteoric water lines.  

 

 

FIG.14. δ18O variations in precipitation at SLM station.  
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TABLE 3. GROUNDWATER. STATISTICAL PARAMETERS OF CHEMICAL AND 
ISOTOPIC COMPOSITION 
Parameter Unit Min Max Average St. Dev. Dev. Coef Sam 

Temp °C 11.40 20.40 16.46 1.32 8.04 142 

pH  6.92 8.96 7.56 7.66 101.39 239 

Cond µS/cm 410.00 6835.00 1142.67 825.77 72.27 241 

Ca mg/L 4.03 184.00 26.55 23.77 89.52 220 

Mg mg/L 1.44 490.50 42.97 63.42 147.60 220 

Na mg/L 22.62 1337.10 226.43 170.93 75.49 217 

K mg/L 1.70 28.00 8.49 3.09 36.36 216 

Cl mg/L 21.00 2877.20 173.78 322.31 185.47 220 

HCO3 mg/L 328.60 1357.50 676.61 179.88 26.59 220 

SO4 mg/L 5.53 855.00 73.38 102.66 139.91 219 

F mg/L 0.00 5.69 1.86 1.17 62.96 139 

NO3 mg/L 1.73 263.30 65.48 51.03 77.93 214 

Si mg/L 3.03 115.00 45.26 21.16 46.74 211 

δ18O (‰) –6.1 –4.2 –5.31 0.40 –7.57 80 

δ2H (‰) –39.00 –22.46 –33.76 2.86 –8.47 80 

Tritium T.U. 0.5 3.5 2.11 0.73 34.48 11 

 

 

FIG. 15. Piper diagram of the chemical composition of groundwater. 

 



 

FIG.16. Isotopic composition of groundwater. 

10. STREAM WATER: ISOTOPES AND HYDROCHEMISTRY 

Weekly samples were taken at three points (STA, SPB and SLC) of the QGR over a period of 
five years (Fig. 17), and additional samples were taken at two different tributaries called 
Arroyo El Chancho (SEC) and Arroyo Pescado Castigado (SPA) (Fig. 8).  

Stream water is mostly of the sodium-bicarbonate water type (Fig. 18). Some samples 
correspond to sodium-sulfate and sodium-chloride facies, mainly those taken at the SPB site. 
This difference is due to the existence of thick layers of gypsum in the confluence of the 
Pescado Castigado and Quequén Chico Creeks, where the QGR is formed. The calcium 
added during gypsum dissolution should be removed by cationic exchange, replacing sodium, 
which is released in the process. The statistical parameters of the main physicochemical, 
chemical and isotopic measurements are shown in Table 4. The dominance of bicarbonate 
among the anions and sodium among the cations is noticeable for stream water.  

The pH values range from 7.0 to 9.72 with an average value of 8.14. Electrical conductivity 
(EC) is highly variable depending on rain periods and the site of the stream network 
measured. The minimum EC value is 158 µS/cm and the maximum is 2790 µS/cm, with an 
average value of 1206.5 µS/cm. EC values at sites STA and SLC are quite stable, decreasing 
after rainy periods. EC records for the SPB site, 68 km upstream of the river outlet, have 
higher values than those observed at the SLC site for the same dates. The SLC site is 54 km 
downstream from the SPB site and just 16 km upstream from the outlet of the river into the 
Atlantic Ocean.  
From an isotopic point of view, most samples are between –40‰ and –18‰ for δ2H and  
–6‰ and –3‰ for δ18O. The isotopic composition of stream water represented in a δ18O vs. 
δ2H diagram (Fig. 19) is mainly disposed along the GMWL. More depleted values usually 
correspond to heavy rain dates. Extremely enriched values belong to dry periods, when some 
evaporation in baseflow was created. In exceptional cases enriched precipitation affects 
streamflow composition, as observed in October 2007 (Fig. 20).  
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FIG.17. Location of stream water sampling stations and δ18O variations. 

 

 

FIG.18. Hydrochemical composition of stream water at the QGR catchment. 

Sinusoidal behavior assigned to temperature effect and area seasonality is observed for the 
δ18O at the three sites, represented together with the amount of precipitation in the LSM 
gauge (Figs 17 and 20). More depleted δ18O corresponds to winter months and more enriched 
values to summer ones. Strong rainy phenomena result in very light waters (with δ18O of 
about –10‰) showing a clear quantity effect. This correlation can be observed especially for 



the heavy rains that occurred in March 2007 and April 2008, which dropped more than 120 
mm and 80 mm in a single day respectively. Generally, δ18O values are always lower for the 
SLC site than the other two sites for any considered date. 

TABLE 4. STATISTICAL PARAMETERS OF HYDROCHEMICAL AND ISOTOPIC 
DETERMINATIONS 

Parameter Unit Min Max Average St. Dev. Dev. Coef n 

Temp °C 5.00 32.70 16.02 4.96 30.97 139 
pH  7.00 9.72 8.13 7.99 98.20 365 
Cond µS/cm 87.00 12885.00 1131.16 794.28 70.22 360 
Ca mg/L 5.18 236.00 23.70 17.41 73.47 358 
Mg mg/L 1.51 138.70 25.74 14.17 55.04 358 
Na mg/L 24.10 1052.00 289.04 111.58 38.60 354 
K mg/L 2.76 55.60 9.36 4.09 43.69 353 
Cl mg/L 10.00 2115.70 156.69 136.99 87.43 358 
HCO3 mg/L 185.40 1109.00 608.99 186.90 30.69 358 
SO4 mg/L 1.35 550.00 88.62 74.76 84.36 355 
F mg/L 0.00 6.50 2.14 1.26 58.84 349 
NO3 mg/L 0.00 121.70 11.77 10.34 87.87 341 
Si mg/L 0.05 161.00 29.82 18.03 60.46 344 
δ18O  -9.33 2.20 -4.46 1.01 -22.55 700 
δ2H ‰ -66.09 23.45 -29.13 7.24 -24.84 695 
Tritium T.U. 0.80 7.10 2.88 1.62 56.26 29 

 

Heavy precipitation which took place during April 2007 coincided with a sequence of four 
water samples at the SPB site over a period of 17 days. Variations in δ18O and the daily 
amount of precipitation between 10 April 10 and 27 April 2007 are shown in Fig. 21. 
Considering an approximately constant δ18O value for groundwater discharge and δ18O 
monthly values for precipitation, the proportion X of baseflow during the flooding period can 
be obtained from the expression: 

X = (δ18Ostream water – δ18Orainwater)/ ( δ18Ogroundwater – δ18Orainwater) 

The results of this calculation indicate that baseflow was almost 100% of streamflow on 13 
April 2007, lowering to 20.6% on 20 April, after a rain storm of 90 mm in one day, and 
returning to 87.5% just a week later.  

11. WATER DATING 

The title of the project implies water age determination, and specifically baseflow dating. 
Most of the applied denominations involve water age in stream water composition (e.g. 
young water and old water). Thus dating water age becomes another new technique for 
baseflow recognition. Baseflow is usually supported by waters younger than 50 years, and 
adequate techniques for dating young water should be applied. The denomination ‘young 
water’ is used for groundwater recharged during the last 50 years, a small time scale defined 
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by few tracers that implies, mainly, that water has been impacted by human activities [12]. 
Among the dating techniques for groundwater, three groups can be recognized [12]: (1) 
single radionuclides such as 3H, 85Kr, 39Ar, 32Si and 35S, (2) the 3H/3He method, (3) methods 
based on measuring the concentration of atmospheric gases like chlorofluorocarbons (CFCs) 
and sulfur hexafluoride (SF6). Techniques such as the 3H/3He method and CFC 
measurements can be applied without previous input function records in a specific region 
[13], being then applicable in almost all areas. In the case of the Pampas Plain in Argentina, 
CFCs are a promissory dating tool because the area is not so much affected by local industrial 
CFC emissions. CFC samples were taken in dark glass bottles. The first group of CFC 
measurements on water samples was performed at the Environmental Tracers Lab of the 
University of Utah, and utilized a gas chromatography system. The same technology was 
applied at the laboratories of the International Atomic Energy Agency in Vienna for 
determination of a second group of CFC samples. 

 

FIG.19. Stable isotopic composition of stream water. 

 

FIG.20. δ18O values in stream water and precipitation amounts.  



 

FIG.21. δ18O variations in SLC streamflow from 3 June 2007 to 30 June 2007 and bars showing the amount of 
daily precipitation. 

CFC samples were taken in two sampling campaigns, one during May 2008 including three 
groundwater and three surface water samples, and the other during September 2009 including 
three stream water samples and one groundwater sample (Fig. 22). Some points were 
duplicated in these two campaigns (Table 5). 

 

FIG.22. CFC sampling sites. 

Groundwater ages are in the order of 35 a for shallow wells (G116 is 25 m deep) and 60 a or 
older for deeper wells (G117 is 100 m deep and G220 is 80 m deep). Stream water has been 
dated to 30-40 a in almost all the sites.  
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Using tritium to date water in the QGR catchment is not possible due to the lack of an input 
series. In Argentina, the most complete tritium series was obtained in Buenos Aires, starting 
in 1978, but a gap exists between 1996 and 2000.The measurement of 3H and its daughter 
3He becomes a very important and useful tool in calculating relative ages using general 
equations: 

3H  3He + β 

t = λ-1ln(3Hetri/3H + 1) 

In this project, some samples were taken using copper tubes in May 2008. The 3Hetrit 
calculated and the related ages obtained are shown in Table 6.  

Tritium measurements can be used in a relative way, considering that its presence indicates 
some proportion of water recharged after the 1960s. The 3H values in Tables 2–4 provide 
some basic information. Rain water is characterized by relatively high 3H contents with a 
mean value of 7.61 TU. Groundwater and stream water, however, present mean values of 
around 2.5 TU, but stream water varies within a wider range (0.8 TU–7.1 TU). The similarity 
of the 3H mean value for stream water (2.88 TU) in relation to the mean value for 
groundwater (2.11 TU) indicates the dominance of baseflow in stream water composition, 
and considering that baseflow is the mixing of many flow lines discharging into a river, this 
value implies the discharge of old waters mixed with young waters.  

TABLE 5. CFC CONCENTRATIONS AND CALCULATED WATER AGES 

SAMPLE Type of 
Sample 

Sampling 
date 

CFC-11 
(pmol/kg) 

CFC-12 
(pmol/kg) 

CFC-113 
(pmol/ kg) 

AGE 
CFC11 

AGE 
CFC12 

AGE 
CFC113 

STC Stream May-08 3.64 1.64 0.37 1985 1983 1989,5 

G117 Deep well May-08 0.03 0.00 0.00 1952 - 1943 
G220 Deep well May-08 0.02 0.00 0.00 1952 - 1943 

G156 Shallow 
well May-08 16.70 0.75 0.18 - 1975 1982 

WLS030 Pond May-08 3.88 1.65 0.42 1989 1985,5 - 
SSB Stream May-09 3.22 1.35 0.32 1978 1976 1986 
SPT1 Stream Sep-09 1.66 1.07 0.11 1973 1974.5 1978.5 
SPT2 Stream Sep-09 1.56 1.04 0.13 1973 1974.5 1980 
SPT3 Stream Sep-09 1.51 1.12 0.12 1972 1975 1979.5 
STC1 Stream Sep-09 1.58 2.62 0.27 1973 Cont 1986 
STC2 Stream Sep-09 1.71 2.93 0.28 1973 Cont 1986 
MTB1 Spring Sep-09 0.84 1.03 0.10 1968 1974 1978 
MTB2 Spring Sep-09 0.74 0.99 0.10 1968 1974 1978 
MTB3 Spring Sep-09 0.71 0.97 0.10 1967 1973.5 1978 

G156_1 Shallow 
well Sep-09 0.46 0.94 0.06 1965 1973.5 1974.5 

G156_2 Shallow 
well Sep-09 0.66 1.07 0.08 1967 1974.5 1976.5 

G156_3 Shallow 
well Sep-09 0.48 1.01 0.05 1965 1974 1973 



 

TABLE 6. 3H AND 3HE MEASUREMENTS AND DERIVATE AGES 

Sample 3H (TU) 3Hetri (TU) Age in years 

G117_06may08 1.6 ±0.5 0.00 ND 
G220_06may08 1.8±0.5 0.00 ND 
G156_06may08 1.9±0.5 0.3 0,3 
SPT_07may08 3.1±0.5 0.5 2,9 
STC_06may08 3.5±0.5 0.6 2,8 
SSB_07may08 5.2±0.5 0.7 2,2 
WLS030_06may08 6.1±0.5 0.00 0 

The different ages provided by various methods used for dating can be analyzed considering 
the different components of streamflow and the scale dependent flow systems in a basin. 
Looking at the groundwater results, it is clear that residence times have been obtained simply 
by using CFC concentrations, and that values vary between 30 years and more than 50 years. 
This variation may be related to sampling depth, with higher apparent age appearing at 
greater well depths.  

Streamflow dating from CFC determinations uncovers groundwater ages assigned to 
baseflow component of about 30 years. However, noble gas dating results in ages of around 
two years, which are assigned to pre-event water [5] in the fast component (direct runoff). 

Groundwater with ages of about 30 to 40 years constitutes the upper part of the aquifer, an 
intermediate flow system, discharging through the QGR network. Older groundwater 
corresponds to the regional flow system discharging in the sea.  

12. OTHER PRODUCTS OF THE STUDY 

In the course of the project, a lot of different tools and points of view were applied in an 
attempt to provide more elements and concepts to the final discussion about groundwater 
sustainability. To keep the technical document here short, many of them have not been 
developed, but will be mentioned briefly. 

One important contribution was the analysis of water table fluctuations in log time series, 
which supply information about precipitation infiltration and provide a new research line. 
Two instruments for recording water table every four hours have been operating since 2006, 
and weekly measuring has been undertaken in four wells since 2002 (Fig. 23). A numerical 
flow model was performed using the Visual Model [34]. This model was calibrated with 
water table measurements from 60 wells, achieving a good adjustment and providing 
important information about the groundwater–stream water relationship.  

Taking into account the main purpose of the project, an aquifer vulnerability study was 
performed. The methods DRASTIC [35] and GOD [36], as well as some derivations were 
applied. The resulting maps are shown in Fig. 24. It is quite clear that DRASTIC-P, which 
represents a specific vulnerability assessment approach where weights are changed to better 
suit the dynamics of pesticides, results in a different map with a stronger warning. 
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FIG.23. The FLOWPC exponential model of δ18O series at SLC. 

 

FIG.24. Vulnerability maps obtained from different methods. 

 

13. MAIN CONCLUSIONS AND DERIVED CONCEPTS 

The large amount of compiled data and new information produced during the project allow us 
to obtain some important conclusions: 

(1) The hydrological balance and the hydrograph separation gained through graphic 
methods demonstrate that the QGR is a gaining river supported by the shallow 
Pampeano aquifer. 

(2) Stable isotope composition can also be used to separate the components of streamflow. 
All methods indicate that baseflow forms about 80% of streamflow of the QGR and its 
tributaries.  



(3) The isotopic composition of groundwater, close to that of average precipitation 
composition, indicates that the aquifer is a well-mixed system. 

(4) Baseflow dominance periods can be recognized by the isotopic signature of 
groundwater in stream water.  

(5) A sinus signal can be recognized in the δ18O time series at different sampling sites 
samples in the QGR catchment network.  

(6) The dominance of baseflow in streamflow and hydrological balance results indicate that 
baseflow integrates the discharge of flowlines, corresponding to an intermediate flow 
system in the catchment, probably comprising the upper 80 meters of the shallow 
aquifer.  

(7) Different methods of dating groundwater have been applied, obtaining different ages. 
The different ages must correspond to different components of total discharge. 

(8) CFCs dating provided ages of around 35 years for most groundwater and baseflow 
samples, while 3H/3He provides an apparent age of about two years.  

(9) A fast component (about two years) can be identified and probably assigned to pre-
event water released during storm periods (translatory flow), while other components 
with an age of about 30 years correspond to groundwater MRT, which is baseflow. 

(10) A MRT of about 30 to 40 years has been identified for baseflow.  
(11) The QGR and its tributaries discharge a shallow aquifer constituting an intermediate 

flow system. A deeper part of the aquifer with water ages higher than 50 years forms a 
regional system, discharging directly to the sea. 

 
These conclusions should be incorporated when considering groundwater sustainability. In 
the QGR catchment, the baseflow MRT of around 35 years indicates that the active zone of 
the aquifer is around 80 m deep. It constitutes a sustainable system if exploitation strategies 
consider hydraulic properties, the available fresh water volume and recharge rates. The short 
MRT for the fast component of the system suggests a vulnerable aquifer. Nevertheless, being 
a well-mixed system, a medium depuration capability in the saturated zone, supported by 
dilution and dispersion, can be expected. 
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Abstract. The objective of this project was to investigate the oxygen (δ18O) and hydrogen (δ2H) isotopic 
variations of shallow unconfined aquifers in four regions, in transects defined from the Piracicaba River to the 
limit of the drainage area. The study sites were defined within a topographical gradient in four sub‐catchments 
of the Piracicaba river hydrographic basin, in south-east Brazil. The δ18O and δ2H individual values of 
composite precipitation in the studied sub‐areas presented high variation (extreme values; mean δ18O from –
0.4‰ to –13.0‰) when compared to the values found for surface water (mean δ18O from –5.1‰ to –9.2‰) and 
groundwater (wells and springs; mean δ18O from –6.9‰ to –7.1‰); groundwater values were almost constant 
within the studied period. Precipitation and baseflow have a relatively different δ18O isotopic composition, since 
the weighted average δ18O of precipitation (–8.6‰ vs VSMOW) is clearly different from the average δ18O 
values found for unconfined groundwater (–7.0‰ on average). Values of surface runoff to the main channel 
(Piracicaba River) were similar to those found in precipitation during the rainy season (presenting variations 
within this period). Otherwise, the isotopic signals of surface water were more similar to those found in 
baseflow (characterizing the contribution of baseflow in lower flows). Generally, the average value of δ18O in 
all rivers and streams studied (–5.7‰) was about 1.2‰ more enriched than the average value of wells and 
springs (–6.9‰) in the dry season. The amplitudes of δ18O found in precipitation and groundwater were used as 
a first approximation to estimate the mean residence time of unconfined groundwater. 

1. INTRODUCTION 

In South America, the degradation of watersheds coincides with recent development and 
population growth. Although this is a systematic problem, few scientific studies have been 
carried out to assess the effects of human activities on water quality and availability of water 
from these watersheds. The focus of this study extends over three distinct basin regions that 
differ in topography, hydrology, geology and land use patterns. While the eastern portion of 
the basin is hilly, with an average slope of 15% and large areas of silvicuture, the western 
region is mostly covered by flat areas with extensive agriculture (with land use dominated by 
pasture and sugar-cane plantations, followed by silviculture and citrus). The mid-sector of the 
basin comprises a topographic transition zone and supports the highest densities of population 
and industries. Water for domestic, agricultural and industrial use comes primarily from 
surface water, and the Piracicaba River is the major source.  
 
The project Baseflow Study at the Piracicaba River Basin, Southeast Brazil investigated 
oxygen and hydrogen isotopic variations of shallow unconfined aquifers in four transects, 
from the river to the limit of the drainage area divide. Transects were chosen within a 

1 Current address 
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topographical gradient in four sub-basins of the Piracicaba River hydrographic basin, a meso-
scale watershed (12 400 km2), located in south-east Brazil. The population of the basin is 
close to 4 M inhabitants and the agricultural and industrial economic drivers of the basin are 
responsible for about 10% of total Brazilian gross production. Rivers and streams are the 
main source of water for cities in the area, but rural communities rely on shallow 
groundwater (domestic wells and springs) for their daily needs. Based on a well-documented 
isotopic variation of rainwater and river water [1], where data seasonality and a possible 
variation related to water use in urban areas were identified, the studies in this project were 
extended to groundwater (baseflow) sources to the major channel of the basin, primarily the 
Piracicaba River. Seasonal differences, defined by a wet summer (from November to April) 
and a dry winter (from May to September) were covered by monthly (dry season of 2005; 
rainy season of 2005–2006 and dry season of 2006) and bi-weekly sampling (rainy season 
2006–2007) of rainwater, shallow wells, springs and surface water (rivers). The main 
objective was to evaluate the importance of baseflow to main river discharge. Included in the 
questions raised for this project: (i) What is the baseline for the isotopic signature of baseflow 
water in the basin? (ii) What is the isotope composition of shallow groundwater of the 
recharge areas in the basin? (iii) What changes can be identified in the hydrological cycle 
using stable isotopes which are due to anthropogenic activities in this region?  
 
According to the hypothesis, precipitation and baseflow have different δ18O and δ2H isotopic 
compositions, since the weighted δ18O average of precipitation is clearly different from the 
average δ18O values found for unconfined groundwater (shallow wells and springs). Values of 
surface runoff to the main channel (the Piracicaba River) follow those found in precipitation 
in the rainy season (presenting variations within this period).  

2. STUDY AREA 

The Piracicaba river hydrographic basin (12 400 km2) is located in south-eastern Brazil 
between the latitudes of 22o and 23o South (Fig. 1). It is composed of three main sub‐ basins: 
the Jaguarí River (3400 km2), the Atibaia River (3000 km2) and the Piracicaba River itself 
(5000 km2), formed by the joining of the first two. The Piracicaba River is one of the main 
effluents of the Tiete River. It is around 250 km long and its mean width is about 50 m. 
Hydrograph variation generally follows the seasonality observed in rainfall, presenting 
minimum flows in July and August and maximum flows in December and January. Industries 
and a large part of the population are grouped in the central part of the basin. Pasturelands 
(45%) and sugarcane fields (30%) are the predominant forms of land use. Native vegetation 
(10%) can be observed in the east, associated with irregular topography. Fig. 1 shows the 
location of the Piracicaba River hydrographic basin. 



 
FIG. 1. Geographical location of the Piracicaba River and its main tributaries (Jaguari and Atibaia rivers). 

 
2.1.  Schematic diagram of the studied hillslopes 

Transects from the lower to the upper part of the drainage area, with at least three wells per 
hillslope, were located according to the following: (a) proximity to the channel; (b) 
interfluves; and (c) drainage area divide; according to Fig. 2. If domestic wells already 
existed in the chosen hillslope, they were used as sampling stations; otherwise, wells were 
drilled. Natural springs near two well transects were sampled for comparison. 

 
FIG. 2. Schematic drawing of well distribution along the sampling areas. 

 
2.2. Installation of monitoring wells 

Nine monitoring and sampling wells were installed. The drilling of wells started in September 
of 2005 and ended in July of 2006. In total, 70 m were drilled, but only 30 m could be 
effectively used for groundwater sampling. 
 
A total of 12 wells (domestic and drilled) were sampled, as follows: 3 at Jaguari hillslope (1 
drilled; 2 domestic); 2 at Cabras hillslope (2 drilled); 4 at Marins hillslope (2 domestic and 2 
drilled); 1 at Piracicaba hillslope (1 drilled); 2 at Corumbataí hillslope (2 domestic); and 2 
springs (one in the Cabras area and one in the Corumbataí area). 
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2.3. Sampling methods for surface water (river water) 

Sampling was performed at the Piracicaba (22o41’ S; 47o34’ W), Corumbataí (22o40’ S; 
47o40’ W), Jaguarí (22o51’ S; 46o47’ W) and Atibaia (22o54’ S; 46o57’ W) rivers and Cabras 
(22o53’ S; 46o52’ W) and Marins (22o46’ S; 47o42’ W) streams, starting in August 2005, with 
a total of 30 samples taken for each. Samples for isotope and chemical analyses were taken in 
the middle of the channel using a Ninskin bottle.  
 
2.4. Groundwater 
 
Groundwater samples were taken with a Bailer, or using an electric water pump (domestic 
wells), for isotope and chemical analyses, starting in October 2005 at Marins hillslope 
(positions a, b and c — 26 samples each) and since October 2006 for the fourth domestic well 
(11 samples); November 2005, at Morungaba (position b) and Cabras (positions a and b) 
hillslopes (24 samples each). Sampling began at well position a of the Jaguari hillslope in 
July 2006 (15 samples) and the second domestic well (position c) in October 2006 (10 
samples). At the Piracicaba hillslope, sampling started in January 2006 (position a — 21 
samples). The domestic wells and the spring at the Corumbataí hillslope started to be sampled 
in December 2006 (9 samples each).  
 
All water samples were placed in 250 mL vials and kept at low temperature (4oC) for 
chemical analyses; water samples for isotopic analysis were placed in 60 mL vials, avoiding 
air bubbles and light exposure. 
 
2.5.  Composite precipitation 
 
Precipitation samples (composite sampling) were taken after mixing rain collector content. 
The rain samples were stored in 60 mL vials, avoiding air bubbles and light exposure, for 
isotope analyses. From December 2006 to April 2007 bi-weekly samples were taken for 
precipitation, river water and groundwater. 
 
2.6. Selected study sub areas and some characteristics 
 
The distribution of the wells is described as follows (Fig. 3): 
 

 
FIG. 3. Location of sub‐basins in the submitted project. 

 



2.7. Sub area (A), Jaguarí river transect: 
  
Located in the upper part of the Piracicaba basin, the Jaguari basin (3290 km2, Fig. 4) is 
characterized by hilly landscape and lower pressure, caused by urbanization in the 
environment. The main land uses are pasturelands (60%), sugarcane fields and forestry 
(10%). Small fragments of native vegetation are generally associated with irregular 
topography. The Jaguari river average flow is about 40 m3/s and the average annual 
precipitation is 1600 mm. Regional geology is represented by Pre‐Cambrian rocks (i.e. biotite 
gneisses, quartzite and granites). The main soils of the region are argisols and oxisols. The 
soil of the studied hillslope was characterized as an argisol (30% to 60% of clay). Land cover 
in the adjacent areas of the wells present small fragments of native vegetation, banana and 
eucalyptus plantations and pasture lands. Pasture with no management practice is the land use 
on the studied hillslope. Two domestic wells were used as sampling stations (positions b and 
c), while a third well was drilled by hand and with mechanical augers (position a), (Fig. 2). 

 
FIG. 4. View of Jaguari River. 

 
2.8.  Sub area (B), Cabras stream transect 
 
Cabras watershed has an area of about 54 km2, mean annual precipitation around 1400 mm, 
irregular topography, and the argisols and oxisols are predominant regionally. The soil in the 
studied hillslope (Fig. 5) was characterized as a red yellow oxisol (50% to 60% clay). 
Regional geology is also represented by Pre‐cambrian rocks (i.e. biotite gneisses, quartzite 
and granites). The length of the main channel (Cabras stream, a tributary of the Atibaia 
River) is approximately 20.7 km long. Perennial agriculture (2.7%), forestry (7.0%), native 
vegetation (3.0%) and pastureland (69.7%) constitute the predominant forms of land use [2]. 
The actual land use of the studied hillslope is pasture with no management practice. In 
adjacent areas, one can observe small fragments of native vegetation, banana and eucalyptus 
plantations. The transect is located at ~22o53’ S; 46o52’ W. Three monitoring wells were 
drilled (see Fig. 2), but the well in position c could not be sampled due to the presence of 
mud. A natural spring was sampled for comparison. 
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(a) FIG. 5. Chosen hillslope where the sampling wells were drilled. 

 
2.9. Sub area (C), Marins stream transect 
 
The Marins watershed (58.5 km2) is located within the city of Piracicaba. This sub-basin 
presents a typical land use picture of this region, with sugarcane fields (35%), pasturelands 
(37%), native vegetation (12%), urbanized areas (10%) and forest (5%). Average 
precipitation is about 1300 mm/a. The main river is around 22.3 km long. Argisols and 
neosols characterize the predominant soils of the region [3], while the soil in the studied sub-
basin was identified as gleisol (consisting of 27% to 30% clay). Paleozoic and Mesozoic 
rocks (sedimentary rocks) represent regional geology. 
 
This watershed (Fig. 6) was chosen because it presents previous studies [3, 4], allowing for a 
better understanding of the regional hydrological cycle. Two domestic wells were used as 
sampling stations (position c and another on the hillslope dislocated to the left in relation to 
the previous well), while two other sampling wells (positions a and b) were drilled. 

 
FIG. 6. Picture of the chosen hillslope at the Marins river watershed. 

 

 
 

 



2.10. Sub area (D), Piracicaba River transect 
 
Due to the necessity of using a mechanical auger, one observation well was drilled in a 
Piracicaba River hillslope (Fig. 7). This hillslope is located close to the coordinates 22o41’ S; 
47o34’ W (the Piracicaba River sampling station). Average precipitation in the region is about 
1300 mm/a. Regional soils are represented mainly by oxisols, while pasturelands, citrus and 
eucalyptus plantations characterize the hillslope land use in the surrounding areas. Land 
cover on the lower end of the studied hillslope is composed of native and exotic tree species, 
while pasturelands, eucalyptus and citrus plantations occupy the upper part. 

 
FIG. 7. Piracicaba River landscape overview and sampling station (PIR). 

 
2.11. Sub area (D), Corumbataí River transect 
 
The Corumbataí river basin (Fig. 8) has an area of about 1620 km2, while the main channel 
(Corumbataí River) is around 110 km long, with a mean flow of 25 m3/s. Average annual 
precipitation in the region is about 1390mm. The predominant soils are argisols, oxisols and 
litolic, while predominant land use is divided among pastureland (43%), sugarcane fields 
(26%), native vegetation (11%) and forestry (7.5%) [5]. Paleozoic and Mesozoic rocks 
(sedimentary rocks) represent regional geology and soil on the studied hillslope has been 
identified as cambisol (with 10% to 30% clay content). 
 
Due to difficulties in drilling wells in other sub-basins, two domestic wells and one natural 
spring from the same hillslope (Fig. 8), were sampled. 

 
FIG. 8. Corumbataí River and sampled hillslope (COR). 
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3. RESULTS AND DISCUSSION 

The concentration of major ions (Ca2+, Mg2+, Na+, K+, HCO3
-, Cl- and SO4

2-) is often 
regulated by a balance between weathering and chemical–physical processes, while biotic 
activity is a major factor promoting nutrient variation (such as nitrogen and phosphorus) and 
less abundant ions (such as sulfate). On top of chemical analysis describing the 
concentrations of these chemical species, dissolved organic and inorganic carbon (DOC and 
DIC) were also analyzed. High concentrations of nitrate, sodium and chloride found in some 
domestic wells show relatively poor shallow groundwater quality in some areas. Also, low 
concentrations of dissolved oxygen and high concentrations of dissolved organic carbon, 
nitrate, chloride and sodium in some rivers confirm their deterioration due to anthropogenic 
activities.  
 
The individual values of δ18O in monthly or bi‐weekly accumulated precipitation in the 
studied areas showed higher variation when compared to individual groundwater and surface 
water values. The average of isotopic values for precipitation showed the seasonal cycle, and 
the δ18O average weighted precipitation for the study areas was similar within basins, in spite 
of slightly different precipitation amounts (Table 1). As was the case for oxygen, lower 
values for δ2H were in general observed for the rainy season. Average values and standard 
deviations of δ2H measured in precipitation at sub-basins A, B, C and D were –50.0 ±27.1‰, 
–41.7 ±35.2‰, –41.6 ±34.7‰ and –38.4 ± 42.8‰, respectively. These values show greater 
amplitude when compared to surface water and groundwater. As occurs with δ18O, more 
depleted δ2H values were also observed during the rainy season, while more enriched values 
occur in the dry season. The excess deuterium values for precipitation found in the composed 
samples varied from +7.1‰ to +20.2‰ (n= 15), from +8.6‰ to +24.1‰ (n= 15), from 
+4.6‰ to +16.7‰ (n= 13) and from +5.9‰ to +17.8‰ (n= 12) for sub-basins A, B, C and D, 
respectively. The proximity of the study basins suggests similarity among isotopic results.  
 
 
TABLE 1. δ18O IN PRECIPITATION AT THE STUDIED WATERSHEDS 
 

Period 
  A 

(JAG) B(CAB) C (MAR) D(COR) 

Wet season 
Oct. 2005–April 2006  δ18O (‰ ) –9.0 –8.5 –8.9 –10.1 

 ppt (mm) 1463 1091 925 945 
Dry Season 
May–Sept. 2006 δ18O (‰ ) –3.8 –3.4 –2.8 –2.6 

 ppt (mm) 215 145 109 190 
 δ18O (‰ ) –9.1 –9.0 –8.5 –10.1 
Wet season 
Oct. 2006–Mar. 2007 ppt (mm) 974 971 957 1024 

Total 
Oct. 2005–Mar. 2007 δ18O(‰ ) –8.4 –8.3 –8.4 –9.3 

 ppt (mm) 2651 2207 1991 2159 
 
 
As theoretically expected, the most depleted δ18O values of the composite precipitation were 
generally associated with greater accumulated amounts, although some depleted δ18O values 
related to smaller amounts and some enriched values related to greater amounts of 



precipitation. 
 
Rivers and streams showed isotope signal variation within a specific season, suggesting 
contributions from both surface runoff to the river and streamflow at the time of sampling 
(Table 2). The δ18O values of the Jaguari River, Cabras stream, Atibaia River, Marins stream, 
Corumbataí River and Piracicaba River ranged from –5.8‰ to –8.7‰, from –5.2‰ to –
7.6‰, from –5.6‰ to –9.3‰, from –4.4‰ to –11.1‰, from –5.2‰ to –10.2‰ and from –
4.3‰ to –8.6‰, respectively. Despite the differences in the discharge of the various water 
bodies, isotope compositions vary little between the dry and wet seasons. Average values and 
standard deviations in δ2H for the Jaguarí, Atibaia, Corumbataí and Piracicaba rivers, as well 
as the Cabras and Marins streams were –30.0‰ ±25.8‰, –42.2‰±11.5‰, –46.5‰ ±14.1‰, 
–41.4‰ ±15.2‰, –41.2‰ ±6.8‰ and –36.4‰ ±13.6‰, respectively. Slighter amplitudes are 
observed for river water when compared to precipitation. The most enriched δ2H values of 
were registered at Jaguarí River and Marins stream. 
 
TABLE 2. δ18O, δ2H AND d-EXCESS ‘d’ IN SURFACE WATERS, PIRACICABA RIVER 
BASIN  
 

 Dry season Wet season 
 δ18O  δ2H  ‘d’ δ18O δ2H ‘d’ 

‰  

JAG –6.1 
±0.6 

–36.5 
±5.3 

9.7 
±1.8 

–7.4 
±0.8 

–47.7 
±9.4 8.3 ±4.7 

CAB –6.3 
±0.8 

–37.4 
±4.0 

9.6 
±2.5 

–7.3 
±0.7 

–46.1 
±8.8 6.3 ±3.5 

ATI –6.0 
±0.4 

–34.7 
±3.8 

8.5 
±0.1 

–7.5 
±1.0 

–49.0 
±14.0 8.4 ±6.0 

MAR –4.9 
±0.9 

–31.1 
±7.0 

6.0 
±1.3 

–7.7 
±1.6 

–41.8 
±21.8 

21.1 
±22.4 

COR –6.2 
±0.7 

–38.5 
±5.1 

8.4 
±2.7 

–8.2 
±1.6 

–53.6 
±17.1 11.7 ±8.0 

PIR –5.4 
±1.0 

–32.9 
±5.7 

7.8 
±2.5 

–7.5 
±1.3 

–51.2 
±18.0 8.6 ±5.4 

 
The isotopic variation among wells and seasons is very small. The average values registered 
at wells JAG a, JAG b and JAG c were –7.4‰ ± 0.2‰, ‐7.4‰ ± 0.3‰ and –7.6‰ ± 0.2‰, 
respectively. At wells CAB a, CAB b and spring CAB c, the average values were –7.6‰ ± 
0.6‰, ‐7.3‰ ± 0.7‰ and –7.9‰ ± 0.5‰, respectively. 
 
In wells MAR a, and MAR b, the average values measured were –5.1‰ ± 0.6 ‰ and –5.0‰ 
± 0.5 ‰, while at MAR c and MAR d the registered values were –6.9‰ ± 1.2 ‰ and –7.1‰ 
± 0.5 ‰. The average δ18O value found at PIR a was –6.9‰ ± 0.4‰. At wells COR a, COR 
b and the spring, presented average values were –7.6‰ ± 0.3 ‰, ‐7.7‰ ± 0.4 ‰ and –7.9‰ 
± 0.3 ‰, respectively. 
 
The average δ18O values found for springs CAB c and COR c were slightly more depleted 
than the values found for the wells. Except for the average δ18O values of about –5.0‰ at 
MAR a and MAR b, the isotopic value of shallow groundwater in the studied sub-basins is 
around –7.0‰. This average value is slightly more enriched when compared to the weighted 
average of precipitation (‐8.5‰) for the whole period of the present study. 
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The δ2H values for precipitation, surface water and groundwater are shown in Table 8. The 
δ2H variations found in the studied sub-basins are presented below. Since the amplitude 
found in individual groundwater values is even smaller when compared to precipitation and 
river water and there are few results for δ2H, the average value of every well and spring 
representing one specific sub-basin are presented. At sub-basins A, B, C and D, the average 
values of groundwater δ2H were –44.3‰; –45.0‰; –35.7‰ (MAR a and MAR b) 
and -49.3‰ (MAR c); and –46.8‰ (MAR d), respectively. Except for MAR a and MAR b, 
which presented more enriched δ2H isotopic composition (–35.7‰), the δ2H found in every 
sub-basin is very similar, as was expected. 
As required for cross-comparison among regions and projects, we performed baseflow 
separation with graphic filter (Bflow) technique. Calculations for the major water body in our 
study sites indicate baseflow contribution to the system from 60% to 69% in the studied 
period (Fig. 9). For the Jaguari River as well as for the Piracicaba River, the flow database 
encompasses 40 years of data, thus further possibilities for applying this technique are 
feasible.   

 
 

FIG. 9. Piracicaba river basin map and the estimated baseflow contribution per reach. 
 
The sine curve approach, with stable isotopes, was used for mean residence time in the main 
basin, as well as for two creeks and one major tributary of the Piracicaba River. The data 
show a MRT decrease moving downstream the Piracicaba river basin (Table 3 and Fig. 10). 
The results suggest important participation of fast runoff in the system (variable throughout 
the year), although it might reflect some regulation of the system at the headwaters. Due to 
the relative importance of the baseflow to river flow maintenance, it is critical to improve 
sustainable land use and water management at the basin scale. 
 



 
FIG. 10. Piracicaba river basin map and mean residence time distribution according to the sine curve approach 

technique. 
 

TABLE 3. MEAN RESIDENCE TIME, CALCULATED IN YEARS FOR 5 LOCATIONS 
AT THE PIRACICABA RIVER BASIN 

 
 

4. CONCLUSIONS 

The data generated in this Coordinated Research Project allowed us to provide initial 
information concerning water residence time, for several components of the system, and 
highlighted the importance of baseflow to total river flow in the Piracicaba river basin. This is 
key information in relation to resource management and provides important insight into the 
vulnerability and risk assessment analysis. The results suggest important participation of fast 
runoff in the system (variable throughout the year), although it might reflect some regulation 
of the system at the headwaters. Due to the relative importance of the baseflow to river flow 
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maintenance, it is critical to improve sustainable land use (such as conservative agriculture 
and best agricultural practices, management of natural vegetation and riparian zones) and 
water management at the basin scale. 
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Abstract. Two main tributaries with a drainage area of 55 000 km2 have been selected as the study area. The 
δ18O vs δ2H relationship of low flow appears to be very close to that of groundwater, with depths of 0-30 m. A 
no tritium line is delineated at about 150 m below the ground surface, approximately the deposit interface of the 
Middle and Lower Pleistocene. The zones of sensitive recharge, active recharge and passive recharge are also 
defined. The amount of baseflow from four hydrometric stations with drainage areas from 4014 to 15 474 km2 
along with the Wo He River from its upper to lower reaches is evaluated from two data sets, collected between  
1981–1987 and 2003–2005, with different average groundwater table depths. The baseflow index shows the 
significant effects of both catchment scale and anthropogenic activities. CFC dating shows that the recharge 
time of low flow ranges from early 1982 until early 1983, shallow groundwater is from the middle of 1982 until 
1983 and groundwater at a depth of about 50 m is from 1978. The spatial distribution of groundwater tritium 
shows the sensitive zone of recharge to be about 50 m below ground surface and river baseflow can only hold 
information within that depth. Three source waters for low flow are identified via uranium disequilibrium. Using 
different ranges of 34S in fresh and polluted waters is possible to define a possible index of water pollution under 
low flow conditions. A two-dimensional expression for the baseflow index of groundwater 
sustainability/vulnerability is suggested by using two indexes, one for low flow age and one for pollution, for 
which 34S may be a possible candidate for researching the study area. 

1. INTRODUCTION 

 
The North Plain of the Huai He basin has been an area of serious and frequent flooding and 
drought since ancient times, but it has also become the most seriously polluted area in China, 
particularly in relation to groundwater, in recent decades. The great vulnerability of 
groundwater is also linked to that of social economy. With the goal of water resources 
sustainability, the formation, sources, variations and situation of low flow of this basin are a 
valid object of study.  

2. STUDY AREA 

The basin of Huai-He River lies between the Yellow River (to the north) and Yangtze River 
(to the south). It flows into Hongze Lake first, then drains into the Yangtze River and Yellow 
Sea via four primarily man made courses, with a total drainage area of 164 000 km2 up to 
Hongze Lake (Fig. 1). This basin belongs to the sub-humid temperate zone (mesothermal 
climate) and has an annual mean precipitation of 600–1400 mm about 50% of which falls 
during summer, with a total annual mean runoff of about 500–1000 mm.  
 
About 52% of the 85 300 km2 basin is agricultural plain situated to the north of the Huai He 
River, with parallel tributaries distributed towards the south-east with a surface gradient of 
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about 1/7500 to 1/10000. Unfortunately, these rivers become the natural sewage dumps of big 
cities situated on the north divide of the basin, thus it follows that this plain — with 1.32 
billion peasants, 0.28 billion city dwellers, or 594 persons/km2 on average —  has become the 
most seriously polluted area in the country in recent decades.  
 
Two of these tributaries were selected as representative basins for the study, as shown in 
Fig. 1; the Ying He River and Wo He River cover an area of 55 000 km2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 1. The Huai He River basin up to Hongze Lake, its north plain, and two representative basins of the Wo He 
River and Ying He River as marked within it. The map also shows general geological features of the basin. 

3. FORMATION AND RECHARGE OF LOW FLOW 

3.1. Geological and hydrogeological settings 
 
Study area deposits were formed by an alluvial fan produced by rivers of which the Yellow 
River seems to be dominant. Three-quarters of the sediment load carried by the river contains 
a large fraction of silt that has been deposited in the alluvial fan, including the study area. 
Recurrent flooding, which has taken place more than 1590 times within the 2540 years 
between 602 BC and 1938 AD and diversion of its main course 26 times has resulted in 
multi-layered deposits, and aquifers within the study area. The fan is also partly overlain by 
deposits from the diluvial fan of the Ying He River because of its mountainous character. 
 
The layered porous aquifer in the study area lies about 40–140 m below the surface, and was 
formed during the Pleistocene through Holocene ages. The water bearing thickness of the 
aquifer lies at 20–80 m, it is phreatic and/or slightly confined. The lower deposit, formed in 
the Pleistocene era is about 180–500m deep, with confined water bearing sands at 20–80.  
 
3.2. The isotopic relationship between groundwater and lowflow 
 
The isotope precipitation line was gathered from monthly data, as shown in Fig. 2. The low 
flow of the Wo He River and Ying He River were sampled from their main course and their 
tributaries, with a drainage area from 4 014 km2 to 15 475 km2 and about 2 000 km2 to 



38 280 km2 respectively, were also sampled. The isotopic relationships are shown in Fig. 3 as 
following. 
 

River water, low flow                             δ2H = 4.41δ18O – 22.75 
Groundwater from depths 0–30 m       δ2H = 3.80 δ18O – 28.82 
Groundwater from depths 30–100 m    δ2H = 5.82 δ18O – 9.48 

 
The low flow line appears to be close to the groundwater line of 0–30 m. It implies that 
during low flow, recharge comes mainly through groundwater from a depth of about 30 m.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 2. Measured precipitation line based on monthly data and the WMWL.                      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 3. δ2H vsδ18O for lowflow and groundwaters. 
 
 
The original groundwater composition at the 0–30 m depth, shows a mixing mechanism, and 
seems to be mixing with deeper groundwater, i.e., the contribution of leakage from confined 
aquifers is difficult to exclude. For this reason some phreatic groundwater has a low tritium 
content.   
 
3.3. Recharge patterns of low flow via groundwater 
 
From groundwater data of the study area, a tritium free subsurface line, or ‘no tritium line 
(NTL)’ was delineated, and it is situated about 150 m below the surface, i.e., approximately 
at the deposit interface of the Middle and Lower Pleistocene deposits. However, it is different 
from place to place depending on local deposit structures and openings between layers, which 
may cause aquifer leakage. 
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Three recharge patterns related to low flow via groundwater can be defined, i.e., the zones of 
sensitive recharge, active recharge and passive recharge (Fig. 4).  
 
Fig. 3 shows that the low flow of rivers within study area appears in most cases to be 
recharged from the sensitive recharge zone, which is even shallower than 50 m, as shown in 
Fig. 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 4. The line without tritium (NTL) and the recharge patterns of groundwater for the low flow of river 
discharge. 

4. BASEFLOW SEPARATION AND THE SCALE RESPONSE 

The representative basin of Wo He River is used for baseflow separation and scale response 
examination. Four hydrometric stations along the river from its upper stretches to its tail are 
shown in Fig. 5 and Table 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG.5. Hydrometric stations along the Wo He River. 
 

TABLE 1. DATA FROM HYDROMETRIC STATIONS ALONG THE WO HE RIVER 



Station Drainage area Data used 
 (km2)  1990s 2000s 
Dawang temple 4014  1991–1997 2003–2005 
Bozhou 10 490  1991–1997 2003–2005 
Woyang 13 785  1991–1997 No discharge data 
Mengcheng 15 474  1991–1997 2003–2005 
 
4.1. Baseflow separation 
 
The method proposed by the United Kingdom Institute of Hydrology [1–3], which 
implements computerized baseflow separation, baseflow index (BFI) programme was used. 
The definition of BFI according to the method is the ratio of the baseflow hydrograph volume 
and that of the actual streamflow volume [3]. The BFI programme can be used for baseflow 
hydrograph separation from the streamflow hydrograph.  
 
For every hydrometric station along the Wo He River, data from different years with different 
levels of annual precipitation has been used. Initially, the BFI was analyzed according to 
different time intervals (days) as shown in Fig. 6.  
 
From these data, a time interval N is used to depict baseflow separation; N is determined BFI 
values become constant (Fig. 6). Different stations have different N figures. Baseflow 
separation resulting from N figures for 1981–1987 and for 2003–2005 is shown in Fig. 7 a 
and b, corresponding to stations from the uppermost and lowermost parts of the river, i.e., 
hydrometric stations Dawang Temple and Mengcheng.  
 
4.2. Annual amount of baseflow 
 
The baseflow amount shown in Fig. 7 is quite different from the uppermost to the lowermost 
stations along the Wo He River. In general, more amount of baseflow is recorded in the upper 
basin. Fig. 8 depicts annual precipitation, total runoff and baseflow from different stations. 
From our point of view, however, the above described separation is not the separation of 
baseflow from streamflow but of lowflow from streamflow. Lowflow in this case includes 
event runoff components from the unsaturated zone and some groundwater flow from the 
saturated zone, mainly from phreatic aquifers during rainfall events [4–6]. 
 
4.3. The impact of a decreasing groundwater table on baseflow 
 
There are two kinds of data sets, one from 1981–1988, and a second from 2003–2005. Fig. 9 
and Table 2 show the annual BFI variation of four stations,  as well as the lower BFI values 
from 2003–2005 when compare with those from 1981–1987.  
 
The annual mean precipitation of all basins between 2003–2005 is much higher than that 
between 1981–1985, however, contrarily, the annual mean BFI from 2003–2005 of two 
stations — Dawang Temple and Bozhou — is significantly lower than for 1981–1987. There 
is a small BFI increase in Mengcheng, the lowermost station, from 2003–2005, even though 
precipitation is much higher in that area. 
 
It has been reported that from 2003–2005, the groundwater table in the upper reaches of the 
Wo He Basin significantly dropped several meters due to increasing water demand from 
industry and urban sprawl. 
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FIG. 6. Relationship between BFI and N. 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 7a. Hydrograph with separated baseflow from the upper most station Dawang Temple with a drainage 
area of 4014 km2, from 1981–1987 and 2003–2005, including river and groundwater levels since 2003.  
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FIG. 7b. Hydrograph with separated baseflow of the lowermost station Mengcheng with a drainage area of 15 
474 km2, from 1981–1987 and 2003–2005, including river and groundwater levels since 2003. 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 8. Annual precipitation, runoff and baseflow from 1981–1987 and 2003–2005 at stations from the upper 
reaches to the lower reaches of the Wo He River. 
 
 
TABLE 2. ANNUAL MEAN PRECIPITATION AND BFIS FROM 1981–1987 AND 2003–2005 
Station Annual mean precipitation Annual mean BFI 
 1981–1987 2003–2005 1981–1987 2003–2005 
Dawang Temple 660.7 993.7 0.4 0.265 
Bozhou 771.3 1073.3 0.196 0.109 
Woyang 825.9 1010.8 0.177  
Mengcheng 813.4 1201.0 0.127 0.145 
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FIG. 9. Annual BFI variations from different stations along the Wo He River. 
 
 
4.4. The effect of basin scale on baseflow 
 
Fig. 10 shows the effect of basin scale to the BFI. As described above, the nine years, 
including the period 2003–2005, when the effect of groundwater decreased due to intensive 
groundwater exploitation are included. It seems that data averaged from 1981–1987 may 
better represent the effect of basin area to annual mean BFI. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 10. The effect of basin scale to annual mean BFI. 
 
 
  



5. DATING OF LOW FLOW 

5.1. CFC dating 
 
CFC samples, including CFC12, CFC11 and CFC113 were collected from six sites for both 
river low flow and groundwater (Fig. 11). These were analysed at the IAEA lab. The 
resulting concentration of CFCs shows good reproducibility from duplicate samples. 
  
Under conditions with a recharge temperature of 10°C, a recharge elevation of 50 m a.s.l. and 
a salinity of 1 ppt, recharge time of low flow ranges from early 1982 until early 1983. 
Shallow groundwater was recharged between 1982 and 1983. Groundwater recharged in 
about 1978 is found at a depth of about 50 m (Fig. 11). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 11. Sampling sites for CFCs and resulting ages. 
 
 
5.2. Tritium and the recharge zone of groundwater 
 
The CFC age of a Bozhou baseflow sample, with a tritium reading of 12.2 TU (Fig. 12), 
appears to be recharged between 1980–1983.  
  
More groundwater samples were collected for tritium analyses. The spatial distribution of 
groundwater tritium (Fig. 12) reveals the following important information: 
 

(1) The recharge zone of groundwater — the sensitive recharge zone, active 
recharge zone and palaeowater zone are identified (Fig. 4). The sensitive zone 
range is about 50 m below the surface, as shown in Fig. 4. 

 
(2) River baseflow is recharged from the sensitive zone; the Fig. 13 concept model 

reveals that the river baseflow only holds the information for the sensitive 
zone, i.e., to some extent, it can only represent aquifers within 50 m of the 
surface.  
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FIG. 12. The spatial distribution of tritium in groundwater reveals the groundwater recharge zone. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 13. River baseflow could be representative of aquifers within 50 m below ground surface 
(after Seiler, 2007) [7]. 

6. URANIUM DISEQUILIBRIUM: SOURCE WATERS OF LOW FLOW 

Previous work aimed at the identification of groundwater source waters and uranium 
disequilibrium, together with the stable isotopes of waters is used [8]. In Fig. 14, the plot 18O 
versus the 234U excess Eex shows the mixing diagram of waters. The 234U excess is defined as: 
 

Eex = U (234U/238U – 1) 
 

The three end member waters, whose isotopic character is inferred, could be identified from 
the apices of the mixing triangle. The composition of source A is MCA-type water, which is 
the meteorological water from modern precipitation with the lowest uranium content and Eex. 
Source B is XCB-type water, or phreatic shallow groundwater with the highest Eex

 but 
enriched 18O, and a 14C age of 890 ± 70 a. Source water C is KFE-type water. which is the 



palaeowater characterized by high Eex
 but the most depleted 18O with a 14C age of  37 020 ± 

700 a.[9]. From the mixing diagram (Fig. 14), the proportions of the three source waters for 
low flow could be estimated. Low flow water along the Wo He River at four stations as 
described is also shown. It can be seen that the Dawang sampling site low flow is composed 
of modern precipitation and phreatic groundwater. In addition to this, another component of 
palaeo-groundwater joins the low flow as the third source with the proportion increasing 
further downstream.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 14. Source waters identified from uranium disequilibrium (Gu, 2009) [10]. 

7. SULFATE-34: CONTAMINATION OF BASEFLOW 

Preliminary results show that 34S may be helpful in identifying the origin and the fate of 
sulphate in river water and groundwater. From the three S-sources identified and the 
fractionation mechanism in study area, the following has been revealed [10]: 
 

— For fresh water and/or little polluted water: δ34S has a value less than +5‰; 
— For seriously polluted water: δ34S has a value greater than +10‰; 
— For very seriously contaminated water with bacteria reduction: δ34S has an extreme 

value of +35‰ 
 

The spatial distribution of 34S and the contamination situation along the Wo He River were 
highlighted (Fig. 15). 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
FIG. 15. δ34S distribution in river water and groundwater related to differing contamination profiles. 
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Different types of river water–groundwater relationships exist for exotic and local pollutants. 
In the case of exotic pollutants, polluted river water with high δ34S caused the pollution of 
groundwater up to 200 m away from the river (Fig. 16a), while local pollutants contaminate 
local phreatic groundwater first, then impact river water (Fig. 16b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 16. δ34S in exotic pollutants (a, left) and local pollutants (b, right). 

8. CONCLUSIONS: LOW FLOW INDICEES FOR GROUNDWATER 
SUSTAINABILITY 

 
The estimation of low flow age seems to be a good index for quantitatively characterizing 
aquifers and catchments. However, for contaminated rivers, such an index seems not to be 
enough to characterize/evaluate groundwater vulnerability/sustainability. In the study area, 
river water is seriously polluted (Fig. 17), and it appears to be necessary to find another index 
for baseflow other than baseflow age in order to have both a quantitative and qualitative 
representative for groundwater in the sensitive zone. As shown in Figs 15 and 16, 34S may be 
a good candidate to achieve this goal. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIG. 17. Depths reached for some hydrochemical index of groundwater with concentrations higher than the 
threshold value. 



 
 
Fig. 18, in our case the plain area, refers to groundwater ages of less than 30 a up to about 10 
000 a BP. The groundwater table lies at a depth of 0 to about 400 m. In fact the replenishing 
ability of groundwater approaches zero while the age is close to several thousand years BP. It 
is clear that in case the low flow age is lower than modern time e.g., 30 a. BP. Groundwater 
replenishing ability and also groundwater sustainability theoretically would be 100%, but due 
to serious pollution, e.g., the index of water contamination — in this case  a high δ34S, up to 
+12‰ — the resulting groundwater sustainability will be very low, approaching zero. Thus, 
it is suggested that as a baseflow index for groundwater sustainability/vulnerability, it seems 
best to have a two-dimensional expression, i.e., to use at least two indices instead of one 
index, the low flow age. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 18. Baseflow indices for groundwater sustainability/vulnerability (Gu, 2009). 
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Abstract.  Long term isotope time series in streamflow collected by the German Federal Institute of 
Hydrology (BfG) were used to estimate residence times of water in the Weser Basin, Germany. Tritium 
recession in streamflow of large basins indicate contributions of slowly moving water. For an appropriate 
interpretation of the recession of tritium, it is necessary to consider different runoff components (direct runoff, 
fast groundwater and slow groundwater) and varying residence times of tritium in these components. Spatially 
distributed catchment models (TACD — tracer aided catchment model, distributed; WaSiM-ETH) and the 
tritium balance model (TRIBIL) were combined to model process based tritium concentrations in streamflow of 
the Weser Basin (46 240 km2) and seven embedded sub-basins. Runoff separations using the TACD model led to 
baseflow quantities of 54% to 71% (including fast and slow groundwater), 76% to 95% using WaSiM-ETH and 
59% to 71% with a simple digital filter method (BFLOW). Mean residence times of 14 to 50 years and 15 to 26 
years were derived with TRIBIL-TACD and TRIBIL-WaSiM, respectively. Stable isotopes (deuterium and 
oxygen-18) in streamflow that are available for the period of 2003 to 2008 were used in combination with 
simple black box modelling approaches (dispersion model with FLOW-PC, sine-wave method) to calculate 
mean residence times. The stable isotopes input function was calculated using four GNIP precipitation stations 
(Wasserkuppe, Bad-Salzuflen, Braunschweig and Cuxhaven) that are located within the Weser basin. In contrast 
to tritium stable isotopes on the large scale mainly characterize fast runoff components (seasonal variations) and 
estimated stable isotope mean residence times were in the order of several months for the dispersion model and 
close to one year for the sine-wave method. An interpretation of groundwater sustainability from isotope 
observations and mean residence times alone is difficult because in the case of tritium, they vastly dependent on 
the used model and the hydrological interpretation of the system. 

1. INTRODUCTION 

The International Atomic Energy Agency (IAEA) coordinated research project (CRP) on 
‘isotopic age and composition of streamflow as indicators of groundwater sustainability’ 
involves isotope hydrological studies in fourteen watersheds of different size that cover 
various climatic regions and hydrological regimes. The Weser basin in Central Europe is one 
of the large scale watersheds that contribute to this research project. Germany and other 
countries established national networks on isotopes in precipitation and streamflow where 
isotopes together with hydro meteorological and hydrological information are continuously 
monitored at selected sampling sites. In Germany, the tritium laboratory of the Federal 
Institute of Hydrology (BfG) measures tritium concentrations from streamflow samples 
coordinated in a governmental observational network programme as well as precipitation 
from selected sites of the German Weather Authority (DWD) network. For the Weser 
catchment, a 30 year series of monthly tritium data is available for seven streamflow 
observation sites. Therefore the Weser basin was selected in a first step to use tritium data in 
combination with hydrological modelling approaches to establish a tritium balance for a large 
German watershed. 
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The contribution of this subproject to the IAEA CRP is to offer insights derived from a long 
term existing tritium data set and an established isotope hydrological modelling framework. 
Additionally, stable isotope observations were initiated in 2003, which allows for comparison 
of system analyses and results observed by other CRP partners. The main objective of this 
work is to interpret baseflow quantities, mean residence times and groundwater sustainability 
from streamflow isotope data in the large scale Weser basin and the smaller sub-basins. 

2. STUDY SITE AND METHODS 

The Weser basin is located in the northern part of Germany covering an area of 46 240 km² 
and involving a variety of physiographic characteristics and altitudes ranging from sea level 
to 1100 m a.s.l. The whole basin can be divided into a northern part characterized by 
lowlands and thick quaternary granular sediments and a mountainous southern part that is 
mainly composed of solid Mesozoic rocks (Fig. 1). The climate zone of the study site can be 
described as moderate with about 650 mm/a. of precipitation and 9.1°C mean yearly 
temperature (1960–1990 for the DWD station Hannover-Langenhagen). The river water of 
the Weser and its main tributaries Werra, Fulda, Leine and Aller is intensively used for water 
supply and industry purposes. The basin includes several major urban areas (Hannover, 
Bremen, Bremerhaven, Braunschweig, Kassel, Oldenburg, Göttingen, Wolfsburg, 
Hildesheim), each with a population of more than 100 000 citizens. In addition, there are 
three nuclear power plants (Würgassen, Grohnde and Unterweser) along the river that 
spontaneously emit tritium-containing cooling water. The shallow groundwater systems are 
very important for streamflow generation in the flat low lands (northern part) but also in the 
mountainous southern part. 

The water balance of eight sub-basins (Fulda, Werra, Aller, Weser-1 to 5) was modelled 
independently using TACD model [1, 2] and WaSiM-ETH [3] on a 2 × 2 km2 raster and 
streamflow was separated into direct runoff, fast moving groundwater, and slow moving 
groundwater. Data from over 40 years of tritium in precipitation and discharge (collected by 
DWD and measured with BfG) were used for tritium balance modelling (TRIBIL model, [4]) 
[3, 5]. Mean residence times (MRT) for the system are derived as parameters within the 
TRIBIL model (see 1, 2, 5 for further details on the models). 

Samples for stable isotopes have been collected monthly since 2003 at the same locations 
where tritium was collected. A lumped parameter model was used to fit measured data to 
calculated values [6]. Stable isotope input series were calculated with data from four DWD 
sites that are available from the GNIP data base and located within the Weser basin, 
Wasserkuppe (1/1990–12/2003), Bad-Salzuflen (1/1990–12/2007), Braunschweig (1/1990–
12/2007) and Cuxhaven (1/1990–12/2007) [7]. Missing values were approximated by mean 
monthly values derived from the 1978–2007 time series. Data from 2004 to 2007 have been 
made available by Willi Stichler (personal communication). Input files were calculated from 
two stations by adjusting to an appropriate mean isotope concentration of discharge (altitude 
correction). 

For cross-comparison between the various groups and study sites of the CRP, the following 
additional techniques were applied to available data sets: (a) a baseflow separation technique 
using BFLOW software [8] (see Fig. 2, for Weser-3 at Intschede), (b) a sine-wave model 
using stable isotope data for age approximation, and (c) interpretation of chlorofluorocarbons 
from water samples collected at two points along a river section. 



 

FIG. 1. Study area with elevations, divided eight sub-basins of the Weser River, locations of hydrological and 
meteorological stations, continuous isotope observation sites (yellow dots) and event sampling sites (white dots). 

73



 

FIG. 2. Daily precipitation measured at the DWD station Hannover-Langenhagen, daily discharge at the station 
Intschede, Weser-3 basin, as well as the separated baseflow amount using the 3rd pass of BFLOW software 
(Arnold et al. 1996). 

3. RESULTS AND DISCUSSIONS 

3.1 Tritium modelling in the Weser basin 

Measured and modelled tritium concentrations in streamflow of eight Weser sub-basins are 
presented in Fig. 3. The calculated values represent results from a combined water and tritium 
balance model approach. Results for the TRIBIL-TACD model are shown in black lines and 
those for the TRIBIL-WaSiM model [3] in blue lines. No continuous tritium observations 
were available for the outlet into the Northern Sea (Weser-5). The graphs for Weser 1 to 5 
show to some extent high tritium spikes since the 1980s due to sporadic nuclear power plant 
emissions. Mean residence times for the eight sub-basins were found between 41 and 93 
years for TRIBIL, 14 and 50 years for TRIBIL-TACD and 15 to 26 years for TRIBIL-WaSiM 
model runs (Table 1). For TRIBIL and TRIBIL-TACD the modelled MRTs seem to increase 
with basin area (Fig. 4) whereas MRTs for the TRIBIL-WaSiM model do not support this 
tendency. This discrepancy is most likely due to an improvement in the underlying 
hydrological models, especially the partitioning of runoff components and their 
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implementation, as well as evaporation and snow contributions and improved calibration 
strategies. 

TABLE 1. SUB-BASIN AREA, MEAN ELEVATION (H), MEAN DISCHARGE (Q) AND 
TRITIUM DERIVED RESIDENCE TIMES (MRT) OF THE WESER SUB-BASINS 
Station (sub-basin) Area  H Q*  MRT  
 (km2) (m a.s.l.) (mm)  (years)  

    TRIBIL 
TRIBIL-

TACD 
TRIBIL-
WaSiM 

Letzter Heller (Werra) 6 890 265 308 41 19 20 
Hannoversch Münden (Fulda) 5 410 327 302 62 16 15 
Karlshafen (Weser-1) 15 320 293 290 45 14 26 
Rinteln (Weser-2) 17 260 141 309 43 14 20 
Rethem (Aller) 15 770 11 243 92 37 19 
Langwedel (Weser-3) 37 810 21 287 91 50 19 
Blexen (Weser-4) 45 310  263 92 48 19 
(Weser-5) 46 240  265 93 48 21 

*Mean yearly discharge from the period 1951 to 1999 
 

3.2 Stable isotopes in streamflow 

Stable isotope data collected in streamflow between March 2003 and December 2008 are 
plotted in Figs 5 and 6. In Fig. 5, a comparison with precipitation data (from IAEA GNIP 
stations Bad Salzuflen, Wasserkuppe, Braunschweig, Cuxhaven [7] as well as stations 
Borkum and Hannover) is shown in δ18O vs. δ2H space. Fig. 6 displays δ18O values of 
streamflow samples (upper panel), dispersion model [6] and sine-wave fits to Weser-3 data 
(middle panel) as well as streamflow event samples (including long term mean values) 
against mean catchment elevation (lower panel). Stable isotope input from precipitation was 
considered for between 1990 and 2007. Lumped parameter modelling (dispersion model) of 
stable isotope data was performed using a dispersion parameter value (PD) of 1.5 for all 
series. Without calibration, a reasonable fit was possible and does not contradict the amounts 
and residence times of compounds used in tritium balance modelling [9]. In Figs 5 and 6, 
stable isotope values for the Weser-4 basin are obviously enriched in comparison to the other 
sub-basins, which is due to the influence of ocean water (tides). Seasonal variability of 
isotope concentrations as well as a clear elevation effect is visible for all basins as well as for 
event sampling. 

Direct runoff and fast groundwater mainly reflect the seasonality of precipitation, whereas 
slow groundwater contributes a damped long term mean value to the streamflow signal. 
Baseflow amount and MRT times of baseflow were chosen as the main indicators for 
sustainability of groundwater resources in the CRP. Research work in the Weser basin has so 
far shown that stable isotopes mainly reflect a short term variability (< 5 years) and allow for 
the additional fine-tuning of fast (direct) components, in particular because stable isotope 
concentrations are not influenced by nuclear power plant emissions. Stable isotope 
concentrations indicate seawater influence for the Weser-4 and Weser-5 basins (Figs 5 and 
6). Tritium concentrations reflect a general recession of the bomb tritium pulse and represent 
longer-term (5–50 years) water transport. The parameters derived with the tritium modelling 
do not contradict with the stable isotope modelling results, since slow components contribute 
stable (long term mean) values. 
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FIG. 3. TRIBIL-TACD [5] and TRIBIL-WaSiM [3] modelling results for tritium concentrations in relation to 
observations in eight sub-basins of the Weser River. 
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FIG. 4. Mean residence times (MRT) derived with tritium data and TRIBIL, TRIBIL-TACD and TRIBIL-WaSiM 
modelling approaches plotted vs. area of the eight Weser sub-basins.  

 

FIG. 5. δ18O vs. δ2H plot of precipitation, continuous streamflow and event samples of streamflow collected in 
May 2008, January and August 2009 in the Weser basin. 
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FIG. 6. δ18O values of seven streamflow sites from 2003 to 2008 (upper panel), dispersion model and sine wave 
fits to δ18O values of the Weser-3 (middle panel) and δ18O vs. mean catchment elevation derived from continuous 
sampling and event sampling campaigns (lower panel). 
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TABLE 2. BASEFLOW AMOUNT (%) RESULTING FROM TACD MODEL [5], WASIM-
ETH MODEL [3] AND 3rd PASS OF THE BFLOW SOFTWARE [8] FOR THE MAIN 
WESER GAUGE STATIONS 

Gauge station (sub-basin) Baseflow amount (%)   
 TACD WaSiM-ETH BFLOW* 
Letzter Heller (Werra) 58 89 66 (68) 
Hannoversch Münden (Fulda) 54 77 59 (60) 
Karlshafen (Weser-1) 54 79 66 (67) 
Rinteln (Weser-2) 55 79 69 (69) 
Rethem (Aller) 71 93 71 (71) 
Intschede (Weser-3) 62 96 71 (70) 

* Time period of daily discharge series are 1950 to 1995 and 1995 to 2005 in brackets 

TABLE 3. AMPLITUDES FOR δ18O IN RIVER WATER (AR), MEAN RESIDENCE 
TIMES (MRT) AND R2-VALUES DERIVED FOR THE SINE-WAVE METHOD 

Station (sub-basin) Ar MRT R2 
 (‰) (months) (-) 
Letzter Heller (Werra) 0.7 11 0.33 
Hannoversch Münden (Fulda) 0.6 13 0.21 
Karlshafen (Weser-1) 0.6 13 0.43 
Rinteln (Weser-2) 0.6 13 0.25 
Rethem (Aller) 0.5 15 0.20 
Langwedel (Weser-3) 0.7 11 0.19 
Blexen (Weser-4)* 1.8 4 0.50 

*Seawater influence through tides 

3.3 Cross-comparison techniques 

3.3.1 Baseflow separation using BFLOW software 

Daily streamflow values for the periods 1950 to 1995 and 1995 to 2005 were used from six 
discharge stations of the Weser basin to separate baseflow amounts using BFLOW software 
(Fig. 2 for Weser-3 at Intschede; Table 2). The results indicate baseflow fractions of 59% to 
71%. Only minor variations are visible when two different periods are compared. With 
BFLOW, the smallest estimated baseflow fraction was derived for the Fulda basin and higher 
amounts were calculated for the larger basins (Weser-3). Baseflow separations using TACD 
and WaSiM-ETH are shown for comparison (Table 2). For those models, baseflow amount 
consists of interflow, fast groundwater and slow groundwater. For the Weser sub-basins, 
TACD calculations brought results of 54% to 71% and for WaSiM-ETH of 77% to 96% of the 
baseflow fraction. 

3.3.2 MRT derived with the sine curve method 

For calculations of MRTs using sine wave fits, amplitudes from precipitation and stream flow 
isotope series were used. For δ18O, the sine wave method derived amplitudes for precipitation 
are 4‰ for Wasserkuppe, Bad Salzuflen and Braunschweig, and 3‰ for Cuxhaven. The 
amplitudes derived for streamflow samples (Ar) and the calculated MRTs for each sub-basin 
are listed in Table 3. MRTs from the δ18O series show 11 to 15 months for the Weser sub-
basins. As an example the sine wave fit for δ18O is shown for Intschede in Fig. 6 (middle 
panel). 
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In comparison to the MRTs derived for tritium with TRIBIL, TRIBIL-TACD and TRIBIL-
WaSiM, those derived with the lumped parameter model (dispersion model) and the sine 
wave method with δ18O are rather short. In general, it is known that stable isotopes describe 
direct or fast components whereas tritium values characterize groundwater storage (see [10] 
for a recent discussion of this topic). 

3.3.3 Interpretation of CFC concentrations from streamflow samples 

Two streamflow samples were collected at Weser discharge stations and analysed at the 
IAEA isotope hydrology laboratory for CFC-12, CFC-11 and CFC-113, respectively. 
Replicate samples taken at the Aller (Alleringsleben 52.2128 N; 11.1356 E; 113.22 m a.s.l.) 
on 18 August 2009 showed values of 2.1, 3.5 and 0.3 pptv, respectively. The water 
temperature was 17°C at the time of sampling. The samples collected in the Weser River at 
Intschede (52.9643 N; 9.1566 E; 4.79 m a.s.l.) on 21 August 2009 showed values of 2.1, 3.4, 
and 0.4 pptv, respectively. The water temperature at this site was 22.0°C. Because both sites 
had almost the same concentrations, it was decided not to continue the collection of further 
samples for MRT interpretations using CFCs. 

4. SUMMARY 

Residence times derived using tritium models are in the order of several decades for large 
basins and mainly depend on the underlying hydrological model. Further work is planned to 
fully implement isotopes into hydrological models. Stable isotopes indicate pronounced 
elevation and seasonal effects and indicate shorter mean residence times of 1 to 3 months 
using a dispersion model and 9 to 13 months using a sine wave method. In contrast to tritium 
derived MRTs, these values seem to describe fast runoff (direct and interflow components). 
Cross-comparison techniques were applied to allow for comparison with results derived by 
other CRP groups. We applied a baseflow separation method that indicates 60% to 70% of 
streamflow consists of baseflow in large river systems. Pilot analyses of CFC concentrations 
in two river sections did not lead to conclusive interpretations. The most promising indicator 
of groundwater vulnerability in large basins seems to be the mean residence time derived 
from tritium observations. Stable isotopes obviously do not characterize the same runoff 
components as tritium. Tritium interpretations depend on the use of a hydrological model and 
on available streamflow tritium data. 
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Abstract. Research was undertaken to examine riverine wetland and stream flow interaction and to develop 
strategies for water resources management in the White Volta Basin. The study used isotopes to investigate 
wetlands and shallow/deep wells and rivers in order to understand recharge, origin and interrelation between 
these parameters. Nine hundred and twenty-nine samples were taken of rainfall, groundwater, rivers and 
wetlands. These were analysed for CFC, δ18O, δ2H and 3H. To elucidate the seasonal dynamics in the Pwalugu 
and Tindama wetlands, Pwalugu Wetland B in January is highly enriched in δ18O — 25.0‰ and δ 2H — 
108.2 ‰, while the Tindama wetland showed a similar trend in January 2005 with a δ18O reading of 5.4‰and a 
δ 2H reading of 21.3‰. Water from different sources converges at the White Volta River. A closer look at the 
mixing line of the river, water from groundwater well PZ1, PZ3 and WET-B indicates a high contribution 
proportion to flow in the months of May, August and September. Using BFLOW the proportion of baseflow 
contribution varied, with Pwalugu having a baseflow contribution of 4% and Kubore 44%. Measurement of 3H 
indicated a mean residence time in the wells of between 10–60 years, with Nungu groundwater being the oldest. 
, The CFC value of baseflow at Kubore corresponds with water of a young age. This research shows that 
changes in catchment characteristics have ramifications on surface water flow. 

1. INTRODUCTION 

In 2004, the Isotope Hydrology section of the International Atomic Energy Agency (IAEA) 
commissioned a Coordinated Research Project on Isotopic Age and Composition of 
Streamflow as Indicators of Groundwater Sustainability. The main objective of the study in 
the White Volta Basin was to examine riverine wetland and streamflow interaction using 
isotopes, to provide a scientific basis for developing water resource management strategies in 
the basin. Notably, the earth has abundant water in all phases, which is distributed among 
various reservoirs; such as the atmosphere, oceans, groundwater, dams, wetlands and rivers. 
Hydrogen and oxygen isotopes of water vary among these reservoirs in time and space. The 
isotopic compositions of some of these reservoirs do change through water exchanges, either 
by equilibrium or by kinetic processes [1].  
Isotope tracers have the potential to provide new insights into hydrologic processes within the 
White Volta Basin [2] because they integrate small scale variability and can provide an 
effective indication of catchment scale processes. Isotope tracers such as oxygen-18 and 
deuterium are integral parts of natural water molecules that fall as rain over the White Volta 
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basin, and thus they become ideal tracers of water sources and allow a widespread application 
to hydrological processes. Stable isotopes, like oxygen-18 and deuterium, behave 
conservatively [3, 4], as they move through the landscape and interact with oxygen and 
hydrogen in organic and geologic materials. Hence, the main processes identified to dictate 
the oxygen and hydrogen isotopic compositions of waters in the White Volta river catchment 
are:  

 
(1)  Phase changes that affect the water above or near the ground surface (evaporation, 

condensation); 
(2)  Simple mixing at or below the ground surface.  

 
Therefore, typical uses of stable isotopes to examine hydrological processes within the White 
Volta River catchment include: 
 

• Identification of water sources in wetlands and the White Volta River; 
• Estimation of wetland evaporation;  
• Development of a water budget model for the wetlands;  
• Estimation of the mean residence time and age of water in the basin; 
• Characterization of flow paths that water follows from the time rainfall reaches the 

ground until discharge at the stream;  
 
Riverine Wetland-Rivers Flow Synergy: An Isotopic Study of The White Volta Basin, Ghana 
(GHA–12954) is an IAEA coordinated research project on the general theme isotopic age and 
the composition of streamflow as indicators of groundwater sustainability. The research 
commenced in 2004. The main objective of this study was to examine riverine wetland and 
streamflow interaction using isotopes as a scientific basis for developing water resources 
management strategies in the basin. This research also aims at using isotopes to investigate 
wetlands, shallow/deep wells and rivers, in order to study recharge, origin and interrelation 
between these parameters. In addition, the residence time of water within the wetlands can be 
estimated, and a model developed that accounts for floodplain evapotranspiration and runoff. 
This report discusses research findings on the application of isotope tracers (18O 2H, 3H and 
CFC) for analysis within the White Volta Basin.  
 
1.1. Description of study sites 
 
The climate of the study site White Volta River Basin (Fig. 1) is characterized as semi-arid. It 
is influenced by three air masses; the Eastern continental (E), Tropical maritime (mT) and 
Tropical continental (cT). The interaction of these air masses depends on the oscillation of 
the inter-tropical convergence zone (ITCZ). The sole influence of the mT or cT determines 
the characteristics of the weather at that particular point in time. The cT winds are dusty and 
dry, and mostly experienced in the dry season from November to April. Temperature within 
these periods ranges from 20oC to 34oC. The mT is highly moisture laden and is felt mostly in 
the wet season between March and October. It exhibits a high rate of humidity. Humidity is 
variable and ranges from 60% to 90% at 6 a.m. and 77% to 78% at 3 p.m. In a semi-arid 
climate, annual potential evaporation is estimated to exceed precipitation in 6–9 months. The 
total annual rainfall is estimated at 1100 mm, with 301 mm recorded in the months of August 
and September. Rainfall in this region begins in May and ends in October. 
The catchment area is underlain by the Voltaian system, Birimian and Granitiods. The 
Voltaian system consists of quartzite, shale, sandstone, limestone, conglomerate and arkose. 
The Voltaian Sedimentary Basin covers approximately 43% of Ghana, with a size of about 
5000 km2. Rocks from the Voltaian system consist of sandstones, shales, mudstones, 



conglomerates, limestones and tillites. The sandstones are medium to coarse grained and are 
sometimes conglomeratic. The sandstones and conglomerates underlie about 80% of the area 
in the central and northern parts, while the shales and mudstones cover parts of the western 
and southeastern regions of the study area. Much of the primary porosity of bedrock in the 
basin has been destroyed due to consolidation and cementation. The Birimian system consists 
of metamorphosed lava, pyroclastic rock, schist, tuff and greywacke. Faulting in this system 
tends to follow the folds. Joints in the rocks have a different orientation but are mostly 
parallel to the folds. The Voltaian systems are well consolidated and are not inherently 
permeable, except in a few areas. A borehole at a depth of 100 m in the northern region and 
Kete Krachi have an average yield ranging from 800 to 16 380 litres per hour. Soils found 
within the Volta River catchment are grouped as those derived from granites, sandstones, 
alluvial materials, greenstone, andesite, schist and amphibolities. The White Volta River 
shows variability in conductivity and temperature (Fig. 2). Ghana has two main vegetation 
patterns: tropical forest occupies the southern portion and savanna the northern and some 
parts of southeastern Ghana. Taxonomically the two are very distinct and very few plant 
species occur naturally in both ecosystems. A few tree species which can be found in both 
vegetation zones are Afzelia Africana and Diospyros mespilliformis. Leptaspis cochleata and 
Olyra latifolia are some of the grasses found in the high forest but not on the savanna. The 
vegetation of the study area has changed over the years as a result of human activity, giving it 
a heterogeneous cover characteristic. This can be attributed to annual burning, cropping and 
grazing. During cultivation, trees and shrubs are cut down. Prolonged sequences of farming 
periods with shorter bush fallow have led to a considerable decrease in trees. 
\ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

FIG. 1.  Map showing the Ghanaian part of the White Volta Basin. 
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FIG. 2.  Water level, temperature and conductivity measurement of Pwalugu and Kubore gauge site on the 
White Volta River. 

2. MATERIALS AND METHODS 

2.1. Sampling techniques 
 
Water sampling for isotope analysis started in July 2004 from nine (9) shallow tube wells, 
ranging in depth from 2 m to 6 m in the Pwalugu wetlands, surface water from the Agaya, 
Bisigu, Tindama, Sabingu, Nasia and two major rivers, the White and Red Volta. The White 
Volta River was sampled at two (2) different points in the downstream direction, namely 
Pwalugu and Nungu. The sampling campaign was extended to other points starting in May, 
2005 namely: the Atankudi and Kandiga rivers, boreholes in, Sirigu, Doba, Akrugu Dabo, 
Pungu, Sumbrungu, Nungu, Nangodi, Basua, Kubore, Balungu, Balungu School and a well in 
Pwalugu. Starting in July, 2005 the White Volta was sampled at four (4) different points 
along its course, namely Kubore, Nungu, Pwalugu and Tindama, to enable the capture of 
different isotope composition due to tributary mixing. In addition, rainfall sampling points 
expanded to include Kubore, Tindama, Pwalugu and Tanga were established and monthly 
composite rainfall samples were collected from June, 2005 up to the end of the rainfall season 
in September. Adhoc sampling took place in addition at places such as Sirigu and Pungu. A 
monthly composite of rainfall samples were collected for each site. The river points and the 
wetlands were sampled using a grasp sampling technique. 
 
A total of 720 water samples were sent to the Isotope Hydrology Laboratory of the 
International Atomic Energy Agency in Vienna in November to be analysed for stable 
isotopes, while and 98 samples were analysed for tritium analysis.  
 



Through CRP funding, two divers capable of measuring conductivity, temperature and water 
level were acquired and installed on the White Volta River at Kubore and Pwalugu. Divers 
were also installed in two (2) shallow wells and three (3) boreholes for measuring water level 
dynamics. With the assistance of the hydrological services, some streams have been gauged 
and flow data are collected periodically.  
  
2.2. Application of isotopes in the White Volta Basin  
 
Isotope tracers have been most useful in terms of providing new insights into hydrologic 
processes, because they integrate small scale variability to provide an effective indication of 
catchment scale processes [1]. In particular, oxygen-18 (δ18O) and deuterium (δ2H) are an 
integral part of natural water molecules that fall as rain each year over a watershed and, 
consequently, are ideal water tracers. The application of isotope tracers is used to study 
wetland–river flow interaction via observation of varying isotope behaviours during phase 
changes, such as evaporation and condensation, [4], when the accumulation of heavier 
isotope δ18O and δ2H in the liquid phase rather than the vapour phase is caused by 
fractionation. 
 
Isotopic concentrations are generally reported and expressed as the difference between the 
measured ratios of the sample and reference over the measured ratio of the reference. This is 
expressed using the (δ) notation: 

 

   (1.0) 
 
The process of isotopic fractionation does not impart huge variations in isotope 
concentrations; hence δ-values are expressed as part per thousand or per mil (‰): 
 

   (1.1) 
Isotope fractionation is a natural physical phenomenon that causes changes in the relative 
abundance of isotopes due to their differences in mass [4, 5]. Hydrogen and oxygen isotopes 
of water vary through the process of fractionation in the atmosphere, rivers and wetland 
reservoirs in time and space. The fractionation process is accompanied by phase change, 
transportation, diffusion, reduction, oxidation, chemical reaction and biological 
metamorphism. Isotope fractionation can occur either by equilibrium or kinetic fractionation 
during atmospheric circulation.  
 
Isotope fractionation occurs in any thermodynamic reaction due to differences in the rate of 
reaction for different molecular species. The result is a disproportionate concentration of one 
isotope over the other on one side of the reaction [4, 5]. This is expressed by the fractionation 
factor α, which is the ratio of the isotope ratios for the reactant and the product [4,5]:  
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 e.g.  (1.3)  

The value of α is always close to one and can be expressed in the form of 103 ln α.  
 

    (1.4) 

 
The enrichment factor, ε, is another way to express fractionation and is expressed in ‰ 
values. The ε-factor is defined by the formula below [4]:  
 

   (1.5) 
 
 εl-v is the enrichment factor from the liquid to the vapour phase. 
 
2.3. Kinetic fractionation 

 
Kinetic fractionation occurs when one isotope reacts more rapidly than another in an 
irreversible system, in other words the reactants are swept away from each other before they 
have an opportunity to come into equilibrium. This is an irreversible physical or chemical 
process. Processes such as evaporation, chemical dissociation reactions, biological mediated 
reactions and diffusion are a few of the kinetic fractionation process that are unidirectional 
[4]. This can be defined as: 
 

  (1.6) 

 
K is the thermodynamic constant of the partition ratio, RX is the isotope ratio in the sample 
and RY is the standard isotope ratio in Vienna Standard Mean Ocean Sea Water (VSMOSW). 
 
2.3.1. Temperature effect 

 
Temperature within any environment is an important controlling factor in relation to the 
isotopic composition of rainfall or water stored in rivers and wetlands. Temperature changes 
do affect the enrichment in heavier isotopes, but in a linear relationship [4]. Temperature is 
noted to affect fractionation at a rate of approximately 5‰ for every 100oC for oxygen [4]. In 
addition, similar effects are noted with increasing elevation and increasing distance from the 
equator (both of which correspond to lower temperature). To understand and verify the effect 
of temperature on isotope fractionation on δ18O and δ2H, the following equation can be used 
96]. 
 
   (1.7) 
 
     (1.8) 
 
T represents temperature (Kelvin). 
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2.4. Meteoric water line 
 
Within the process of the hydrological cycle and at each step, δ18O and δ2H have been noted 
to behave in a predictable manner [4]. Craig [7] noted that δ18O and δ2H correlate at the 
global scale, thereby this relationship is defined by the Global Meteoric Water Line 
(GMWL), and is expressed using the equation stated: 
 
   (1.9) 
 
The slope of 8 is due to cloud condensation at 100% relative humidity, while the intercept of 
10 — called the deuterium excess — is caused by an average 10% kinetic enrichment of 
deuterium during evaporation from the ocean surface [1,4]. The meteoric water line averages 
many local or regional meteoric water lines, which show some variance from the GMWL. 
The regional and local meteoric waterlines differ from the GMWL in both slope and 
deuterium excesses, a result of climatic difference and other geographical factors such as 
altitude and distance from the sea.  
 

 
 
FIG. 3.  The relationship between the δ18O and δ2H values of meteoric water which undergoes evaporation, the 
vapour leaving the water and the residual water following evaporation, described by the evaporation line, 
compared with the relationship between atmospheric water and precipitation described by the meteoric water 
line. The relatively ‘light’ (depleted) water vapour leaves the water reservoir (open arrow) causing the residual 
water to become enriched (grey arrow) (www.iaea.org) 
 
2.5.  Evaporation of water  

 
The rate of evaporation limits vapour–water exchange and the degree of isotopic equilibrium. 
Evaporation from wetlands and the White Volta River surface fractionates the isotopes of 
hydrogen and oxygen in a manner that depends on mostly atmospheric humidity [1]. Higher 
humidity does cause a change in δ18O and δ2H during evaporation processes. Therefore, the 
slope of the evaporation line is less than eight when δ18O is plotted against δ2H. In other 
words, data from evaporated surface water falls below the Global Meteoric Water Line 
(GMWL) but intersects the GMWL at the composition of the original water (Fig. 3). 
 
The principal observation is that during evaporation water becomes progressively enriched in 
both δ18O and δ2H, but it is affected by relative humidity [4]. If there is no exchange with the 
vapour phase as humidity remains close to 0%, then enrichment follows a Rayleigh 
distillation. Rayleigh distillation is an exponential function that describes the progressive 

10*8 182 += OH δδ
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partitioning of heavy isotopes into the wetlands and rivers, as they diminish in size and 
volume because of seasonal variation [4]. 

 

   (1.10) 
 
    (1.11) 

with 

   (1.12) 
 

R is isotopic ratio in a diminishing reservoir which is a function of Ro, the initial isotopic ratio 
of water; f is the remaining fraction of that reservoir and α is the equilibrium fractionation 
factor. ε*l-v is equilibrium enrichment factor for a system when relative humidity is 100%. 
 
Hence, the interface between water surface and air produces a balance between these two 
opposing water fluxes, with an upward movement from the water surface and downward 
movement of atmospheric moisture. In an environment with high humidity approaching 
saturation, upward and downward physical fluxes can become equivalent and their isotopic 
compositions may then reach equilibrium. Therefore, a net evaporative flux is produced when 
air humidity is undersaturated (h < 100%). The rate that determines the evaporation step is 
the diffusion of water vapor across the air boundary layer; this occurs in response to the 
humidity gradient between the surface and the fully turbulent ambient air [4]. Kinetic effects 
can be described in terms of humidity with the following relationship [4]: 

 
 ‰ (1.13) 
 
 ‰ (1.14) 
 
ε-kinetic fractionation factor, h-humidity. 

 
FIG. 4. Kinetic isotopic enrichment during evaporation at different humidities in Atankwidi catchment, White 
Volta, Ghana [8]. 
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2.6. Water balance estimation 

 
Subsurface water of the floodplain wetlands in the basin plays a vital role, as it act as a major 
source of water for agricultural activities for the communities there. However, there is 
growing concern about the sustainable use and management of this resource. In other words, 
an understanding and identification of floodplain wetland–river flow interaction is necessary 
for viable sustainable floodplain agriculture. For any policy implication, it is important to 
assess how sustainable wetland water supplies will be able to meet the demand of a unit area 
of floodplain under cultivation.  
 
However, this is limited by a lack of continuous hydrological data, making it difficult to 
study hydrological processes in floodplain wetlands. As an alternative means of providing 
hydrological data, a comparative analysis was made using three approaches to estimate water 
balance, including using an open lake water budget model (Eq.1.15, Eq. 1.16 and the Raleigh 
equation 1.10). 
 
The Tindama wetland and Pwalugu Wetland B sites were used for estimating the water 
balance. The water budget equation for open lake 99] and the isotope water balance model 
were adopted:  
 

         (1.15) 

 
               (1.16) 
 
H = water level in the wetland [mm], A = depth dependent surface area of the wetland [mm], 
P = rainfall over the wetland [mm/month], E = evaporation [mm/month], t = time [month], 
Rin and Rout = surface water inflow and outflow [mm/month], Gnet = net groundwater flux 
[mm/month], and εi = error term, δp isotope ratio in precipitation and δε isotope ratio in 
evaporation. 
 
Conceptually, the water balance is estimated for a pixel with a dimension of 30 m by 30 m 
and varying in height to corresponds to the water level in the wetland (Fig. 5). Groundwater 
flux, inflow and outflow were not measured, therefore these variables were constrained so 
that they did not contribute to water level changes. Hence, water level in the wetland, rainfall 
and potential evaporation were the three variables that were considered to have some 
influence on water balance in the wetlands.  

 

  
   FIG. 5.  Conceptual model for water balance estimation. 
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3. RESULTS 

 
3.1. Rainfall variation over the White Volta basin 

 
Rainfall is the major source of water to the streams, rivers, reservoirs, groundwater and 
wetlands in the White Volta River basin. In assessing basin water balance, rainfall amounts 
relating to its temporal and spatial variation have to be accounted for. As water undergoes 
changes of state in the process of rainfall formation over the basin, the isotope molecules 
present in the water redistribute themselves between phases such that the heavier molecules 
(2H and 18O) are concentrated in the condensed phase, while the lighter molecules (1H and 
16O) are concentrated in the remaining phase, thereby making quantification of rainfall 
possible [1]. 

 
The interplay of several factors determines the composition of δ18O and δ2H in water vapor 
over the White Volta River Basin. The surface of the Atlantic Ocean plays a role in 
evaporation and in the fractionation that occurs during the change of state from liquid to 
vapor [10]. The trajectory of the tropical continental (cT) from the Sahara and maritime air 
masses (mT) from the Atlantic Ocean affects the isotopic composition of rainfall over the 
catchment [10,11]. In addition to the trajectories of cT and mT, rainfall formation through 
orographic or convectional processes within the White Volta basin account for differences in 
the isotopic composition in the Kubore, Pwalugu and Tindama rainfall sampling sites (Figs 
6a, 6b and 6c).  
 

 
 

FIG. 6a. Monthly variation of δ18O and δ2H in rainfall in Pwalugu wetland site. 
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FIG. 6b. Monthly variation of δ18O and δ2H in rainfall in Tindama wetland site. 

 
 

 
 
 

FIG. 6c. Monthly variation of δ18O and δ2H in rainfall at the Kubore wetland site. 
 

The White Volta Basin experiences seasonal variations in precipitation with peaks in June, 
July and September. The Navrongo synoptic weather station of the Ghana Meteorological 
Agency recorded a total amount of rainfall in June, July, and September 2005 of 179 mm, 
226.1 mm and 88.3 mm, respectively. As noted in the work of Mathieu and Bariac [12], the 
isotopic composition at the beginning and the end of the rainy season is characterized by a 
low amount of rainfall with relatively enriched δ values. Hence, within the Pwalugu wetland 
catchment, δ18O was measured at –3.3‰ and δ2H was –17.6‰ (Fig. 6a) in June 2005, which 
is the beginning of the major rainy season. The July 2005 total monthly rainfall of 226.1 mm 
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had a somewhat depleted isotopic composition, with values of –4.9‰ (δ18O) and –28.8‰  
for δ2H. 
 
The isotope composition of rainfall becomes enriched in August 2005 due to an erratic 
rainfall pattern, September 2005, with less rainfall at 88.3 mm, measured –4.6‰ for δ18O and 
–27‰ for δ2H. At the Tindama wetland site, δ18O measured in June was –2.1‰, while δ2H 
was –8.1‰ (Fig. 6b). Despite the unreliability of rainfall, with isolated storm events in 
August 2005, values of –4.0‰ for δ18O and –22.7‰ for δ2H were registered at the Tindama 
wetland site. A similar pattern of isotopic variation with high depletion in the rainy season 
and enrichment in the dry season has been reported in the research of [12, 13] in the northern 
and southern parts of the Volta basin. The observed temporal and spatial variation in stable 
isotope composition in rainfall at the Kubore Pwalugu and Tindama wetland sites is 
complicated by the systematics of the hydrological cycle, which includes evaporation, 
transpiration and mixing of air masses.  
 
Kendall and Caldwell [1] noted that during the process of surface and atmospheric 
interaction, part of the rained-out moisture is returned to the atmosphere via evapo-
transpiration, and during this process the simple Rayleigh law no longer applies. Hence, 
details of the evapo-transpiration process determine the downwind effect of the evapo-
transpiration flux on the isotopic composition of atmospheric moisture and precipitation. 
Therefore, a change in isotopic composition along air-mass trajectory within the basin shows 
only the net loss of water from the air mass, rather than being a measure of integrated total 
rainout. On the other hand, during the evaporation process, vapour is usually depleted in the 
heavy isotopic species in order to be in equilibrium with the isotopic composition of 
atmospheric moisture. Hence the mixing of moisture derived from evaporation in the 
wetlands returning to the atmospheric moisture reservoir has a somewhat smaller effect than 
the addition of transpired water in restoring isotopic composition of the original air mass  
[10, 11]. 

 
3.2. Meteoric water line 

 
Evaporation from surface water bodies and its return via rainfall and runoff is an annual 
process at the local and global scale inclined to achieve some dynamic equilibrium [14]. 
Periodically, there is a deviation from equilibrium, which may be due to a serious climatic 
shift caused by El Nino or other climatic phenomena that influence rainfall patterns, 
groundwater and surface water storage. Within the hydrological cycle and at each step, δ18O 
and δ2H have been noted to behave in a predictable manner [1], thereby a relationship can be 
defined at the global or local level when δ18O and δ2H are plotted against each other (Fig. 7). 
 



 
FIG. 7. Local meteoric water line for Pwalugu, Kubore and Tindama floodplain wetland sites. 
 
The isotope composition of rainfall in the White Volta River Basin tends to follow the 
rainfall pattern, with isotopic depletion measured in July when total monthly rainfall is very 
high. However, due to topographic variation and distance (800 km) from the coast, there is a 
marked difference in rainfall storm events due to variation in humidity and temperature 
across the Volta Basin [15]. A local meteoric water line (LMWL) was computed for the 
Pwalugu and Tindama wetland sites by plotting δ18O and δ2H (Fig. 7). For the Pwalugu 
wetland site, the LWML computation yielded an intercept value of +6.70‰ and a slope of 
7.17 (r2= 0.93), while an intercept value of 8.12‰ and a slope of 7.65 (r2 = 0.94) was 
computed for the Tindama wetland site. The general observation is that the isotopic contents 
in storm events differ between the Pwalugu and the Tindama wetland sites, but show a 
behaviour characteristic of a tropical region [16]. The slope and deuterium excess in the 
Pwalugu and Tindama sites indicate that rainfall occurred when atmospheric humidity was 
less than 100% [4]. In other words, storm events and associated isotope enrichment at these 
sites are highly dependent on the humidity and temperature conditions in the evaporation 
region. However, the rainout effect of the storms moving over the basin determines isotopic 
distribution and enrichment at the different sites.  

 
3.3. Isotope variation in surface (river and wetlands) and sub-surface (piezometer) 

water  
 

The Pwalugu wetland sites (Wetland B and Wetland C) derive their water from four main 
sources. These are direct rainfall, overland flow, occasional White Volta River overbank 
flow, and groundwater upwelling. For the Tindama wetland, the water source is limited to 
direct rainfall, overland flow and occasional overbank flow. There is no groundwater 
upwelling because the geological formation is highly cemented, consolidated and a poor 
aquifer. However, the isotopic composition of these wetlands follows the seasonal (rainy and 
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dry season) pattern, which provides information about their hydrodynamics (Figs 8, 9  
and 10). 
 

 
 

FIG. 8. Seasonal variations of isotopic (δ18O and δ2H) composition in Wetland B of the Pwalugu site. 
 

 
FIG. 9. Seasonal variations of isotopic (δ18O and δ2H) composition in Wetland C of the Pwalugu site. 
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FIG. 10. Seasonal variations of isotope (δ18O and δ2H) composition in the Tindama wetland. 
 
To elucidate wetland hydrodynamics, δ18O and δ2H composition over the season in surface 
water and sub-surface water enabled a classification of the pattern of recharge and flow 
within the floodplain wetland. In other words, the seasonal dynamics of the floodplain 
wetlands in Pwalugu (Wetland B and C) and Tindama can be explained to some extent by 
noting the enrichment and depletion in δ18O and δ2H over the seasons under different 
atmospheric (humidity, temperature and evaporation) conditions. For instance, during the dry 
season in January 2005, with a mean temperature of 33oC, low humidity at 40% and potential 
evaporation of 50 mm/day, in the Pwalugu wetland B site, a highly enriched isotopic 
composition (δ18O = +25‰ and δ2H = +108.2‰) was measured. The Tindama wetland also 
showed some enrichment (δ18O = +5.4‰ and δ2H = +21.3‰). During the rainy season, 
dilution is prominent and little evaporation occurs in the system. For the period between 26 
July 2005 and 9 August 2005, rainfall values were high, thereby increasing the percentage of 
dilution in Wetland B and Wetland C, illustrated  by δ18O values of –16.11‰ and –18.80‰, 
respectively. During this period, temperatures ranged between 20oC and 28oC, humidity was 
always above 72% and minimal evaporation was measured.   
 
For the White Volta River at Pwlaugu, high isotopic enrichment is mostly recorded between 
November and May during the dry season, while between June and October the isotopic ratio 
shows signs of depletion (Fig. 11). Exceptions are seen in the variation, e.g. July 2005 
(δ18O = –5.1‰ and δ2H = –30.8‰) and September 2005 (δ18O = –3.4‰ and δ2H = –20.1‰) 
showed a high depletion ratio.  
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FIG. 11. Seasonal variations in isotope (δ18O and δ2H) composition in the White Volta River at Pwalugu 
gauging station. 

 
 

 
 
FIG. 12. Seasonal variations in isotope (δ18O and δ2H) composition in the White Volta River at Kubore gauging 
station. 
 
However, wetland isotopic composition showed fractionation at all sites with significant 
deviations from the LMWL (Figs 13 and 14). Hence, values plot below the LMWL, 
indicating the occurrence of evaporation. Using the Raleigh equation, an estimated 
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evaporative fraction of -9.62% was calculated for Wetland B in August 2005 and 5.81% in 
September 2005. In Wetland C, 5.9% and 8.24% were estimated respectively in August and 
September 2005. For the Tindama wetland, an estimated evaporative fraction of -15.83% was 
calculated for August 2005 and 16.79% for September 2005. 

 
FIG. 13.  Isotopic composition of sampled water from the Tindama wetland compared to the LMWL. 

 

 
FIG. 14.  Isotopic composition of sampled water from the Pwalugu sites (Wetland B and Wetland C) compared 
to the LMWL. 
 
Noting the isotopic composition measured in Pwalugu and Tindama, evaporation occurring 
within these sites shows some similarities with infinite  reservoir kinetic fractionation [17, 
18]. This is because the isotopic composition of the samples falls below their respective 
LMWL. Within the study period from May to December 2005 the estimated fraction of water 
loss from the wetlands in the form of evaporation varied from 5.81% to 53.25% for Wetland 
B and 1.04% to 16.01% for Wetland C and 9.53% and 28% for the Tindama wetland. In this 
situation, Wetland B will be expected to dry up more rapidly than the other wetlands. 
 
 
TABLE 1. WATER BUDGET FOR WETLAND B (PWALUGU FLOODPLAIN) 
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Date Water 
balance 

P(t) - E(t) 

(mm) 

Isotope water 
balance         

P(t)δp - E(t)δε 
(mm) 

Rayleigh equation 
(mm) 

20 Oct 04 –131.40 –1294.36 –88.49 
20 Nov 04 –74.40 –1929.83 –128.20 
20 Dec 04 –141.50 –2434.11 –152.05 
20 Jan 05 –297.80 –368.03 –148.20 
20 May 05 96.50 5773.61 705.16 
26 Aug 05 963.90 3441.38 717.35 
09 Sep 05 359.00 1968.29 249.41 

 
TABLE 2. WATER BUDGET FOR THE TINDAMA FLOODPLAIN WETLAND 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The water budget mirrors changes in rainfall in the Pwalugu and Tindama wetland sites 
(Table 1 and Table 2). Drastic change in climatic variables (temperature, rainfall, humidity 
and evaporation) influences the variation in the water level of the White Volta Basin and 
wetlands. For a given unit pixel area of 900 m2 in the Pwalugu Wetland B using the Raleigh 
equation for August 2005, an estimated potential of 717.35 mm of water is calculated as 
water added to the wetland, while from November onwards to December, evaporation 
increased from 128.20 mm to 152.05 mm. Using Eq. 16 with an assumed inflow and outflow 
of zero (0), loss of water from the wetland began in October 2004 with 131.40 mm and this 
increased to 297.80 mm in January 2005. A comparison was made between the Raleigh 
equation and the isotope water balance (Fig. 15) using regression analysis with a 95% 
confidence level; this yielded r =0.84. 

 
 

Date Water 
balance 

P(t)–E(t) 

(mm) 

Isotope Water 
balance         

P(t)δp–E(t)δε 
(mm) 

Rayleigh 
equation (mm) 

01 Sep 04 237.97 333.75 379.16 
01 Oct 04 –167.46 –123.69 –271.46 
01 Nov 04 –119.49 –207.98 –91.52 
01 Jan 05 –174.41 –103.83 –85.05 
01 Feb 05 –118.48 –133.49 –44.80 
01 Mar 05 –110.00 –144.63 –56.13 
01 Apr 05 –198.74 –125.05 72.02 
01 Jun 05 287.06 185.70 248.98 
01 Jul 05 199.49 616.57 307.76 

01 Aug 05 114.06 765.33 1087.41 



 
FIG. 15. Relationship between the Raleigh equation and isotope water balance in Wetland B, Pwalugu. 

 
Approaches adopted for estimating water balance will be enhanced if data on surface lateral 
flow and ground water recharge and discharge are collected and used. These approaches 
provide a quick way of acquiring hydrological data within the White Volta River Basin for 
short term decision making. 
 
3.4. Interaction between wetland and river flow 

 

Stable oxygen and hydrogen isotope composition can be used to determine the contribution 
of old and new water to a stream (and to other hydrologic components of a catchment) during 
periods of high runoff, because the rain (new water) that triggers the runoff is often 
isotopically different from the water already in the catchment (old water). Comparing stable 
isotope data of surface (wetlands and river) and sub surface water samples (piezometers) in 
the wetlands plotted relative to their local meteoric water line provides information on 
hydrological connections. The plot shows a relationship between surface water (Wetland B) 
and subsurface water (piezometers PZ-1,PZ-2,PZ-3,PZ-4) on a seasonal basis (Fig. 16), as the 
isotopic composition of subsurface water varies but corresponds closely in July to  
September 2005.  

 
In September 2005, at the piezometer sites, PZ-3, PZ-5, PZ-8 and the White Volta River, the 
same δ18O (–3.4‰) was measured, but δ2H composition differed.  The piezometer and river 
samples differed in isotope content from October onwards when the water lever was low. 
During this period, the isotope composition for the White Volta was over the evaporative line 
(Fig. 16), with an estimated humidity level of 25% and 75%, thus reflecting an enrichment 
process. This indicates that, in the dry season, river baseflow may not be sustained by 
subsurface seepage from floodplain wetlands.  
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-200

0

200

400

600

800

1000

-4000 -2000 0 2000 4000 6000 8000

Isotope water balance

Re
la

ei
gh

 e
qu

at
io

n

101



 
FIG. 16. Interaction between subsurface water and White Volta River water at the Pwalugu site. 

 

 
FIG. 17.  Interaction between subsurface (piezometers) and surface water at the Pwalugu site. 

 
Differences in isotopic concentrations of source waters can be used to determine their relative 
amounts in a mixture. The 18O and 2H values were used to determine the long term relative 
amount of source water from the subsurface in the White Volta River, which can result in an 
enrichment of δ18O and δ2H through evaporation. Conversely, precipitation is a substantial 
source of groundwater recharge and, as a result, groundwater should be depleted in δ18O and 
δ2H. However, isotopic analyses indicate that Volta River water is more depleted in both δ18O 
and δ2H than in groundwater.  
 
The isotopic ratios of Wetland B and sub-surface water (piezometers) are similar. It is 
difficult to isolate water inflow associated with these two ratios, as in the rainy season 
(August 2005 to September 2005) they plot around the LMWL (Fig. 17). Additionally, there 
is an indication of discrete distinct isotopic signatures that characterize water inflow, 
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providing an idea about origin and residence time of wetland water. Therefore, the stable 
isotopes in Wetland B sub-surface water show a relative response to rainfall input as 
piezometers close to the main river are always subject to occasional water table rises. 
Moreover, the isotopic composition of subsurface water also follows a seasonal variation 
pattern, but shows less fractionation compared to surface water. 
 
Regarding surface water and subsurface water interactions, some form of relationship on 
seasonal basis has been detected based on isotopic composition variations (δ18O and δ2H). 
The White Volta River serves as point where different water sources converge. To ascertain 
any form of interaction, it is important to determine the various sources of water that flow 
into the river. The proportion of mixing of these sources is related to the position of the 
sample on the mixing line (Fig. 18). Mixing endmembers to the White Volta River are 
temporally isotopically distinct. A linear mixing model was used to estimate proportion of 
two or three sources into the stream using isotopic signatures. A regression line plotted 
through river sample points resulted in a slope of 4.54, which is characteristic of open water 
bodies subjected to evaporation during certain periods of the year, especially in the dry 
season or for prolonged dry spells within the rainy season. Though the mixing proportions of 
the samples were not calculated, water in the river is a mixture of water from groundwater 
and the wetland. It can be seen upon closer inspection of the regression line of the river, that 
water from groundwater well PZ1, PZ3 and WET-B contribute a high proportion to the flow 
of the main river in the month of May, August and September. The proportion of the 
contributions from PZ5, PZ8 and PZ9 is very low, as they are further away from the mixing 
line. 

 

 
 

FIG. 18.  Plot of δ18O and δ2H for water around the White Volta River, indicating that the greater proportion of 
water sources into the White Volta River stem from PZ1, PZ3 and WET-B. 
 

 
3.5. CFCs to determine apparent age of water in the White Volta River 

 
Chlorofluorocarbons (CFCs) are synthetic organic compounds that originated in the 1930s 
and which were used in refrigerators, aerosols, cleaning agents and many other products. The 
atmosphere has accumulated CFCs over the past 70 years due to the use and release of 
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compounds containing CFCs. The presence of CFCs in the atmosphere is depleting the 
earth’s ozone layer. Dating of the White Volta River at Kubore and Pwalugu, as well as at 
other sites around the world, has a historical antecedent based on information provided by 
atmospheric data on the mixing ratio of these compounds, Henry’s law of solutions in water 
and CFC concentration measurements in water samples. Using CFCs, the apparent age of a 
river is dependent on Henry’s law constant calculated at the recharge temperature, which is 
assumed to be average air temperature at the time the sample was taken. The apparent age of 
a parcel of water in the White Volta River implies the length of time since the water was last 
in contact with the atmosphere. 

 
TABLE 3. CFC VALUES FOR PWLAUGU AND KUBORE GAUGING STATIONS ON 
THE WHITE VOLTA RIVER 

 
CFC samples were taken at Pwalugu and Kubore (Table 3). In estimating the apparent age of 
baseflow, a high CFC value of 5.4 pmol/kg indicated possible contamination at Pwalugu, 
while a CFC value for Kubore corresponded with water of a young age.  
 
3.6 Groundwater dating and mean residence time 
 
In most settlements in the Volta Basin, groundwater serves as a water source for daily 
activities. The use and sustenance of groundwater is very important to water resource 
managers in the basin. Hence it important to examine the rate of recharge, age and mean 
residence time of groundwater resources in the basin in order to be able to advise on its 
sustainable use. 
Characterization of water movement and distribution is essential for understanding surface 
water–groundwater systems. The isotopic composition of water and its seasonal variations 
can be used to describe catchment water distribution, temporal variations of precipitation 
inputs, and volumetrically variable runoff and recharge events. Isotopic variation can be used 
to estimate surface water and groundwater mean residence times (MRTs), Notably, 18O is an 
ideal tracer for characterizing hydrological processes because it is a constituent of the water 
molecule itself and because 18O in water is reliably measured and easily sampled in various 
water bodies. The seasonal variations of 18O in surface water and groundwater give important 
insights into hydrologic processes in the catchment and may be useful for characterizing 
hydrologic processes in similar watersheds. However, there are limits to use of the seasonal 
18O amplitude-attenuation approach for MRT estimation, because surface water–groundwater 
exchange is a significant hydrologic process. Also, the seasonal variation of groundwater 18O 
may propagate to surface waters, and this exchange can influence MRT estimates of surface 
waters. Timing, frequency, and the magnitude of evaporated recharge contributions to 
groundwater influence MRT estimates. In the White Volta basin, attempts have been made to 
use tritium to estimate the age of well water. 
 
Within the basin, 15 boreholes (wells) of varied depths were sampled and analysed for stable 
isotopes and tritium. For the tritium analysis, six samples were analysed; although this was 
not enough for any meaningful time series analysis, a qualitative interpretation was made. 

Sample               
code 

Sampling 
date 

CFC11 in 
water 

(pmol/kg) 

CFC113 in 
water 

(pmol/kg) 

CFC12 in 
water 

(pmol/kg) 
Kubore 02/04/2009 2.25 0.17 1.3 
Pwalugu-White 
Volta 02/04/2009 5.34 0.4 4.1 



Using 3H, mean residence time ranged between 10–60 years with Nungu groundwater having 
the highest age. Variations in tritium concentrations provide insight into local recharge 
mechanisms. Measured tritium values in groundwater samples range from 2 to 5 TU and are 
quite comparable to values of between 5 and 9 TU, which were observed in northeast and 
southeast Ghana in 1994 by [13], and which would have decayed to between 2 and 5 TU in 
2005 based on the tritium half-life of 12.43 years. 
 
3.7. Baseflow separation 

 
Sustainability of a river is equated to the rate at which that river is being replenished by 
baseflow, and the percentage of baseflow varied with the section of this river. In 
determination of baseflow into the White Volta River, two different models, BFLOW and 
WASIM-ETH, were used. According to BFLOW analysis (Fig. 19) from Pwalugu site, most 
of flow results from direct runoff, with only 4% entering as baseflow and the source of water 
to the section is the result of direct precipitation, while baseflow contributed 44% to 
streamflow in Kubore. In this situation, the sustenance of flow in Pwalugu is very low and 
more vulnerable to depletion at certain times of the year. Additionally, much of the  
groundwater originates from direct recharge from rainfall, therefore land use practices are 
likely to affect the rate of recharge. Hence most of these sources are vulnerable to extraction 
rates, landuse change and climate variability.  
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FIG. 19.  Baseflow separation (Using BFLOW) of Pwalugu(upper diagram) and Kubore (lower 
diagram)gauging stations in the White Volta River. 
 
 

 
 

FIG. 20. WaSim Basin-wide annual sums and long-term (1961–2000) daily means of total runoff (black), direct 
runoff (red), interflow (green) and baseflow (blue) of long term hydrological simulations for the White Volta 
basin. 
 
The WASIM-ETH model was able to separate the different kinds of flow within the basin 
mainly consisting of direct runoff, interflow and baseflow (Fig. 20). The WASIM-ETH 
interflow, which is a source of pre-event water and baseflow, contributes about 40% of the 
water to streamflow for the entire White Volta River basin. 
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Using MODFLOW simulation, the sub-surface hydraulic head of areas close to the river 
indicates a systematic variation relative to the White Volta River in response to changes in 
rainfall patterns. Interaction conditions vary from season to season with March, April and 
May showing the least leakage (estimated values of 0.03mm/day, 0.06mm/day and 0.15 
mm/day, respectively) from the river into the floodplain, although the expectation is that 
floodplain wetlands serve as a moisture buffer and supply the river with water during the low 
season. Conversely, in 16 months, a total of 215.03 mm leaked out of the wetland system to 
contribute to the sustenance of the White Volta River. In this situation, the floodplain wetland 
contributes to White Volta River baseflow in the dry season. The majority of the total amount 
of water (556.75 mm) moving out of storage in the 16 month period is only for the simulation 
period, and becomes depleted during the dry season. Nevertheless, interaction between the 
wetland and the river as simulated is bidirectional. With most of the flow coming from the 
river, this condition persists in the months of August and September.  

4. SUMMARY AND CONCLUSION 

The hydrology of the White Volta Basin is complex and is characterized by spatial and 
temporal variability of hydrological events. The White Volta River catchment is experiencing 
climatic, hydrologic and vegetation changes. This research examined the essential role the 
White Volta catchment plays in streamflow within the White Volta basin, in order to ensure 
good management and a sustainable level of water resource usage. Exploitation of 
groundwater in the White Volta Basin has increased substantially in recent times and can lead 
to depletion and degradation if not properly managed, particularly in areas where the resource 
could be affected by overexploitation, contamination and climate change. A basic 
prerequisite for efficient and sustainable management of groundwater is the understanding of 
the recharge process. 
 
Isotope tracers, including 18O and 2H, provided new insights into hydrologic processes within 
the basin. The concentrations of 18O and 2H in water vapor over the White Volta River Basin 
are influenced by the trajectory of the tropical continental (cT) from the Sahara and maritime 
air masses (mT) from the Atlantic Ocean, thus resulting in observed differences in isotopic 
composition of rainfall in the Pwalugu and Tindama wetland sites, respectively. Within the 
Pwalugu wetland catchment in June 2005, during the onset of rainfall, δ18O measured –3.3‰ 
and δ2H was –17.6‰. The isotopic concentrations of rainfall showed some depletion in 
collected samples. For instance, in July 2005 there was a total monthly rainfall value of 226.1 
mm; δ18O measured –4.9‰ and –28.8‰ for δ2H. At the Tindama wetland site, δ18O 
measured in June was –2.1‰ and –8.1‰ for δ2H.  
 
To elucidate seasonal dynamics in the Pwalugu and Tindama wetlands, Pwalugu Wetland B 
is highly enriched in 18O and 2Η in January, e.g., δ18O and δ2Η are +25‰ and +108.2‰, 
respectively. Tindama showed a similar trend in January 2005 withδ18O measuring +5.4‰ of 
and δ2Η measuring +21.3‰ of. During the rainy season, when there is high rainfall input, 
dilution of surface water is prominent and there is little evaporation from the system. Isotopic 
compositions plotted on their respective LMWL deviated due to their low deuterium 
excesses. Using the Raleigh equation, an evaporative fraction of 9.62% was estimated for 
Wetland B in August 2005 and 5.81% in September 2005. In Wetland C, the estimated 
evaporative fractions for August and September 2005 were 5.9% and 8.24% respectively. For 
the Tindama wetland, in August 2004, the estimated evaporative fraction was 15.83%, while 
in September 2005, 16.79% was the estimated fraction. In August, little or no evaporation 
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occurred and thus the water input was greater than water output. Thus, the fraction of water 
loss from the wetlands through evaporation ranges from 5.81% to 53.25% for Wetland B and 
1.04% to 16.01% for Wetland C. In the Tindama wetland, little evaporation was seen; it 
ranged from only 9.53% to 28%. Moreover, results from Penman–Monteith potential 
evapotranspiration (PET) analysis and the evaporative fraction of 18O (EF-18O) suggest that 
the estimated water budget calculated for the Wetland B in Pwalugu mirrors changes in 
rainfall. A comparison was made between the PET and the EF using regression analysis. 
With a 95% confidence level, the estimated equation had an r2 value of 0.94.  
 
Regarding surface water and subsurface water interactions, some form of a seasonal 
relationship on was detected based on variations in isotopic composition (δ18O and 
δ2Η). Isotope data from the sites correspond closely between July and September on the 
LMWL, indicating that most of the sources of water come from direct rainfall. The isotopic 
ratios of Wetland B water and subsurface water in the piezometers are similar and it is 
difficult to isolate water inflow associated with these two due to the fact that in the rainy 
season, in August and September 2005, they plot around the LMWL. However, a closer look 
at the river mixing line shows that water from groundwater well PZ1, PZ3 and WET-B 
contribute significant amounts of water to the main river in the month of May, August and 
September, while the contribution from wells such as PZ5, PZ8 and PZ9 is very low.  
 
An accurate estimation of groundwater recharge is very important for sustainable planning of 
this groundwater resource. The accuracy of groundwater recharge estimation in the White 
Volta Basin could be improved through further research. This research shows that changes in 
catchment characteristics have ramifications on surface water flow.  
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Abstract. To determine the SW and GW interconnection, a geochemical and isotopic investigation using tracers 
such as δ18O, δ2H, 3H, Ra, 14C, 87Sr/86Sr and CFCs was carried out in the Souss Catchment. Stable isotopes 
indicate that the High Atlas Mountains with high rainfall and low δ18O and δ2H values constitute the major 
source of recharge to the Souss-Massa aquifer. Carbon-14 activities (34–94 pMC) and 3H indicate a long 
residence time. The 14C activities measured in Ifni spring attained at 2158 m a.s.l. and in the Tiar spring at 
711 m a.s.l. show a modern contribution which also indicates the recharge effect from High Atlas tributaries. 
The presence of CFCs indicates a post-1945s recharge component. The apparent MRT clearly indicates a 
mixing of old and recent contributions to streamflow. The mass-balance mixing model provides a contribution 
of GW of 72% during wet season and 36% during the dry season. Some similar values are reached in surface 
water (SW) and groundwater (GW) using 226Ra and 87Sr/86Sr, indicating a contribution of GW to the streamflow 
and vice-versa.  

1. INTRODUCTION 

The hydrodynamic functioning, i.e. the relationship between rivers and regional aquifers, 
recharge, and the residence time of waters, pose a serious problem for current water 
management and future exploitation. The contribution of Groundwater to Surface water is 
obvious when a river is supplied by springs. In some areas, the contribution of groundwater 
to streamflow can also take place along rivers. To determine SW and GW interconnection, 
our study focused mainly on the upstream catchment of the Souss River in the southern 
margin of the Atlas Mountains. The basin is characterized by a semi arid climate. To identify 
the contribution of the groundwater to river baseflow and the mean residence time (MRT) of 
water, a geochemical and isotopic investigation using tracers in the Souss catchment, such as 
δ18O, δ2H, 3H, Ra, 14C, 87Sr/86Sr and CFCs was carried out mainly in the Souss catchment.   

2. SITE SETTING 

The Souss basin, situated between the High Atlas Mountain in the north and the Anti Atlas 
Mountains in the south, (Fig. 1) is strongly affected by rain fluctuations and shows inter-
annual variation, seasonal regime from year to year. The climate is semi-arid to arid, the rainy 
season extending from November to March and the dry season from April to October. The 
rainfall and the average runoff vary in time and space, ranging from 200 mm/y in the plains 
(mean altitude: 460 m a.s.l.) to 600 mm/y in the mountains (altitude >700 m a.s.l.). The long 

111



term mean annual precipitation decreased in 20 years from 343 mm in Aoulouz (700 m a.s.l.) 
to 232 mm in Taroudant (232 m a.s.l.). The rivers of the region, locally called ‘oued’, have an 
intermittent flow regime, because the dry season is typically very long (6 to 8 months) every 
year. The main oued in this basin are the Souss, which receives many important flow 
tributaries, in particular from the High Atlas Mountains in the north and the Anti Atlas 
Mountains in the south. 
 
The area near the mountains (with high rainfall) is an important inflow due to its tributaries, 
especially those coming from the High Atlas Mountains. This high altitude flow is infiltrated 
in the piedmont area and in the beds of rivers which present highly permeable conglomerates. 
 
The shallow aquifer of the Souss plain is the main resource for drinking, irrigation and 
industrial water in the region (Fig.1). In order to improve the management of these precious 
resources, several studies to better understand the hydrological functioning of the aquifer 
system and define the relationship between surface runoff (rivers and dams) and 
groundwater, have been carried out during the last years. 
 
Our study is focused mainly on the Souss upstream part, which presents a permanent flow in 
Tifnout stream. The main objectives are: 
 
• Determination of the mechanisms of recharge to the aquifer and the relationship between 

surface water and groundwater in this semi-arid climate; 
• Evaluations of isotopic techniques in the context of large hydrologic systems; 
• New guidelines for the optimal use of isotope techniques in water management under 

changing climatic conditions. 



 
Fig.1. Studied area and location map of sampled points. 

3. METHODS  

 
3.1. Field sampling and measurement 

During the CRP project, a monthly to bi-monthly sampling project concerned surface water 
and groundwater in the Souss upstream catchment. Locations from which water samples were 
collected are shown in Fig. 1. The sampling was carried out from December 2004 to January 
2006. There are twelve sampling sites, at an altitude of 696–2331 m, chosen along the 
principal Souss upstream catchment (called Tifnout) and some of its tributaries.  
 
The sampling sites named 3, 4, 6 and 7 from the Tifnout River itself; 5 and 8 from two of its 
temporary tributaries; 1 from a lake (Ifni Lake); 9 and 10 from a dam’s reservoir and 12 from 
the Souss River. Groundwater was also sampled from two springs (Ifni and Tiar), encoded 2 
and 11. 
 
Rainfall samples were also collected at the Mokhtar Soussi precipitation station (N: 30° 44’ 
21”, W: 7° 59’ 20’’, Alt: 884m a.s.l.). These samples included 11 rain samples and one snow 
sample. 
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Sixty-seven water samples were collected. The samples were analysed for a range of physic-
chemical parameters including temperature (T), pH and electrical conductivity (EC). Major 
ions were analysed at the Applied Geology and Geo-Environment laboratory in Ibn Zohr 
University, Agadir, Morocco. Samples for stable isotopes of water and CFCs were analysed 
at the IAEA laboratory. Radium and 87Sr/86Sr samples were analysed at Duke  
University (USA). 

4. RESULTS AND DISCUSSIONS 

The data and the following discussion are presented according to the geographical 
distribution and geological context of the sampling points within the studied area (Fig.2). The 
overall results are considered in relation to the flow direction along the river. We distinguish 
two groups: the first group sampled upstream of the dams (1–8) and the second group 
sampled in the dams and downstream (9–12).  
 
The total dissolved solid (TDS) of all the water samples does not exceed 1000 mg/L. It varies 
between 118 (Ifni spring at 2185 m elevation) and 919 mg/L for groundwater in the Aoulouz 
area, and between 267 and 428 mg/L for surface water. 
 
4.1. Chemical water types: 
 
A general evolution of major ions concentrations, EC and TDS display an increase in 
mineralization when recorded from upstream to downstream. The Piper diagram (Fig. 2) 
allows a global visualization of chemical water types while identifying potential chemical 
evolutions. Among the major cations triangular, groundwater samples are nearly all located 
near the (Ca2+ + Mg2+) poles. In fact, Ca2+ represents 60% of the sum of major cations, Mg2+ 
represents 20%, and Na+ 18%. On the other hand, surface waters are more enriched in 
sodium, with Ca2+ representing 45%, while (Na+, K+) and Mg2+ concentrations are 
respectively 34% and 21%, due to their crystalline origin. Among the major anions, water 
samples are mainly located in the bicarbonate pole, with a migration toward the sulfate pole 
in the plain. The most dominant is HCO3

-, with 73% of the sum of anions for groundwater; 
SO4

2- and Cl- are secondary, representing respectively 16% and 8%. In surface waters, HCO3
- 

is also dominant at 76%; while SO4
2- and Cl- represent respectively 12% and 11%. The water 

samples situated in the centre correspond generally to waters from the basement. At the Cl- + 
NO3

- pole, it is necessary to distinguish mineralization caused by Cl- concentration and 
pollution caused by nitrates, but in our case, water samples contain few of these ions. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 2. Piper diagram showing groundwater (in the Aoulouz plain), SRE (dams) and SRI samples. 
 
This indicates that the mineralization of groundwater through interaction with limestone 
formations in the basin is a major process that affects overall water chemistry. The presence 
of nitrates reflects the outlet of water originating from irrigation return along the valley, 
which contributes to this component of the baseflow.  
 
4.2. Spatial variations of δ²H and δ18O 

Average values vary from between –56.8‰ and –30.4‰ for δ²H and from –8.8‰ to –5‰ for 
δ18O. This spatial variation may be caused by variations of water isotopes due to evaporation, 
altitude and seasonal effects, or to an eventual contribution of groundwater. Results for the 12 
sampling sites showed that variations in δ²H and δ18O values among sampling sites were 
highly significant during the period of investigation. This means that a spatial variation 
existed between these sampling sites. A comparison of δ²H and δ18O values showed that there 
was a significant difference between sampling sites 1–4, 6, 7 (upstream of the dams) and  
9–12 (dams and downstream part), while insignificant differences were found among samples 
9–12 (Fig. 3). 
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FIG. 3. Variation in stable isotopes from upstream to downstream. 
 
On the other hand, sampling site 5 (Fig. 1) showed no significant difference with the other 
δ18O sampling sites, though there was a significant difference to sampling site 9 for δ²H. 
Sampling site 8it was significantly difference from sampling sites 2, 3 and 4 for both δ²H and 
δ18O and with sampling site 6 for δ²H. Box plots of both δ²H and δ18O values clearly 
displayed the spatial variations of δ²H and δ18O among all the sampling sites (Fig. 3).  
 
4.2.1. Oxygen and hydrogen isotope relationships in precipitation 
 
Based on a linear regression of the 12 precipitation samples, the local line of δ²H = 8.3 δ18O + 
14.7 (r=0.91) upstream in the Souss (Fig. 4) is very similar to the Moroccan Meteoric Water 
Line (LMWL). The slope of this line, which is close to the slope of Global Meteoric Water 
Line (GMWL), reflects the thermodynamic conditions which are prevailing during 



condensation and indicates that precipitation in the Souss upstream catchment have not 
evaporated. Deuterium excess (d-excess), defined as d= δ²H – 8 δ18O can be related to 
meteorological conditions at the oceanic source region from where the water vapour is 
obtained. However, vapour evaporated in continental basins can modify the original oceanic 
signal, and d-excess is strongly affected by local humidity as well as windspeed and sea 
surface temperature during primary evaporation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 FIG. 4. Oxygen and hydrogen isotopes relationship in surface and groundwater. 
  
The δ18O–δ²H relationship in water samples collected during the investigation period is 
presented in Fig. 5. On the δ²H vs. δ18O diagram, most water samples plot close to GMWL 
[1]. Since local climatic factors affected the LMWL, comparing the different water samples 
with the LMWL was useful to test the water source and isotopic fractionation for regional 
hydrology investigation [2]. Samples collected from sites 9–12 and 12 are enriched in heavier 
isotopes and fall slightly below the LMWL. They appear to have undergone variable degrees 
of evaporation. The evaporation line is defined with a slope of 5.95 (n=55, R=0.93), 
significantly less than that of the LMWL. 

117



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 5. The relationship between ²H vs 18O for all samples in the studied area. 
 

ydrogen and oxygen isotope signatures reveal a significant infiltration of surface water before 
evaporation, indicating recent recharge through fractures in Atlas Mountain crystalline and 
limestone rocks and infiltration of surface water along rivers and/or in the alluvial cones at 
the margin of the Atlas basin.  
 
4.2.1.1. Groundwater contribution in Souss stream (Tifnout) baseflow 
 
In order to view the contribution of groundwater in Tifnout river baseflow, we have chosen 
sample sites which represent river waters and groundwater in the wet and dry seasons. Thus, 
sample sites 1, 3, 4, 6 and 7 were selected to represent river waters and sample site 2 was 
selected for groundwater. According to the distribution of river water in the plot of 18O versus 
δ²H (Fig. 6), the best fit line of river water samples for the wet season was δ²H = 5.21 δ18O–
11.9, which was significantly different from the river water line (δ²H = 3.52 δ18O – 23.1) 
during the dry season. This showed that river water during the wet season was different from 
that during the dry season. Groundwater samples, represented by Ifni spring, were plotted 
close to the river water line during the wet and dry seasons, which displayed a similarity to 
river waters and groundwater. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FIG. 6. Distribution of river water data during the wet and dry seasons. 

 
4.2.1.2. Isotopic model balance 
 
In order to quantify the specific contribution of groundwater to Tifnout river baseflow, we 
applied the isotope mixing model balance as outlined by the following equation:  
 
δ18OM = (1–X) δ18OR + X δ18OG                                  (1) 
 
 
where δ18OM, δ18OR and δ18OG represent the δ18O content of the mixing water in downstream 
(M), runoff coming from upstream (R) and the component coming from groundwater (G) 
respectively. X is the estimated contribution of groundwater to baseflow. 
Table 1 below summarizes the average values of δ18O in mixing, groundwater and stream 
water during the wet and the dry season: 

 
TABLE1. RESULTS OF ISOTOPIC MODEL BALANCE 

 Average δ18O content 
during the wet season 

(‰) 

Average δ18O content 
during the dry season 

(‰) 
Mixing (M) –7.93 –7.7 
Stream water (S) –6.59 –7.3 
Groundwater (G) –8.44 –8.4 
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The application of Eq. 1 provides an X value of 0.72 in the wet season and 0.36 during the 
dry season, respectively. Therefore, we can assume that the contribution of groundwater in 
Tifnout baseflow can reach 72%.  
 
The value –6.59‰ was adopted as the representative amount of δ18O content in the stream 
water. It matches average precipitation sample values plotted on the GMWL during the wet 
season. The average value of the mixing was –7.93‰, which represents the mean δ18O 
content of sampling site 6, whereas the mean δ18O content of groundwater was –8.44‰. 
 
Stable isotopes indicate that the High Atlas Mountains with high rainfall and low δ18O and 
δ2H values (–6‰ to –8‰ and –36‰ to –50‰) constitute the major source of recharge to the 
Souss. According to previous studies [3], 3H and 14C data suggest that the mean residence 
time of water in the Souss aquifer ranges from present to several thousands of years; hence 
old water is mined, particularly in deep bodies. In the upstream part, carbon-14 activities  
(34–94 pMC) indicate a long residence time. The 14C activities of 94 pMC measured in Ifni 
spring (n°2) attained at 2158 m a.s.l. and 87 pMC in Tiar spring (n° 11) at 711m a.s.l. show a 
modern contribution, which also indicates the recharge effect from High Atlas tributaries.  
 
Since tritium activities in present regional precipitation are not known, we used the surface 
water tritium signature to represent the modern meteoric signal, which lies in a range of 5 to 
10 TU [4]. As water recharges vertically within the basin and laterally from the recharge zone 
adjacent to the aquifer basin, tritium activities are expected to decrease with time. In contrast 
to the surface water, most groundwater samples have very low tritium contents, which 
indicates that both vertical and lateral recharge processes take longer than 30 years, 
particularly in the shallow aquifer of the Souss plain. The lack of high tritium activity in 
groundwater suggests that the 1960s tritium peak [5, 6] has already diminished in that 
groundwater system. Alternatively, if all groundwater samples were very young (from the last 
decade), one would expect to have tritium levels similar to those measured in surface waters 
[7, 8]. 
 
4.3. CFC tool 

The values of CFCs measured at two sites of the catchment (Fig. 7) indicate post-1945 water 
recharge. The apparent MRT clearly indicates a mixing of old and recent contributions to 
streamflow, which confirms the results of both stable and age dating isotopes. 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
FIG. 7. Sampling map of water points investigated for CFCs and radium. 

 
 

4.4. Radium-226 content and 87Sr/86Sr ratio 

To better understand water–rock interaction, some samples were collected during 2009 and 
analysed for 226Ra and 87Sr/86Sr ratios (e.g. location in Fig. 7). 
 
In Fig. 8, the 226Ra and 87Sr/86Sr relationship reveals some similar values in surface water and 
groundwater, indicating a groundwater contribution to streamflow and vice-versa, showing a 
clear interconnection between surface water and groundwater. Elevated Ra is associated with 
radiogenic values of 87Sr/86Sr in granitic areas. These results indicate a water and crystalline 
rock interaction in the catchment and the contribution of the groundwater to stream baseflow. 

5. CONCLUSIONS 

This study presents the results of several isotopic and age dating isotopic tools in an attempt 
to reveal the origin of recharge water, and the residence time of surface and groundwater 
resources in a semi-arid area.  
 
Data indicate that the High Atlas Mountains constitute the main recharge area of the Souss 
catchment. Tritium and 14C data revealed modern and old groundwater in the contribution to 
baseflow. The presence of CFCs indicates a post-1945 recharge component. The apparent 
MRT clearly indicates a mixing of old and recent contributions to streamflow 
Similar values are shown for 226Ra and 87Sr/86Sr in surface water and groundwater, indicating 
a groundwater contribution to streamflow and vice-versa. The mass balance mixing model 
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reveals a significant contribution of groundwater to streamflow in the studied area. All 
indicators indicate that the water resources in the studied area are very vulnerable to 
contamination processes. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 8. Relationship between 226Ra and 87Sr/86Sr. 
 
In conclusion, this CRP project demonstrates the importance of using isotopic tracers in 
hydrological studies. The results of this study, including interpretation of isotopic results for 
recharge areas and residence time estimation, should be used not only to conceptualize, but 
also to better calibrate future groundwater flow models carried out by the Hydraulic Agency 
in Morocco. These factors should be taken into consideration in future water management 
plans.  
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Abstract. This study was undertaken in three selected areas of the Indus Basin, namely the Haripur, Marala-
Khanki and Chashma-Taunsa areas to investigate surface water and groundwater interaction using isotopic and 
chemical tools. Surface water, shallow/deep groundwater and rain samples were collected from the three study 
areas. Groundwater samples were collected on seasonal basis (dry and wet seasons) while surface water samples 
were collected on a weekly or monthly basis. Isotopic data indicated that surface water is not the dominant 
source of groundwater recharge in the first two areas. In the third area, the Indus River appears to be the main 
source of recharge to groundwater. Stable isotopic data revealed that the Haripur pocket of Tarbela Lake 
receives significant baseflow. At a high lake level, this contribution is about 20% which increases to about 48% 
when the lake level drops. Significant increases in the stable isotopic values of the Chenab River and Indus 
River at downstream stations during low flow periods compared to upstream stations suggested inflow of 
groundwater from the surrounding areas. Measurements of δ18O and δ2H proved to be a useful tool for 
quantification of baseflow contribution in these river sections. During low flow periods, average baseflow 
contribution (calculated using the stable isotopes) in the selected section of the Chenab River is about 36%, 
while that in the selected section of the Indus River is 34–41%.  

1. INTRODUCTION 

Water in rivers/streams has two main components: surface and near surface quickflow in 
response to rain or snowmelt, and baseflow, which is water that enters from persistent, slowly 
varying sources and maintains streamflow between water input events [1]. Their respective 
contributions differ in each system and depend on the physical settings of the drainage basin 
as well as on climatic parameters. Baseflow generally comes from shallow unconfined 
aquifers containing water less than 50 years old at depths of between 10 and 100 m [2], which 
enters the river through riverbanks and the bottom of river beds [3]. Baseflow is an important 
component of the water in rivers/streams. The quality of river water deteriorates due to the 
discharge of poor quality groundwater from saline zones, industrial effluents and urban 
contamination. This implies that shallow groundwater needs to be studied as a part of the 
catchment and improved understanding of the role of the baseflow in overall catchment 
vulnerability is a key need to improve water resource management tools and best 
management practices on a large scale [4].   
 
Pakistan is an arid to semi-arid country and suffers from a general shortage of water. The 
quest for rapid social and economic growth provides a great boost for the development of 
water resources. Most rainfall occurs in the monsoon season and due to inadequate storage 
facilities; significant quantity of precious water is lost through drainage into the sea. At high 
discharge levels, river water is recharged into groundwater, while during dry seasons flow 
reduces significantly, and shallow groundwater discharges into the rivers in high water table 
areas. In order to manage water resources, information on the interaction between stream(s) 
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and groundwater is needed. Isotopes, along with geochemical techniques, are useful tools for 
such investigation.    
 
Under a IAEA CRP, a study was undertaken in three selected areas of the Indus Basin to 
investigate various aspects of surface water/groundwater relationship. Details of the work 
undertaken during the whole period of the project (November 2004 to December 2009) are 
given in the following sections.   

2. STUDY AREA 

Regions selected for the study included the Haripur, Marala–Khanki and Chashma-Taunsa 
areas.  The location of the study areas is shown in Fig. 1.  
   
2.1. Haripur area 
 
The Haripur plain is a part of Abbotabad District and is located about 160 km northeast of 
Peshawar. This plain is situated between latitude 33º50′ and 34º06′ north and longitude 
72º46′ and 73º12′ east (Fig. 1). The Haripur plain is bound by the Doar River in the north and 
mountain ranges in the east and west, while the Haro River flows somewhat away from its 
southern boundary. The surface is gently undulating, except along eastern and western 
boundaries where badland topography exists. The plain is dissected by numerous gullies. 
Elevation ranges from 915 m a.m.s.l. in the north-eastern part to 442 m a.m.s.l. in the south-
western part. The total catchment area of the plain is 622 km2, of which 422 km2 is alluvial 
fill. Water table depth varies widely, ranging from 18 m in the north, north-eastern and 
western parts to 76 m in the central and southern parts. Haripur Plain is extensively covered 
with alluvial fill. The western, eastern and south-eastern parts of the plain are covered by 
thick clay deposits which have been eroded and gullied extensively by numerous nalas. Over 
most of the area, the clay cover varies in thickness from 30 m to 60 m. This clay cover is 
underlain by sand, gravel and boulders of considerable thickness, with some layers of clay 
between them. The layers of sand, gravel and boulders between Hattar and Dingi in the 
southern part of the plain are highly permeable. In the north and north-eastern parts (between 
Havalian and Sarai Saleh), clay cover is comparatively less thick and overlies boulders and 
gravels of considerable thickness. These boulders and gravel are highly permeable and form a 
good aquifer. The area’s climate is semi-arid with hot summers and cold winters. In the 
hottest month (June), the mean maximum temperature is 44ºC while the minimum 
temperature in the coldest month (January) is 3ºC. The mean annual precipitation is about 
910 mm while that at the adjoining hills, it rises to about 2000 mm [5]. 
 
2.2. Marala-Khanki area 
 
The area along the selected segment of the Chenab River (between Marala and Khanki 
Headworks) is a part of the Indus Basin. The dominant geologic unit is alluvium. The 
exploratory drilling carried out by WAPDA showed that the alluvium of Quaternary age has 
been deposited on semi-consolidated Tertiary rocks or on a basement of metamorphic and 
igneous rocks of the Pre-Cambrian era [6]. The alluvium consists of unconsolidated fine to 
medium grained sand and silt and minor amounts of gravel and clay. The alluvium is 
heterogeneous in nature and the sediments constituting the alluvium have been transported by 
the present and ancestral tributaries of the river Indus. The piedmont deposits in the area 
consist of poorly sorted sand and gravel near the hills grading into clayey sand and silt. 



 

 
FIG. 1. Map of Pakistan showing location of study areas. 

 
 

 
FIG. 2.  Hydrographs of Indus River at Chashma and Taunsa.  

 
The climate is subtropical continental influenced by large fluctuations in temperature with hot 
summers and cool winters. The average annual rainfall is about 1000 mm in the northern part. 
Monsoon rains occur mostly from mid July to mid September.  
 
2.3. Chashma-Taunsa area  
 
The area around the Indus River between Chashma and Taunsa Barrages is the third area 
selected for this study. Chashma is a shallow storage reservoir on the main Indus River and 
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Taunsa is the next station downstream at about 200 km. Due to storage at Chashma, 
sometimes there is no outflow but Taunsa receives inflow of about 300 to 500 m3/s. 
Hydrographs of these stations (Fig. 2) show that in January 2003, water was not released 
from Chashma but inflow at Taunsa is quite significant. As this section does not have any 
perennial tributaries or inflow from linking canals, only the baseflow contributes to the river.  
 
This study area is a part of Thal Doab. It is underlain by unconsolidated Aeolian and alluvial 
deposits of Quaternary age. The Aeolian deposits overlie the alluvial sediments in the form of 
sand dunes. Due to agricultural extension, sand dunes are gradually disappearing and now 
exist in patches. Unconsolidated sediments have been deposited on semi-consolidated 
Tertiary rocks or on a basement of metamorphic and igneous rocks of Precambrian age. Sand 
formations are intercalated with lenses of silt and clay of variable thickness and aerial extent. 
The climate of the area is, in general, arid and hot. Average annual precipitation is about 300 
mm, about 60–70% of which falls during monsoon. According to old records, the area lies 
between the precipitation range of 300 to 380 mm [7]. 

3. SAMPLE COLLECTION 

Surface water, shallow/deep groundwater and rain samples were collected from the three 
study areas. Groundwater samples were collected on a seasonal basis (dry and wet season) 
while surface water samples were collected more frequently (on a weekly/monthly basis).  
  
The first set of water samples was collected from 47 stations in the Haripur area in April 
2005 (dry season) when the Indus River was in low flow and the level of water in the Tarbela 
reservoir was also low, while a second set of samples was collected in October 2006 when 
the river flow and reservoir levels were high. The sampling points (Fig. 3) included open 
wells, hand pumps, tube wells, spring and surface waters (the Haripur pocket of Tarbela Lake 
and Main Lake). Open wells and hand pumps represent shallow groundwater while tube wells 
represent deep groundwater.  
 
From the Marala–Khanki area, samples of Chenab River were collected at Marala and 
Khanki on a fortnightly/monthly basis. In order to account for the temporal and seasonal 
variations in the isotopic composition of groundwater, shallow and deep groundwater 
samples were collected from selected sections on both sides of the river twice during 
monsoon period when the river was in very high flow (August 2005 and July 2009) and twice 
in the dry season when the river had very low flow (January 2006 and February 2009). 
Groundwater sampling points included hand pumps, motorized pumps and tube wells. The 
location of sampling stations is shown in Fig. 4. Samples were also collected from selected 
stations for CFC analyses.  
 
From the third area, samples from the Indus River were collected at Chashma and Taunsa 
barrages on a weekly/monthly basis. Shallow (hand and motor pumps) as well as deep 
groundwater (tube wells) samples were collected from different stations in the area around 
the Indus River between the above mentioned stations in dry season/low river discharge 
(February 2006) and monsoon season/high river discharge (August 2007, July 2009). The 
location of sampling stations is shown in Fig. 5.  



 
 

FIG. 3. Location of sampling points in Haripur area. 
 
 
 

 
FIG. 4.  Location of sampling points in Marala –Khanki area. 
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FIG. 5. Location of sampling points in Chashma–Taunsa area. 
 
 
A total of four sample aliquots were collected from each station for chemical and isotopic 
analyses; 50 ml for stable isotopes (18O, 2H), 500 mL for tritium, 100 mL for cations (filtered 
and acidified in the field) and 250 mL for anions. Important physico-chemical parameters of 
all samples, such as pH, EC and temperature were measured in the field. 
 

4. ANALYSIS 
 
Surface water and groundwater samples collected from different areas were analysed for 
environmental isotopes (δ2H, 3H, δ18O) and dissolved chemical constituents (Na+, K+, Ca++, 
Mg++, Cl-, HCO3

-, SO4
--). Isotopic and chemical analyses of all the collected groundwater and 

surface water samples were carried following the standard procedures. Methods used for 
sample analyses are given below.   
 
4.1. Environmental stable isotope analysis 
 
The environmental stable isotopes (δ18O and δ2H) in surface water (Indus River water) and 
groundwater samples were measured on isotope ratio mass spectrometers (modified GD-150 
Varian MAT, Germany). For δ18O analysis, water samples were equilibrated with CO2 gas 
samples of known oxygen isotope composition for a period of 12 hours at 22 oC and this CO2 



was then analysed using a mass spectrometer with a standard error of measurement of 
±0.1‰. For δ2H (deuterium) analysis, the samples were reduced with high quality zinc shots 
to produce H2 gas for introduction to the mass spectrometer inlet system. The standard error 
of measurement is ±1‰. Samples were measured against PINSTECH internal water standard 
and the results were calibrated as per mill (‰) values relative to the international water 
standard, namely Vienna Standard Mean Ocean Water, V-SMOW [8].  
 
4.2. Environmental radioisotope analysis (3H) 
 
To determine the environmental tritium contents (3H) in surface water (Indus River water) 
and groundwater, samples were first enriched and then counted by low level liquid 
scintillation counter with a standard error of ±1 TU [8]. 
 
4.3. Chemical analysis   
 
All the plastic and glassware was thoroughly cleaned and subsequently rinsed with distilled 
and deionized water. The solutions were prepared with distilled and deionized water. All 
chemicals were of an analytical grade, supplied by E. Merck or BDH. The working standard 
solutions were prepared daily via serial dilution of stock solutions. Unacidified samples taken 
from each location were analysed for anions such as carbonate, bicarbonate, chloride and 
sulphate using standard analytical methods [9]. Carbonate and bicarbonate were analysed via 
titration against 0.02 N H2SO4. Chloride concentrations were determined by ion selective 
electrode using Orion Research Microprocessor Ionalyzer/901. The turbidimetric method was 
employed for estimation of sulphate concentrations and samples were measured on a Hitachi 
Model 220A spectrophotometer. Major cations (sodium, potassium, calcium and magnesium) 
were measured using the flame atomic absorption spectrophotometric method. The 
instrument used was a Hitachi Model 180-80 Polarized Zeeman Atomic Absorption 
Spectrophotometer. 
 
4.4. CFC analysis  
 
Dissolved CFCs were released by purging high purity nitrogen gas through the samples and 
the released CFCs were adsorbed in a column. Concentrations of CFCs (CFC-11, CFC-12 
and CFC-113) were measured using gas chromatography with an electron capture detector 
(ECD).  
 

5. RESULTS AND DISCUSSION 
 
Isotopic and chemical data of the three study sites are discussed below. 
 
5.1. Haripur Area 
  
Results of isotopic and chemical analyses of samples are provided in Table 1–4. 
 
5.1.1. Isotopic characteristics  
  
Rain: To find the isotopic index of rainfall on nearby mountains, the Doar River (draining 
mountain rain) was sampled near Havalian. Its δ18O and δ2H values were found to be –5.21‰ 
and –28‰ respectively. In a previous study [5], mean values of this river over the period 
October 1987 to June 1990 have been reported to be –5.29‰ and –28.1‰ for δ18O and δ2H 
respectively. They determined that the true and more representative isotopic index of 
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mountainous rainfall is indicated by three wells located close to the mountains. Their mean 
δ18O and δ2H values are –5.38‰ and –29.9‰ respectively. They have also reported that 
isotopic index of local rains is –5‰ and –30‰ for δ18O and δ2H respectively. 
 
Surface Water: Results of stable isotope analysis of water samples collected from the 
Tarbela reservoir on a weekly basis from September 1987 to April 1995 show that isotopic 
values vary with time and are closely related to reservoir level. It has most depleted values in 
September–October when the reservoir is full and enriched in April–May when river 
discharge/reservoir level is low. The mean isotopic indices of river water stored in Tarbela 
reservoir for δ18O and δ2H are –12.5‰ and –87‰ respectively. Water samples collected from 
the reservoir when reservoir levels are low shows a value of –10.8‰ and –73.7‰ for δ18O 
and δ2H respectively, while that collected in the wet season (when reservoir levels are high) 
shows depleted values (δ18O = –12.3‰ and δ2H = –89.7‰). Samples were also collected 
from the pocket of the Tarbela reservoir extending towards Haripur where groundwater 
discharge (baseflow) is expected to take place. At low reservoir levels, δ18O and δ2H values  
in the Haripur pocket of the lake were –7.61‰ and –44.3‰ respectively while during times 
of high reservoir levels, these values were –10.9‰ and –75.3‰ respectively. This pocket has 
higher δ18O and δ2H values when the Tarbela reservoir level is low and lower values when 
the reservoir level is high (inverse relationship). 
 
Groundwater: The δ18O and δ2H of groundwater samples (shallow and deep) collected 
during April 2005 (dry season) vary from -5.74‰ to -4.21‰ and -41.1‰ to -16.7‰, 
respectively. Tritium concentrations lie in the range of 11 to 22.7 TU. The δ18O and δ2H 
values of groundwater samples collected during the wet season vary from -5.65‰ to -4.24‰ 
and -39‰ to -19.3‰ respectively. Data clearly indicate that isotopic values of groundwater 
in both the seasons are similar. Hence, it can be deduced that there is no seasonal effect. 
 
5.1.2. Interrelation between surface water and groundwater  
 
Isotopic data for surface water and groundwater samples collected in April 2005 clearly 
indicate that groundwater and the water in the Tarbela reservoir (Indus River) have very 
different values. Groundwater shows higher values compared to reservoir water. This means 
that there is no contribution of the Indus River to groundwater recharge. The frequency 
distribution of δ18O groundwater values is given in Fig. 6. It can be seen from the figure that 
the distribution has a maximum frequency close to the isotopic value of rains (–5‰). Hence, 
it can be deduced that major recharge to groundwater comes from rainfall. The δ18O and δ2H 
values of surface water and groundwater have been plotted in Fig. 7, which shows that data 
points pertaining to groundwater and river water are well apart. The sample from the pocket 
of the Tarbela Lake towards Haripur has higher values than the parent river. If this pocket 
had received water only from the main river, its isotopic values would have been close to 
those of reservoir water. Enriched values (δ18O = –7.61‰ and δ2H = –44.3‰) suggest that 
this pocket receives water from some other source also having high values which represent 
groundwater i.e. baseflow. The location of this point, which is away from the river and close 
to groundwater (Fig. 7), reveals the significant contribution of baseflow from the surrounding 
area.   
  



 
TABLE 1. ISOTOPIC DATA FROM THE HARIPUR AREA (APRIL 2005) 

Sample No. Source δ18O (‰) δ2H (‰) 3H (TU) 
1 RW (Haro) –5.21 – 13.9 
2 TW –5.60 –27.3 16.3 
3 OW –5.38 –29.1 18.5 
4 OW –4.68 –28.5 17.1 
5 OW –5.34 –30.7 12.9 
6 OW –4.86 –33.7 16.8 
7 OW –4.68 –37.6 20.3 
8 T LAKE (HR) –7.61 – 16.2 
9 OW –4.74 –18.9 17.6 
10 TW –4.80 –36.2 14.3 
11 HP  –42.9 20.4 
12 TW  –41.1 20.0 
13 TW  –40.9 15.8 
14 TW –4.59 –25.2 17.6 
15 OW –4.31 –23.1 17.8 
16 OW –5.25 –29.6 16.8 
17 TW –4.96 –22 – 
18 TW –4.99 –26.6 20.6 
19 OW –4.80 –27.8 20.3 
20 TW –4.63 –27.6  
21 TW –4.80 –28.8  
22 OW –5.04 –25.1 20.1 
23 TW –5.47 –34.4  
24 TW –5.59 –32.5  
25 OW –5.39 –31.9 14.8 
26 OW –5.65 –32.2  
27 TW –5.19 –32.0 17.7 
28 TW –5.32 –30.5  
29 TW –5.23 –31.3 19.5 
30 OW –5.75 –39.0 11.0 
31 OW –5.05 –36.3 21.7 
32 TW –5.04 –31.7 20.6 
34 TW –4.40 –21.1 17.2 
35 OW –4.66 –19.4 18.4 
36 MP –5.51 –39.9 11.5 
37 TW –4.69 –28.3 18.9 
38 HP –4.82 –21.4 19.7 
39 TW –5.04 –31.9 15.8 
40 HP –4.42 –31.7 17.6 
41 MP –4.21 –23.4 18.8 
42 OW –4.36 –27.0 19.9 
43 OW –4.7 –28.8 22.7 
44 M.P. –4.69 –17.2 19.1 
45 OW – –16.7 19.9 
46 OW –5.10 –21.9 8.5 
47 OW –4.71 –22.3 20.3 
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TABLE 2.  ISOTOPIC DATA FROM THE HARIPUR AREA (OCTOBER 2006) 
 

Sample No. Source δ18O  (‰) δ2H  (‰) 
2 Tube Well –5.38 –29.5 
3 Open Well –5.28 –26.1 
4 Open Well –4.59 –28.0 
5 Open Well –5.31 –30.7 
6 Open Well –4.96 –34.1 
7 Open Well –4.74 –38.6 
8 T LAKE (HR) –10.90 –75.3 
10 Tube Well –4.59 –32.2 
12 Tube Well –4.50 –28.8 
13 Tube Well –5.24 –32.9 
14 Tube Well –4.58 –27.2 
15 Open Well –4.24 –22.7 
16 Open Well –5.20 –29.0 
17 Tube Well –5.09 –24.7 
18 Tube Well –4.58 – 
19 Open Well –4.68 –28.6 
20 Tube Well –4.88 –30.2 
21 Tube Well –4.92 –27.3 
22 Open Well –5.04 –25.1 
23 Tube Well –5.23 –36.6 
24 Tube Well –5.50 –31.0 
25 Open Well –5.37 –31.2 
26 Open Well –5.60 –30.4 
27 Tube Well –4.87 –34.6 
28 Tube Well –5.54 –29.5 
29 Tube Well –5.09 –28.6 
30 Open Well –5.70 –39.4 
31 Open Well –5.70 –38.3 
32 Tube Well –5.24 –31.0 
34 Tube Well –4.52 –21.8 
35 Open Well –4.60 –20.4 
36 Motor Pump. –5.41 –38.0 
37 Tube Well –4.60 –24.4 
38 Hand Pump –4.63 –20.4 
39 Tube Well –5.33 –30.7 
40 Hand Pump –4.62 –30.2 
41 Motor Pump. –4.42 –24.8 
43 Open Well –4.9 30.5 
44 Motor Pump. –4.59 –22.5 
45 Open Well –4.80 –19.7 
46 Open Well –5.32 –19.3 
47 Open Well –4.41 –22.0 
 Main Lake –12.3 –89.7 

 



TABLE 3. CHEMICAL COMPOSITION OF GROUNDWATER IN THE HARIPUR AREA 
(APRIL 2005) 

Sample 
No. 

Source EC        
(µS/cm) 

pH Na+            
(mg/L) 

K+             
(mg/L) 

Ca++         
(mg/L) 

Mg++     
(mg/L) 

Cl-    
(mg/L) 

HCO3
-,  

(mg/L) 
SO4

--
     

(mg/L) 
2 TW 386 7.12 6.92 0.9 50.3 18.6 21 212 9.8 
3 OW 351 7.30 6.09 1.4 53.2 12.2 15 217 12.6 
4 OW 496 7.21 9.6 1.1 74.7 13.3 18 251 11.5 
5 OW 438 7.21 10.1 2.4 58.7 12.1 17 217 16.2 
6 TW 781 7.33 13.1 0.8 88.5 23.2 28 345 24.3 
7 OW 363 7.50 12.4 1.3 49.8 10.4 16 192 10.8 
9 OW 318 7.66 3.7 3 46.6 11.9 13 163 10.6 
10 TW 460 7.35 7.7 1.2 62.4 16.6 17 234 10.1 
11 HP 525 7.50 10.1 1 65.6 18.9 16 265 18.2 
12 TW 457 7.55 9.1 1.4 57.3 16.4 22 211 12.6 
13 TW 504 7.40 11.9 1.9 68.9 19.5 27 244 12.0 
14 TW 512 7.26 12.6 1.3 58.8 18.1 19 272 10.7 
15 OW 569 7.20 18.9 3.7 64 20.1 28 268 13.5 
16 OW 547 7.53 21.5 2.3 58.9 23.6 25 276 15.8 
17 TW 493 7.22 12.1 1.8 72.2 20.4 27 269 12.3 
18 TW  7.36 14.2 1.5 75.9 21.12 25 212 11.4 
19 OW  7.56 8.9 0.9 61.6 16.28 16 204 12.0 
20 TW  7.32 11.5 1.2 71.5 23.1 22 290 14.3 
21 TW  7.34 14.6 1.7 69.3 21.56 22 264 12.9 
22 OW  7.39 8.7 1.4 68.2 17.82 16 277 13.8 
23 TW 728 7.30 52.2 1.1 29.5 45.5 14 397 7.6 
24 TW 562 7.38 46.7 2.3 20.8 18.5 16 316 10.2 
25 OW 710 7.41 40.7 3.7 27.5 42.9 19 384 14.7 
26 OW 648 8.00 24.9 2.1 44.5 39.4 22 361 10.0 
27 TW 722 8.00 41.3 2 49.8 37.6 25 417 18.7 
28 TW 575 7.48 23.4 2.1 38.8 43.2 14 348 10.8 
29 TW 427 7.53 16.9 1.8 45.6 18.8 19 237 11.3 
30 OW 527 7.58 30.4 2.6 48.4 22.5 19 305 10.2 
31 OW 657 7.6 4.9 2.3 63.3 38.4 16 384 9.3 
32 TW 424 7.57 14.4 3.6 44.7 18.3 14 232 12.3 
33 Spring 383 7.91 17.6 3.8 38.8 14.7 13 202 15.7 
34 TW 445 7.65 17.8 1.9 47.6 17.3 15 224 12.0 
35 OW 386 7.60 15.5 1.7 46.7 16.6 18 224 12.4 
36 MP 535 7.45 21.8 2.8 44.7 30.8 24 305 8.1 
37 TW 427 7.51 18.7 1.6 52.2 16.5 14 238 12.5 
38 HP 575 7.32 22.5 1.8 50.7 17.8 16 273 10.7 
39 TW 546 7.49 28.8 1.9 42.3 30.6 14 324 10.0 
40 HP 607 7.30 27.6 1.3 52.3 33.4 14 346 10.2 
41 MP 698 7.18 18.5 1.8 88 26.4 38 366 12.8 
42 OW 586 7.19 18.4 1.2 64.5 17.7 19 287 11.9 
43 OW 649 7.22 14.6 3.1 87.9 14.4 23 331 18.3 
44 MP   27.8 1.2 57.2 33.99 22 371 11.9 
45 OW 698 7.48 49.5 1.5 39.3 30.7 25 379 12.1 
46 OW 656 7.29 36.3 1.2 60.8 37.4 20 408 7.6 
47 OW 696 7.54  2.1 51.7 44 22 435 7.8 

OW = Open well, HP = Hand pump, MP = Motor pump, TW = Tube well 
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TABLE 4. CHEMICAL COMPOSITION OF GROUNDWATER IN THE HARIPUR AREA 
(OCTOBER 2006) 

Sample  
No. 

Source EC 
(µS/cm) 

Na+ 
(mg/L) 

K+ 
(mg/L) 

Ca++ 
(mg/L) 

Mg+ 
(mg/L) 

Cl- 
(mg/L) 

HCO3
- 

(mg/L) 
SO4

-- 
(mg/L) 

2 Tube Well 321 5.8 1.3 36.7 12.4 11 164 10.3 
3 Open Well 367 12.4 1.3 46.8 10.2 16 192 10.6 
4 Open Well 539 18.2 2.3 56.9 20.6 25 256 12.8 
5 Open Well 479 7.7 1.2 59.3 16.7 17 239 10.1 
6 Open Well 854 64.2 2.1 32.5 49.5 32 427 27.9 
7 Open Well 324 4.2 1.4 44.6 11.4 12 170 9.9 
9 Open Well 297 3.7 3 40.6 10.9 11 153 9.5 
10 Tube Well 429 8.1 6.3 12.2 35.3 12 228 11.8 
11 Hand Pump 464 10.6 3 48.7 20.9 13 243 12.2 
12 Tube well 523 10.1 1 62.6 18.9 16 265 18.2 
13 Tube Well 587 20.4 2.1 36.8 40.2 14 328 14.4 
14 Tube Well 446 10.1 2.4 58.7 12.1 17 217 16.5 
15 Open Well 523 10.1 1 62.6 18.9 16 265 18.2 
16 Open Well 568 49.9 2.3 27.8 22.5 16 306 10.7 
17 Tube Well 432 10.1 2.4 58.7 12.1 17 217 16.3 
23 Tube Well 648 24.9 2.1 42.4 38.5 22 351 10.0 
24 Tube Well 518 12.6 1.3 58.8 18.1 19 272 10.7 
25 Open Well 659 24.9 2.1 44.5 39.4 19 351 10.0 
26 Open Well 597 18.4 1.2 64.5 17.7 19 287 11.9 
27 Tube Well 632 24.9 2.1 44.5 39.4 22 341 10.0 
28 Tube Well 516 12.6 1.3 58.8 18.1 19 272 10.5 
29 Tube Well 469 7.7 1.2 62.4 16.6 17 234 10.1 
30 Open Well 586 19.4 2.1 33.8 37.8 14 318 10.8 
31 Open Well 708 40.7 3.7 27.5 42.9 19 384 14.7 
32 Tube Well 437 9.6 2.4 59.7 12.1 17 227 17.2 
33 Spring 355 6.1 1.4 43.2 12.2 13 187 11.6 
34 Tube Well 398 12.5 1.7 40.7 16.6 14 214 12.4 
35 Open Well 365 12.4 1.3 44.8 10.4 12 192 10.8 
36 Motor Pump 499 9.6 1.1 64.7 13.3 18 251 11.5 
37 Tube Well 368 12.4 1.3 42.8 10.4 11 182 9.8 
38 Hand Pump 589 28.4 1.2 64.5 21.7 19 297 14.9 
39 Tube Well 503 11.9 1.9 58.9 19.5 27 244 12.0 
40 Hand Pump 649 24.9 2.1 44.5 39.4 22 341 16.7 
41 Motor Pump 627 18.5 1.8 68 26.4 33 316 17.8 
42 Open Well 644 24.9 2.1 40.3 39.4 22 351 12.2 
43 Open Well 598 18.4 1.2 64.5 23.7 19 307 14.9 
44 Tube Well  27.8 1.2 57.2 33.99 22 371 11.4 
45 Open Well 730 52.2 1.1 29.5 45.5 14 397 7.6 
46 Open Well 613 27.6 1.3 52.3 33.4 14 346 10.2 
47 Open Well 766 68.2 2.1 41.7 30 24 405 9.5 

 

 



 
FIG. 6.  Histogram of the δ18O of groundwater and surface water in the Haripur area. 

 

 
FIG. 7. δ18O vs. δ2H of groundwater and surface water in the Haripur area (April 2005). 

 
The isotopic data of water samples taken in October 2006 (with high river discharge and high 
reservoir levels) also indicate that the values of groundwater are quite different than those of 
river water in the reservoir. Reservoir water acquires highly depleted isotopic signatures 
when the reservoir level is high, but this depletion is not reflected in groundwater and the 
isotopic composition of groundwater remains unchanged. This means that there is no 
contribution from the Indus River towards groundwater recharge even when there is high 
discharge (a high reservoir level). The δ18O and δ2H values of surface water and groundwater 
have been plotted in Fig. 8, and indicate that data points pertaining to groundwater and river 
water are still apart. This figure also shows that groundwater samples are generally located 
along the meteoric water line. Water samples from a pocket of the Tarbela Lake in the 
direction of Haripur have more enriched values than those of the Indus River (Main Lake) 
even when reservoir levels and river discharge are quite high.  
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FIG. 8. δ18O vs. δ2H of groundwater and surface water in Haripur Area (Oct. 2006). 

 
 
Values differing from reservoir water even at high reservoir levels suggest that this pocket 
receives water from some other source having enriched values, which is groundwater, or 
baseflow. The different position of this data point (Figs 7 and 8) clearly shows the varying 
contribution of baseflow at different reservoir regimes. When the reservoir level is low, the 
point shifts close to groundwater values, indicating a major contribution from baseflow, 
whereas at high reservoir levels values are closer to those of river data, indicating the major 
contribution comes from river water.  
 
5.1.3. Groundwater chemistry  
 
Physico-chemical parameters: Groundwater in the Haripur Plain exhibits low salt content 
and fairly good quality. The first sampling (taken during a dry period, with low levels in the 
Tarbela reservoir) produced EC values of shallow and deep groundwater in the range of 318 
to 781 μS/cm and 386 to 728 μS/cm, respectively. EC values of shallow and deep 
groundwater in the second sampling (during the wet season/high levels in the Tarbela 
reservoir) vary from 297 to 854 µS/cm and 321 to 659 µS/cm, respectively. This means that 
there is no considerable difference in the salt contents of shallow and deep groundwater. The 
pH values of shallow and deep groundwater are also similar in the two seasons. These values 
at most of the locations are 7 to slightly more than 7, indicating a neutral to slightly alkaline 
character; alkalinity is mainly due to HCO3 content.  
 
Hydrogeochemical facies of groundwater: The term hydrological facies is used to denote 
differences in groundwater composition. Geochemical processes do not normally occur 
within sharp boundaries, rather they possess an inherent transitional character within a 
particular area. The chemistry of groundwater evolves according to the availability of 
minerals and equilibrium conditions. Identification of areas with a particular type of 
groundwater helps ensure the sustainable management of water resources. For the 
determination of geochemical facies of groundwater, the percentage of equivalent 
concentration of each cation and anion (milliequivalent/litre, meq/L) as a function of total 
cation and anion concentration respectively was calculated. Data plotted in Figs 9 and 10 
indicated that Ca was the dominant cation in most of the groundwater samples, followed by 
Mg. Bicarbonate invariably appears to be the dominant anion (Fig. 10). Compositional types 
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of water were identified on the basis of the percentage equivalent concentrations of different 
ions. Groundwater is attributed to a particular type of ion when the concentration of 
individual cations and anions is at least 50% of the total cation and anion concentration, 
respectively. If no individual cation or anion has a concentration of more  
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FIG. 9.  Triangular plot of major cations & anions (Haripur area, April 2005). 
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FIG. 10.  Triangular plot of major cations and anions (Haripur area, Oct. 2006). 

 
than 50%, then the groundwater belongs to the mixed type [10]. Based on this criterion, most 
of the samples collected during the first sampling (n = 37) belong to a distinct type, while 
remaining samples (n = 8) belong to mixed (transitional) types. Out of the 37 samples from 
the first category, 31 samples belong to the Ca-HCO3 type, while the remaining samples are 
of the Mg-HCO3 type. In the case of the second category, groundwater samples showing a 



mixed character in terms of cations, Ca-Mg-HCO3 and Mg-Ca-HCO3 type samples, are 
equally abundant (four samples fall into each type).  
 
The chemical data from the second sampling show a similar trend. Most of the samples (n = 
34) belong to a distinct type, while remaining samples (n = 6) belong to mixed (transitional) 
types. Out of the 34 samples from the first category, 25 samples belong to Ca-HCO3 and 9 to 
Mg-HCO3 type. In the case of mixed waters (with respect to cations only), 2 samples show 
the Ca-Mg-HCO3 type, 1 sample displays the Mg-Ca-HCO3 type, 1 sample is of the Mg-Na-
HCO3 type and 2 samples are the Na-Mg-HCO3 type. Geochemical facies indicate a clear 
evolutionary pattern of groundwater.  
 
The data shows that groundwater samples with low EC values (less than 450 µS/cm) are 
generally of the Ca-HCO3 type. With an increase in dissolved salts (450 to 650 µS/cm), 
groundwater becomes the Mg-HCO3 type and with a further increase in dissolved salts (more 
than 650 µS/cm), groundwater becomes the Na-HCO3 type. Chemical composition also 
reveals that groundwater in the study area is relatively fresh (it has not undergone strong 
water–rock interaction or geochemical evolution). 
 
Geochemical evolution of groundwater: The chemistry of groundwater evolves according to 
available minerals and equilibrium conditions. During the movement of groundwater, 
chemistry does not change abruptly until and unless it meets rocks with an entirely different 
character. Total chemistry of groundwater in a particular space and time is the result of 
continuing actions of dissolution, ion exchange and precipitation processes. During the 
movement of groundwater, total salinity increases with time but one or more ions may 
disappear from the solution via ion exchange or through precipitation when saturation 
conditions are reached for that particular ion. The chemical data of groundwater in the 
Haripur area reveals that salt contents increase as a result of the interaction of recharging 
waters with calcium and magnesium containing minerals. Study of Ca, Mg and HCO3 
concentrations as a function of total dissolved ionic concentration (TDIC) indicates that Mg 
and HCO3 show a positive correlation, indicating the dissolution of Mg containing minerals. 
In case of Ca, there is a linear correlation up to a TDIC concentration of about 12 meq/L. 
When salinity increases more than this value, Ca appears to be removed from the solution. 
Conditions under which the direct precipitation of Mg from a solution occurs are not 
commonly found in natural water environments [11, 12]. In this way, groundwater having a 
high EC evolves into the Mg-HCO3 type. Dissolution and precipitation appear to be the 
prevailing processes that control the groundwater chemistry in this area.  
 
5.2. The Marala-Khanki area (Chenab River)  
 
The isotopic and chemical data of this study area are discussed below. 
 
5.2.1. Isotopic characteristics  
 
Rain: Hussain et al [13] have studied the isotopic index of rainfall at a station located very 
close to the present study area during the 1984–1988 period. The weighted average values of 
δ18O and δ2H of rainfall over a period of four years were found to be –4.5‰ and –22‰, 
respectively. Local Meteoric Water (LMWL) was also determined (δ2H = 8δ18O + 14). The 
LMWL has same slope as that of the GMWL, but a different deuterium excess. The higher 
deuterium excess is due to the contribution of Mediterranean moisture in winter rainfall. The 
δ18O values of rains falling on nearby mountains (average elevation = 600 m w.r.t. rain 
sampling station) in the northeast of the selected area was estimated by taking into 
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consideration the altitude effect (using an average value of –0.25‰ per 100m for the δ18O 
gradient); this was found to be –6.0‰.  
 
Surface Water: Isotopic variations of the Chenab River over the 2002–2006 periods at 
Marala are –13.2‰ to –7.7‰ with an average value of –9.5‰ for δ18O and –88‰ to –35‰ 
with an average value of –57‰ for δ2H. At khanki, δ18O and δ2H values of the river (2002–
2008) vary from –11.9‰ to –5.7‰ (average value = –8.2‰) and –78‰ to –31‰ (with an 
average value of –52‰), respectively. These ranges and average values clearly show that 
δ18O and δ2H are higher at Khanki (the downstream station) compared to those at Marala ( 
the upstream station). 
 
  
Groundwater: Isotopic values of groundwater show large spatial variations but no significant 
temporal or seasonal variations (Tables 5–8). The δ18O and δ2H values of shallow and deep 
groundwater samples range from –11.4‰ to –3.3 and –75‰ to –24 ‰ respectively (first 
sampling), –10.1‰ to –2.5 ‰ and –71‰ to –23 ‰ respectively (second sampling), –9.3‰ to 
–3.1‰ and –64‰ to –22‰, respectively (third sampling), and –11.1‰ to –2. 5‰ and –72‰ 
to –20 ‰ respectively (fourth sampling). Tritium concentrations vary from 1 to 18 TU.  
 
5.2.2. Surface water / groundwater interaction 
 
Stable isotopic values of groundwater have been plotted in Figs 11 to 14, and these reveal a 
similar trend throughout all the sampling campaigns. Most groundwater samples are enriched 
in δ18O and δ2H as compared to river water and are plotted below the LMWL showing 
significant evaporation. Locations of these points in the figures indicate that most of the 
samples do not show significant recharge from the river. The δ18O values of groundwater 
along the right bank (Side B) are generally higher and vary over a narrow range of –3.0‰ to 
–6.5‰. These samples plot near the rain index. This trend is not altered in the monsoon 
season when the river has very high discharge. This fact proves that the area receives 
recharge mainly from rain and that there is no significant contribution of river water towards 
groundwater recharge. Data points pertaining to groundwater samples collected from the 
stations along the left bank of the river (Side A) show large variations in δ18O and the values 
range from –10.2‰ to –2.5‰. Some samples from this side indicate river contribution. 
Samples taken from the Side A piezometers (P1 and P2) are relatively depleted in δ18O and 
δ2H, revealing a major contribution from river water even when the river is in low flow. 
However, in the case of Side B peizometers (P3 and P4), the situation is different. P3 is 
located at a distance of 0.5 km from the river and has an oxygen–18 value of –7‰, while P4 
located 1 km from the river and has an oxygen–18 value of –4.5 ‰ (these numbers were 
almost the same in both seasons), which is quite different from river values. This implies that 
the influence of the river even at such a short distance is not significant on Side B.  
 
As discussed earlier (Section 5.2.1), the stable isotope values of the Chenab River at Khanki 
(downstream) are higher than those at Marala (upstream). This implies that there is a 
groundwater (baseflow) contribution to this river section. In order to study the seasonality of 
baseflow contribution, river data at each station was divided into two groups based on river 
discharge. The first group included data from those months when the river had very high 
discharge (monsoon season) and the second group included data from the low flow period.  
  



TABLE 5. ISOTOPIC DATA OF GROUNDWATER IN THE MARALA–KHANKI AREA 
(AUGUST 2005) 
 

 Sample No. Source δ18O (‰) δ2H (‰) 
1 Hand pump –9.96 –64.87 
2 Hand pump –4.97 –35.13 
3 Hand pump –5.91 –39.8 
4 Tube well –9.54 –62.78 
5 Hand pump –3.33 –23.56 
6 Hand pump –5.95 –45.58 
7 Hand pump –5.21 –37.15 
8 Tube well –5.24 –36.67 
9 Hand pump  –5.01 –39.08 
10 Tube well –5.10 –40.91 
11 Hand pump  –5.91 –42.12 
12 Tube well –7.57 –49.48 
13 Tube well –4.06 –33.37 
14 Hand pump  –3.72 –34.42 
15 Tube well –3.48 –34.65 
17 River  –11.37 –74.6 
18 River  –11.22 –74.03 
21 River –11.12 –71.94 
23 Hand pump3 –4.58 –32.74 
24 Tube well –5.43 –39.83 
25 Tube well –5.48 –40.18 
26 Tube well –4.65 –32.32 
27 Hand pump  –4.83 –32.3 
28 Tube well –6.17 –37.33 
29 Hand pump –7.26 –43.59 
30 Tube well –6.72 –46.23 
31 Hand pump  –5.97 –34.23 
32 Tube well –8.51 –59.9 
33 Hand pump –4.32 –34.21 
34 Tube well –4.25 –35.72 
35 River  –10.65 –70.25 
36 Tube well –5.66 –37.55 
37 Hand pump –9.43 –65.72 
38 Hand pump –8.23 –61.94 
39 Hand pump –7.53 –62.27 
40 Hand pump –4.73 –37.36 
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TABLE 6. ISOTOPIC DATA OF GROUNDWATER IN MARALA–KHANKI AREA 
(JANUARY 2006) 

 
Sample No. Source δ18O (‰) δ2H (‰) Tritium (TU) 

5 Hand pump –3.82 –26.80  
7 Hand pump –3.92 –26.90 6.5 
11 Hand pump –5.51 –51.52  
12 Tube well –8.02 –55.49  
14 Hand pump –6.09 –47.13 5.1 
16 Hand pump –2.48 –23.43 7.9 
23 Hand pump –4.43 –38.86 6.9 
26 Tube well –5.04 –39.47  
27 Hand pump –4.46 –37.43  
28 Tube well –5.94 –46.47 8.9 
29 Hand pump –5.54 –41.02 1.2 
30 Tube well –6.20 –38.9 0.8 
31 Hand pump –5.14 –39.49 5.6 
41 Tube well –5.94 –43.86 5.8 
42 Hand pump –5.63 –40.19 4.9 
43 Tube well –5.88 –45.76 6.2 
44 Tube well –5.65 –40.85 6.2 
45 Hand pump –5.00 –42.75 6.1 
46 Hand pump –4.79 –33.23 7.4 
47 Hand pump –6.10 –42.03 3.6 
48 Tube well –6.03 –44.07 5.2 
49 Hand pump –6.13 –42.07 14.1 
50 Tube well –9.22 –65.50  
51 Hand pump –9.02 –61.38  
52 Hand pump –10.12 –65.03 1.6 
53 Hand pump –9.93 –71.39  
54 Hand pump –3.79 –37.86 8.7 
55 Hand pump –7.03 –44.02 11.9 
56 Hand pump –7.28 –47.9 11.2 
57 Hand pump –4.52 –34.26  
58 Hand pump –8.18 –47.87 11.8 
59 Hand pump –5.87 –48.06  
60 Hand pump –4.50 –34.35  
61 Hand pump –2.91 –24.34  
62 Hand pump –4.18 –29.18 11.7 
63 Hand pump –5.58 –39.55  
64 Hand pump –3.58 –30.88 6.2 
65 Hand pump –5.24 –33.74 13.7 
P-1 Hand pump –9.18 –64.9 14.2 
P-2 Hand pump –8.32 –56.44 11.6 
P-3 Hand pump –7.07 –50.93 18.8 
P-4 Hand pump –4.54 –35.84 12.9 

 
 



TABLE 7. ISOTOPIC DATA OF GROUNDWATER IN MARALA–KHANKI AREA 
(FEBRUARY 2009) 

 
Sample 

 
Source δ18O (‰) δ2H (‰) Tritium (TU) 

5 Hand pump –3.92 –28.8  
7 Hand pump –3.72 –25.9 6.5 
11 Hand pump –5.25 –46.52  
14 Hand pump –6.9 –49.13 5.1 
16 Hand pump –3.08 –22.43 7.9 
42 Hand pump –5.73 –43.19 4.9 
45 Hand pump –5 –42.75 6.1 
46 Hand pump –4.49 –31.23 7.4 
47 Hand pump –5.7 –40.03 3.6 
51 Hand pump –8.24 –59.38  
53 Hand pump –9.3 –64.3  
54 Hand pump –3.59 –34.86 8.7 
55 Hand pump –7 –45.02 11.9 
12 Tube well –7.8 –54.9  
41 Tube well –5.74 –40.86 5.8 
43 Tube well –5.68 –42.76 6.2 
44 Tube well –5.8 –43.85 6.2 
48 Tube well –6.43 –47.07 5.2 
50 Tube well –8.72 –58.5  
23 Hand pump –4.4 –37.86 6.9 
27 Hand pump –4.6 –37.9  
29 Hand pump –5.4 –42.02 0.4 
31 Hand pump –5.4 –38.49 5.6 
49 Hand pump –6.3 –42.7 14.1 
58 Hand pump –7.88 –44.7 11.8 
59 Hand pump –5.7 –43.06  
60 Hand pump –4.5 –33.5  
62 Hand pump –4.8 –27.18 11.7 
63 Hand pump –5.5 –38.55  
64 Hand pump –3.78 –32.88 6.2 
65 Hand pump –4.54 –34.84 13.7 
26 Tube well –5.4 –40  
28 Tube well –6.2 –38.9 8.9 
30 Tube well –6 –36.9 -0.5 
P-1 Hand pump –8.1 –58.9 14.2 
P-2 Hand pump –8.2 –56.44 11.6 
P-3 Hand pump –6.7 –46.93 18.8 
P-4 Hand pump –4.84 –35.1 12.9 
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TABLE  8. ISOTOPIC DATA OF GROUNDWATER IN MARALA–KHANKI AREA 
(JULY 2009) 

 
Sample No. Source δ18O  

(‰) 
δ2H   
(‰) 

Tritium 
(TU) 

5 Hand 
 

–4.10 –25.40  
7 Hand 

 
–4.20 –27.70  

11 Hand 
 

–7.70 –44.20  
14 Hand 

 
–4.90 –43.02  

16 Hand 
 

–2.50 –20.33  
42 Hand 

 
–6.43 –43.22  

46 Hand 
 

–6.20 –37.63  
47 Hand 

 
–6.19 –41.40  

51 Hand 
 

–9.50 –62.60  
53 Hand 

 
–9.10 –55.00  

54 Hand 
 

–4.50 –27.90  
55 Hand 

 
–8.50 –53.58 9.4 

55A Tube well   5.4 
56 Hand 

 
–7.13 –47.35 4.7 

12 Tube well    
41 Tube well –6.19 –46.50  

46A Tube well –5.30 –37.80  
23 Hand 

 
–4.04 –27.28 7.9 

27 Hand 
 

–4.20 –29.27 9.6 
28 Hand 

 
–6.27 –40.85  

29 Hand 
 

–7.58 –47.32  
31 Hand 

 
–6.34 –44.29  

49 Hand 
 

–6.4 –40.26  
57 Hand 

 
–4.12 –39.81  

58 Hand 
 

–7.84 –50.73  
60 Hand 

 
–5.28 –36.38  

61 Hand 
 

–4.72 –34.88 10.7 
62 Hand 

 
–5.57 –34.45  

63 Hand 
 

–7.75 –55.57  
64 Hand 

 
–3.96 –28.10 15.9 

26 Tube well –4.51 –43.76  
58A Tube well –7.91 –42.30  
61-A Tube well –4.59 –32.88  

 



 
FIG. 11. Isotopic data of groundwater in Marala–Khanki area (Aug. 2005). 

 
 

 

 
FIG. 12. Isotopic data of groundwater in Marala–Khanki area (Jan. 2006). 
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FIG. 13. Isotopic data of groundwater in Marala–Khanki area (Feb. 2009). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 14. Isotopic data of groundwater in Marala–Khanki area (July 2009). 
 

TABLE 9. SUMMARY OF ISOTOPIC DATA OF THE CHENAB RIVER 
 

Station Period Average δ18O    
(‰) 

Average δ2H      
(‰) 

Marala High flow –10.1 –61 
 Low flow –9.4 –56 

Khanki High flow –9.8 –60 
 Low flow –7.7 –50 
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It can be seen from Table 9 that the river has depleted values during high flow and that values 
are close at both stations. This implies that baseflow contribution is not significant during this 
period. The isotopic composition of the river at Marala is almost similar during high flow and 
low flow periods. However, the situation is much different at the downstream station 
(Khanki) where δ18O and δ2H concentrations show an increase of 2‰ and 10‰ respectively 
during low flow period. During this period, isotopic values also showed an considerable 
increase at Khanki as compared to those at Marala. These changes in river isotopic 
composition suggest that baseflow contribution in the Marala–Khanki sector of the Chenab 
River is significant during the low flow period. 
 
5.2.3. Tritium and CFC dating of groundwater 
 
Data from the Chenab River indicate that the average value of tritium of the river at Marala is 
11.7 TU. The current value of rain (Islamabad) is about 10–15 TU. Tritium concentrations in 
groundwater range from 0.6–18.8 TU. Three samples having no tritium (0 to 1 TU) indicate a 
longer residence time. They were recharged during the 1950s or before the start of the nuclear 
bomb test period, i.e. 1953. Samples with tritium in the range of 4 to 8 TU indicate the 
residence time of few years to 30 years. Many groundwater samples show tritium 
concentrations close to the rain index. This implies that they are young waters and that the 
movement of water at these locations is quite quick. CFC concentrations in groundwater 
samples and determined CFC based ages using the QCFC programme developed by the 
IAEA are given in Table 10. Ages determined by different CFCs for a sample are generally in 
good agreement with each other. 
 
TABLE 10. CFC DATA OF GROUNDWATER IN MARALA–KHANKI AREA 
(JANUARY 2006) 
 

Sample 
No.  

  

Concentration (pmol/kg) 
 

Recharge Year  
  

CFC-12  CFC-11  CFC-113  CFC-12 CFC-11 CFC-113 
1 1.57 1.64 0.08 1980 1973 1976 
3 X X 0.33     1987 
4 0.96 1.39 0.13 1974 1971 1979 
6 0.72 1.1 0.08 1971 1970 1976 
9 4.58 3.54 0.19   1981 1983 
10 1.00 0.71 0.05 1974 1967 1973 
11 X X 0.25     1985 
12 X X 0.09     1977 
13 0.66 0.72 0.09 1970 1967 1976 
22 2.29 5.9 0.33 1988   1987 
23 1.4 0.44 0.02 1978 1964 1965 
24 1.06 0.25 0.03 1974 1961 1966 
26 1.28 0.56 0.02 1977 1965   
28 1.13 0.92 0.05 1975 1969 1973 
30 0.68 1.03 0.1 1970 1969 1977 
31 1.7 2.74 0.26 1982 1977 1985 
35 1.92 3.47 0.35 1984 1981 1988 
36 0.71 0.37 0.05 1971 1963 1973 
P-2 X X  0.45     1990 
P-3 2.44 5.84 X  1989 1992   
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5.2.4. Groundwater chemistry 
 
Groundwater samples collected during the first and second samplings were analysed for 
chemical constituents and the results are given in Table 11 and 12.  
 
Physico-chemical parameters: Results of field measurements during  first sampling show 
that groundwater EC values range from 303 to 2790 µS/cm. However, if we exclude the two 
samples having an EC of more than 2700 µS/cm, the range becomes 303 to 1573 µS/cm. The 
majority of samples (shallow as well as deep) have an EC of less than 1000µS/cm indicating 
that groundwater in this area has low salt content. The pH values of all groundwater samples 
lie in the range of 7.1 to 7.8, which means that they are neutral to slightly alkaline and that 
alkalinity is mainly due to HCO3 content. Results of the second sampling indicate EC values 
ranging from 279 to 1522 µS/cm. However, most of the samples (shallow as well as deep) 
have an EC of less than 1000µS/cm. The pH values of groundwater samples lie in the range 
of 7 to 8.1. Data of both samplings suggest that there is no significant seasonal variation in 
groundwater EC or pH.  
 
Hydrogeochemical facies of groundwater:  Concentrations of major chemical constituents 
of groundwater in wet and dry seasons are summarized below (Table 13). The data suggests 
that chemical composition does not change significantly with season.  
 
Shallow and deep groundwater encountered in this area during the first sampling (monsoon 
season, high river discharge) can be classified into different compositional types according to 
the relative concentrations of various cations and anions (Figs 15 and 16). It was determined 
that distinct types of waters (where one cation and anion is dominant) are found at 19 out of 
33 locations (Ca-HCO3 type = 12, Na-HCO3 type = 6 and Na-Cl type = 1). Groundwater at 14 
surveyed locations has a mixed character. However, HCO3 is the dominant anion in these 
samples except for two samples with very high EC (2750 and 2790µS/cm). The number of 
samples falling in various types are; 4 in Ca-Na-HCO3, 4 in Mg-Ca-HCO3, 2 in Na-Ca-
HCO3, 2 in Ca-Mg-HCO3, 1 in Mg-Na-HCO3 and 1 in Na-Cl-HCO3. EC values are well 
correlated with compositional types. Low salinity waters (TDS < 500 mg/L) generally belong 
to the Ca-HCO3 type and medium salinity water belongs to the Na-HCO3 type while high 
salinity water with TDS > 1500 mg/L evolves to the Na-Cl type.   
 
The chemical composition of groundwater samples collected during the dry season has been 
plotted in Figs 17 and 18. Most of the samples (28 out of 42) belong to distinct types while 
remaining samples belong to mixed (transitional) types. Out of 28 samples in the first 
category, 20 samples belong to the Ca-HCO3 type, 3 to the Na-HCO3 type and 5 to the Mg-
HCO3 type. In the case of mixed type waters, the majority of the samples belong to the Ca-
Na-HCO3 type while others belong to Na-Ca-HCO3.type, except only one sample which is of 
the Mg-Ca-HCO3 type. Ca-HCO3 is the dominant type in both seasons.  
 
5.3. Chashma–Taunsa Area (Indus River) 
 
Chashma is a shallow storage reservoir on the main Indus River and Taunsa is the next 
downstream station at about 200 km. Due to storage at Chashma, sometimes there is no 
outflow, but Taunsa receives an inflow of about 300 to 500 m3/s. Hydrographs of these 
stations (Fig. 2) show that in January 2003, water is not released from Chashma but inflow at 
Taunsa is quite significant. As this section does not have any perennial tributaries or inflow 
from linking canals, only baseflow contributes to the river.  



TABLE 11.  CHEMICAL DATA OF GROUNDWATER IN MARALA–KHANKI AREA 
(AUGUST 2005) 
 

Sample 
No. 

Source EC        
(µS/cm) 

pH Na            
(mg/L) 

K             
(mg/L) 

Ca         
(mg/L) 

Mg     
(mg/L) 

Cl    
(mg/L) 

HCO3  
(mg/L) 

SO4     
(mg/L) 

1 HP 404 7.51 8.7 4.8 39.8 20.2 10.9 232 16.2 
2 HP 1573 7.12 216 6.1 51.4 48.0 215.0 519 79.0 
3 HP 758 7.3 48.5 5.1 78.8 20.3 51.0 367 20.4 
4 TW 365 7.21 12.3 4.4 31.7 18.5 10.2 198 9.7 
5 HP 657 7.21 18.8 9.8 52.6 37.5 20.4 375 11.8 
6 MP 553 7.33 13.8 3.7 66.3 22.9 17.1 324 7.6 
7 HP 628 7.5 30.5 6.2 65.3 19.5 20.4 318 12.1 
8 TW 754 7.79 39.7 9.2 80.9 22.7 30.5 402 23.4 
9 HP 869 7.66 76.4 8.7 64.8 24.4 31.5 439 28.7 
10 TW 1134 7.35 91.6 7.9 79.3 41.6 80.8 506 50.7 
11 HP 1030 7.5 168 4.2 26.4 12.2 22.7 553 10.4 
12 TW 419 7.55 27.1 4.4 43.5 10.8 12.2 232 6.7 
13 TW 773 7.4 53.3 8.0 62.7 22.4 21.1 372 40.7 
14 HP 1040 7.26 72.1 13.4 89.1 33.6 42.3 450 80.6 
15 TW 1105 7.2 141 5.9 53.5 26.6 40.6 555 34.8 
16 HP 997 7.53 114 5.4 52.8 27.2 36.4 519 29.3 
23 HP 679 7.3 49.4 3.3 71.2 17.7 24.6 387 7.4 
24 TW 755 7.38 62.3 5.3 65.7 16.3 19.8 405 8.5 
25 TW 487 7.41 40.6 2.2 24.1 25.8 14.5 296 6.2 
26 TW 556 8 26.8 3.4 66.3 19.0 21.3 324 6.2 
27 HP 595 8 24.5 4.7 82.5 11.7 26.5 340 6.4 
28 TW 681 7.48 40.5 2.2 65.4 21.6 31.4 387 6.6 
29 HP 531 7.53 24.8 3.0 47.9 20.3 10.9 316 6.4 
30 TW 419 7.58 30.2 2.3 29.1 20.4 9.4 245 6.9 
31 HP 518 7.6 14.5 1.2 67.7 13.8 14.9 267 7.8 
32 HP 533 7.57 29.7 6.4 50.6 19.7 13.6 304 17.1 
33 HP 2750 7.91 491 6.1 44.7 40.9 398 564 378 
34 TW 1444 7.65 222 7.0 33.4 39.9 80.4 583 117 
36 TW 2790 7.45 547 6.3 47.0 44.8 619 525 225 
37 HP 303 7.51 10.9 5.1 35.4 8.5 10.9 156 10.9 
38 HP 611 7.32 23.4 6.1 75.4 16.9 24.5 248 58.0 
39 HP 668 7.49 30.1 8.0 78.4 17.1 13.6 342 45.0 
40 HP 1197 7.3 – 10.3 47.7 32.2 60.0 525 90.0 

HP = Hand pump, TW = Tube well 
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TABLE 12.  CHEMICAL DATA OF GROUNDWATER IN MARALA–KHANKI AREA 
(JANUARY 2006) 
 
Sample 

No. 
Source EC        

(µS/cm) pH 
Na            

(mg/L) 
K             

(mg/L) 
Ca         

(mg/L) 
Mg     

(mg/L) 
Cl    

(mg/L) 
HCO3  
(mg/L) 

SO4     
(mg/L) 

5 HP 1076 7.31 48.8 10.7 80.5 60.5 60 481 53 
7 HP 691 7.24 30.7 6.3 74.9 20.6 29 307 35 
11 HP 674 7.47 91.4 3.5 16.9 18.6 12 338 16 
12 TW 423 7.62 26.5 3.8 46.8 13.2 10 239 7 
14 HP   54.1 25.6 73.5 20.1 42 358 63 
16 HP 1424 7.16 224.5 6.5 50.3 21.6 64 584 58 
23 HP 644 7.18 38.3 3.5 68.7 18.6 26 344 11 
26 TW 650 7.16 32.4 3.6 72.8 18.9 20 337 19 
27 HP 452 7.55 24.0 3.8 54.6 11.3 20 246 8 
28 TW 652 7.28 41.3 1.5 61.2 23.4 25 307 10 
29 HP 523 7.42 21.9 2.4 59.0 20.6 12 298 7 
30 TW 425 7.43 27.3 1.8 29.5 19.3 10 247 7 
31 HP 485 7.3 14.5 0.7 68.5 13.6 17 266 8 
41 TW 839 7.14 62.0 13.4 67.0 27.6 32 348 88 
42 HP 796 6.99 58.8 11.4 61.6 25.5 35 347 49 
43 TW 793 7.33 40.5 10.3 86.1 23.3 29 348 56 
44 TW 636 7.29 28.9 7.4 72.5 20.2 24 317 25 
45 HP 616 7.38 20.1 8.4 68.6 20.1 15 297 25 
46 HP 1136 7.22 82.7 20.4 94.8 30.2 75 372 119 
47 HP 664 7.38 29.9 9.0 66.5 23.6 22 323 24 
48 TW 621 7.47 20.5 5.4 65.7 19.1 12 323 12 
49 HP 528 7.42 39.3 0.8 58.3 10.8 20 256 12 
50 TW 447 7.64 18.4 3.5 39.9 22.1 10 256 14 
51 HP 558 7.61 12.2 4.3 56.5 30.2 12 297 14 
52 HP 279 8.04 2.3 2.6 20.9 5.6 7 90 10 
53 HP 331 7.88 16.5 2.9 34.0 12.9 10 174 12 
54 HP 1114 7.43 107.5 13.9 70.4 28.2 72 420 74 
55 HP 1044 7.35 119.5 4.0 40.0 30.5 40 512 37 
56 HP 527 7.51 34.7 6.0 49.1 14.2 35 256 8 
57 HP 1522 7.23 227.5 4.0 70.6 19.4 105 635 57 
58 HP 450 7.56 30.4 3.4 44.1 13.5 10 246 18 
59 HP 924 7.28 98.6 4.3 65.6 19.2 35 450 34 
60 HP 1135 7.38 78.6 8.4 114.6 25.3 162 358 47 
61 HP 922 7.36 150.2 2.8 30.7 9.4 25 474 23 
62 HP   48.8 10.7 80.5 60.5 25 190 7 
63 HP   30.7 6.3 74.9 20.6 32 441 14 
64 HP   91.4 3.5 16.9 18.6 48 615 77 
65 HP   26.5 3.8 46.8 13.2 22 369 38 
P-1 HP 349 7.37 11.6 3.3 42.8 10.8 10 175 9 
P-2 HP 626  17.9 5.7 80.7 18.4 17 267 49 
P-3 HP 716 7.36 35.0 5.7 89.6 17.9 38 315 52 
P-4 HP 1164  162.0 10.1 81.5 30.3 50 441 9 

HP = Hand pump, TW = Tube well  
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FIG. 15.  Triangular plot of major cations (Marala–Khanki area, Aug. 2005). 
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FIG. 16.  Triangular plot of major anions (Marala–Khanki area, Aug. 2005). 

153



0 0.2 0.4 0.6 0.8 1
Mg

1

0.8

0.6

0.4

0.2

0

Ca

1

0.8

0.6

0.4

0.2

0

Na
+K

 
FIG. 17.  Triangular plot of major cations (Marala–Khanki area, Jan. 2006). 
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FIG. 18.  Triangular plot of major anions (Marala–Khanki area, Jan. 2006). 

  



TABLE 13. SUMMARY OF THE CHEMICAL DATA OF GROUNDWATER 
 

Constituent 
(mg/L) 

1st sampling value 2nd sampling value 

Na  8.7 – 222 5.4 – 228 
K 1.2 – 13.4 0.7 – 25.6 
Ca 24.1 – 89.1 16.9 – 115 
Mg 8.5 – 48 5.6 – 60.5 
Cl 9.4 –215 7 – 162 
HCO3 156 – 583 90 – 595 
SO4 6.2 – 117 7 – 119 

 
 
5.3.1. Isotopic characteristics 
 
Rain:   Local rain samples were collected at Chashma. While δ18O values of local rainfall 
range from –7.2‰ to +6.8‰ with weighted average of –3.8‰, δ2H values range from –
45.7‰ to +29.7‰ with a weighted average of –22.3‰. If we consider only those events of 
which rainfall is more than 5 mm, the weighted averages of δ18O and δ2H come out to be –
4.2‰ and –23.6‰, respectively. Isotopic values are plotted in Fig. 19. Regression of the 
isotopic data determines the Local Meteoric Water Line (LMWL) as represented by the 
equation:  δ2H = 7.4 δ18O + 6.4. 

 
FIG. 19.  Isotopic data of rain at Chashma. 

 
Indus River:  The δ18O and δ2H of the Indus River at Chashma varies over a range of –
12.9‰ to –8.8‰ and –85‰ to –72‰, respectively. At Taunsa, this river shows ranges of –
12.4‰ to –7.8‰ and –85‰ to –53‰, respectively. The data reveal an inverse correlation 
between streamflow and isotopic content. At high flow, values are more negative whereas 
values are higher at low flow.    
    
Groundwater: Isotopic data for three sets of groundwater samples (two in a high river flow 
condition and one in a low river discharge condition) are provided in Tables 14–16; these do 
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not indicate significant temporal or seasonal variation in groundwater isotopic composition. 
The δ18O and δ2H of the first sampling carried out in March 2006 when river flow was quite 
low range from –11.7‰ to –2.6‰ and –86‰ to –13‰, respectively. In the case of second 
(August 2007) and third (July 2009) samplings carried out during the monsoon season (high 
river discharge), δ18O ranged from –11.5‰ to –2.7‰  and –10.9‰ to –3.0‰  while δ2H 
ranged from –85‰ to –13‰ and –78‰ to –16‰ respectively. Though some spatial variation 
was depicted by the data from different locations, this trend was similar in all the sampling 
programmes, irrespective of river discharge and season.   
   
5.3.2. Surface water and groundwater interaction  
  
Stable isotope values of shallow and deep groundwater on both sides of the Indus River 
between Chashma and Taunsa at different times are plotted in Figs 20–22. These figures 
reveal similar trends. Most of the points lie close to the meteoric water line. Data points 
representing groundwater samples from Side-A generally lie close to the river index, except 
three samples. This implies that groundwater at most of the locations is mainly recharged by 
river water. The two points located between the river and rain indices show mixed recharge 
from these two sources while the third point has isotopic values quite close to the rain index, 
indicating rain recharge. Groundwater samples from Side-B show quite a large variation in 
isotopic values and their points are located close to the LMWL from one end to the other. 
Samples having depleted values and which are located close to the river index indicate river 
influence, while samples having high values (–4.1‰ to –2.6‰) show recharge from local 
rains. Although the sampling stations represented by these points are located quite close to 
the river, there is no contribution of river water to groundwater recharge at these locations. 
The remaining samples with points between these two circles indicate mixed recharge, i.e. 
contribution from both sources. 
 
To identify the baseflow contribution to the river, isotopic composition of the river at 
upstream (Chashma) and downstream (Taunsa) stations as a function of river discharge (high 
and low flow periods) was investigated (Table 17). 

 
FIG. 20.  Isotopic values of groundwater in the Chashma–Taunsa area (Feb. 2006). 
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TABLE 14. ISOTOPIC DATA OF GROUNDWATER IN CHASHMA–TAUNSA AREA 
(FEBRUARY 2006) 

Sample No. Source δ18O (‰) δ2H (‰) Tritium (TU) 
1 Hand pump –11.6 –76.3 1.4 
2 Tube well –10.0 –70.6  
3 Hand pump –9.6 –68.0 21.2 
4 Hand pump –11.1 –78.5 25 
5 Hand pump –11.1 –79.1 9.8 
6 Hand pump –11.7 –85.9 14.4 
7 Hand pump –10.8 –69.7 9.7 
8 Tube well –6.5 –42.6 1.0 
9 Hand pump –7.0 –46.4 16.6 
10 Hand pump –3.3 –18.6  
11 Tube well –2.6 –12.7 1.8 
12 Hand pump –2.8 –15.8  
13 Hand pump –3.2 –16.7 1.1 
14 Hand pump –2.8 –19.5 0.8 
15 Hand pump –2.6 –18.4 14.9 
16 Hand pump –4.1 –29.7 1.6 
17 Hand pump –3.3 –13.3  
18 Hand pump –3.3 –16.5  
20 Hand pump –3.5 –24.4 1.3 
21 Hand pump –3.4 –20.4 0.9 
22 Tube well –7.1 –49.4 1.1 
23 Hand pump –7.9 –49.5 1.2 
24 Hand pump –8.4 –58.9 2.2 
25 Hand pump –11.0 –68.0 2.0 
26 Hand pump –9.9 –63.9 1.4 
27 Hand pump –11.6 –72.4  
28 Hand pump –9.9 –66.7  
29 Hand pump –9.9 –60.2 5.9 
30 Hand pump –7.8 –63.2 13.9 
31 Hand pump –11.4 –72.0  
32 Hand pump –9.7 –76.4  
33 Tube well –10.0 –78.7  
34 Hand pump –9.5 –59.6  
35 Hand pump –9.9 –73.6 11.1 
36 Hand pump –7.8 –63.4 10.4 
37 Hand pump –9.7 –63.1 12.3 
38 Hand pump –9.5 –70.1 18.8 
39 Hand pump –10.4 –73.8 2.1 
40 Hand pump –9.3 –66.1 13.6 
41 Hand pump –10.2 –69.7 20.4 
42 Hand pump –2.7 –18.9  
43 Hand pump –11.2 –83.2 1.4 
44 Hand pump –10.9 –75.8  
45 Hand pump –10.1 –79.0 11.9 
46 Hand pump –7.7 –52.1 15.6 
47 Hand pump –6.9 –46.0 4.0 
48 Tube well –11.1 –83.5 2.5 
49 Hand pump –11.5 –75.4 1.6 
50 Hand pump –10.7 –79.7 14.3 
51 Hand pump –11.1 –73.8 1.8 
52 Hand pump –10.4 –64.8 3.0 
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TABLE 15. ISOTOPIC DATA OF GROUNDWATER IN CHASHMA–TAUNSA AREA 
(AUGUST 2007) 
 

Sample No. Source δ18O  (‰) δ2H  (‰) 
1 Hand Pump –11.68 –78.3 
2 Tube Well –9.86 –70.9 
3 Hand Pump –9.72 –68.0 
4 Hand Pump –10.9 –77.5 
5 Hand Pump –11.2 –79.06 
6 Hand Pump –11.5 –84.8 
7 Hand Pump –11.2 –71.9 
8 Tube Well –6.22 –42.7 
9 Hand Pump –7.29 –48.5 
10 Hand Pump –3.86 –23.3 
11 Tube Well –2.91 –12.9 
12 Hand Pump –3.9 –19.8 
13 Hand Pump –4.13 –19.8 
14 Motor Pump –2.71 –18.3 
15 Hand Pump –2.89 –19.6 
16 Motor Pump –4.74 –30.4 
18 Hand Pump –3.02 –16.9 
20 Hand Pump –4.2 –30.4 
21 Motor Pump –3.78 –25.1 
22 Tube Well –7.08 –50.9 
23 Hand Pump –7.86 –50.9 
24 Hand Pump –8.93 –59.9 
25 Hand Pump –10.96 –68.0 
26 Hand Pump –9.85 –64.7 
27 Hand Pump –11.49 –72.1 
28 Hand Pump –9.98 –63.7 
29 Motor Pump –9.8 –61.2 
30 Hand Pump –7.96 –62.2 
31 Hand Pump –11.42 –74.8 
32 Hand Pump –9.69 –75.9 
33 Tune Well –9.78 –73.6 
35 Hand Pump –9.67 –72.2 
36 Hand Pump –8.2 –59.4 
38 Motor Pump –9.74 –70.4 
39 Hand Pump –10.62 –76.8 
40 Hand Pump –9.47 –65.1 
41 Hand Pump –10.2 –68.7 
42 Hand Pump –3.14 –19.9 
43 Hand Pump –11.34 –85.2 
44 Hand Pump –10.8 –74.8 
45 Hand Pump –10.06 –75.0 
46 Hand Pump –7.94 –54.1 
47 Hand Pump –7.02 –45.7 
48 Tube Well –11.18 –82.8 
49 Hand Pump –11.56 –75.9 
50 Hand Pump –10.8 –79.4 
51 Hand Pump –11.25 –76.2 
52 Hand Pump –10.5 –65.4 

  
  



TABLE 16. ISOTOPIC DATA OF GROUNDWATER IN  CHASHMA–TAUNSA AREA 
(JULY 2009) 
 

Sample No.  Source δ18O     
(‰) 

δ2H      
(‰) 

Tritium 
(TU) 

4 Hand pump –9.63 –70.8 22 
5 Hand pump –8.92 –65.0 15 
6 Hand pump –9.76 –64.1 14 
44 Hand pump –9.47 –72.3 2.0 
45 Hand pump –10.36 –72.6 5.0 
49 Hand pump –15.50 –78.5 1.6 
50 Hand pump –10.48 –75.5 3.9 
51 Hand pump –10.73 –81.3 1.9 
52 Hand pump –9.60 –73.9  
2 Tube well   8.9 
10 Hand pump –3.06 –23.3 2.0 
13 Hand pump –2.15 –17.5 14 
14 Hand pump –3.18 –16.0 5.0 
16 Hand pump –9.69 –68.3 11 
20 Hand pump –3.47 –21.4 2.0 
21 Hand pump –3.77 –19.5  

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG. 21.  Isotopic values of groundwater in Chashma–Taunsa area (Aug. 2007). 
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FIG. 22.  Isotopic values of groundwater in Chashma–Taunsa area (July 2009). 
 

TABLE 17. ISOTOPIC DATA OF THE INDUS RIVER 
 

Station Period Average δ18O 
(‰) 

Average δ2H 
(‰) 

Chashma High flow  –12.1 –83 
 Low flow  –10.8 –80 
Taunsa High flow  –11.9 –79 
 Low flow –9.7 –68 

 
 
It has been found that the Indus River has similar isotopic signatures at Chashma and Taunsa 
during the high flow periods. However, data show enrichment at the downstream station 
during low flow periods. Similarly, there is a significant increase in isotopic concentrations at 
Taunsa during low flow periods as compared to those during high flow periods at the same 
station. This implies that there is considerable inflow in this river section during low flow 
periods from a source having higher isotopic values, which is groundwater.  
 
5.3.3. Tritium dating of groundwater 
 
Rain samples collected from Multan, which lies very close to the study area, have tritium 
concentrations ranging from 10–15 TU. Groundwater samples have tritium in the range of 0.6 
to 25 TU indicating different ages and residence times of groundwater at different locations. 
Samples with no tritium (0.6 to 1 TU) indicate a long residence time, meaning  recharge took 
place before 1953. Generally, the river Indus has tritium levels higher than 15 TU. 
Groundwater with tritium from 10 to 15 TU or slightly more than 15 TU is considered to be 
very young. Samples with tritium concentrations much higher than 15 TU reflect recharge 
during the peak concentration of tritium (1963).   
 
 
5.3.4.  Groundwater chemistry 
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Chemical analysis results (major cations and anions) of groundwater samples collected 
during first and second samplings are provided in Tables 17 and 18. Chemical composition 
has also been plotted as a triangular diagram (Fig. 23–26).  
 
Physicochemical parameters: Groundwater EC during first and second samplings varied 
from 352 to 10 960 µS/cm and 363 to 10 687 µS/cm. These values do not reflect any seasonal 
differences. However, there is a significant difference in the EC values of groundwater on the 
right and left sides of the river collected during both sampling campaigns. Groundwater on 
the left side, which is mainly recharged by the river, has low EC values while the 
groundwater on right side has high EC values (most of the samples have EC values of more 
than 2000 µS/cm). EC is generally well correlated with tritium. High EC waters generally 
show low tritium. Samples from rain recharged areas have less tritium and high EC values, 
suggesting a strong water–rock interaction as the result of long residence time. The pH values 
(6.8 to 7.9) indicate that the groundwater is neutral to slightly alkaline. 
 
Hydrogeochemical facies of groundwater: A summary of groundwater chemical data (from 
the first and second samplings) is provided below (Table 19). These indicate that 
concentration ranges of major constituents are close in both sampling campaigns. Shallow 
and deep groundwater can be classified into different compositional types according to the 
relative concentrations of various cations and anions. In the first sampling, distinct types of 
waters (where one cation and anion are dominant) were found at 21 out of 52 surveyed 
locations, out of which 8 belonged to the Ca-HCO3 type, 1 belonged to Na-HCO3 type, 7 to 
the Mg-HCO3 type, 3 to Na-SO4 type and 2 to Mg-SO4 type. Groundwater at 31 locations 
generally shows a mixed character in terms of cations. However, HCO3 or SO4 is the 
dominant anion in these samples, with the exception of two samples. In the case of mixed 
water types, Mg-Na-SO4 is the most common type (10 samples) followed by Mg-Ca-HCO3  
(6 samples) and Na-Mg-SO4  (5 samples). The remaining samples fall into various categories. 
In the case of the second sampling, distinct water types were found at 20 locations while 
mixed/transitional water types were encountered at 28 surveyed locations. Out of 20 distinct 
types of waters, 6 belonged to the Ca-HCO3 type, 3 to the Na-HCO3 type, 5 to the Mg- HCO3 
type and 6 to the Na-SO4 type. In case of mixed/transitional types, Ca-Mg-HCO3 and Mg-Ca-
HCO3 types were equally abundant (with 6 samples belonging to each type). Mg-Na-SO4 (7 
samples), and Na-Mg-SO4 (5 samples) were the other major types. Remaining samples 
belonged to other mixed types (1 or 2 samples in each type).  
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FIG. 23.  Triangular plot of major cations (Chashma–Taunsa, Feb. 2006). 
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TABLE 18. CHEMICAL DATA OF GROUNDWATER IN THE CHASHMA–TAUNSA 
AREA (FEBRUARY 2006) 
 

Sample 
# 

Source EC 
(µS/cm) 

pH Na 
(mg/L) 

K 
(mg/L) 

Ca 
(mg/L) 

Mg 
(mg/L) 

Cl 
(mg/L) 

HCO3 
(mg/L) 

SO4 
(mg/L) 

1 Hand pump 432  23.1 4.9 40.3 13.8 21 178 29 
2 Tube well 624  24.7 4.7 45.0 37.8 31 256 48 
3 Hand pump 1203  129.8 13.6 24.6 59.8 67 465 108 
4 Hand pump 491  30.5 5.4 55.2 13.4 26 174 57 
5 Hand pump 398  8.8 5.8 49.3 17.5 14 206 25 
6 Hand pump 784  47.5 4.4 69.5 26.4 19 192 186 
7 Hand 352  17.2 6.4 40.3 13.4 16 154 33 
8 Tube well 3350 7.19 278.5 10.6 189.8 178.5 81 277 1353 
9 Hand pump 3420 7.08 268.1 13.5 214.3 141.1 91 274 1384 

10 Hand pump 2570 7.29 284.5 7.8 125.5 102.3 81 195 1025 
11 Tube well 2580 7.17 274.5 7.9 127.6 100.6 119 223 935 
12 Hand pump 5290 7.09 758.4 19.6 178.5 181.6 269 234 2014 
13 Hand pump 3700  589.9 9.6 75.5 91.8 175 277 1353 
14 Hand pump 4450  479.6 12.3 153.9 211.8 181 210 1818 
15 Hand pump 1161 7.36 82.8 9.6 65.1 58.0 54 245 294 
16 Hand pump 5150 7.41 398.4 17.5 276.7 264.9 278 299 1789 
17 Hand pump 3040 6.82 179.4 9.4 218.8 189.0 62 184 1327 
18 Hand pump 2260  109.2 7.0 146.7 165.2 37 149 1066 
20 Hand pump 1675  161.5 6.9 56.3 87.4 58 215 574 
21 Hand pump 2510 6.85 228.3 7.8 135.3 121.7 37 123 1124 
22 Tube well 2300 7.22 204.8 7.2 129.7 114.9 56 132 1038 
23 Hand pump 7110 7.32 738.6 17.3 251.5 329.6 603 356 2484 
24 Hand pump 7650 7.21 893.0 20.1 248.8 449.0 755 397 2679 
25 Hand pump 10960 7.4 1644.3 26.0 260.4 418.4 1770 443 3026 
26 Hand pump 1547 7.13 133.2 7.8 84.6 91.6 91 287 438 
27 Hand pump 4230 7.15 419.6 11.7 231.5 169.6 412 374 1294 
28 Hand pump 985 7.35 86.5 5.6 40.2 54.9 31 331 140 
29 Hand pump 952 7.21 44.9 7.8 52.7 63.5 37 359 116 
30 Hand pump 2220 7.28 173.1 11.0 92.2 128.7 160 287 676 
31 Hand pump 1288 7.17 62.6 8.6 49.6 97.3 86 410 183 
32 Hand pump 700 7.64 36.7 5.8 47.2 36.4 54 216 88 
33 Tube well 1093 7.41 96.9 8.2 46.2 42.2 47 423 108 
34 Hand pump 755 7.62 51.3 8.2 48.7 32.1 48 256 81 
35 Hand pump 813 7.19 28.9 8.0 70.6 36.0 66 266 77 
36 Hand pump 546 7.39 16.2 4.2 38.0 40.6 19 277 42 
37 Hand pump 570 7.38 32.0 5.9 42.5 25.9 44 215 42 
38 Hand pump 566 7.55 29.2 5.0 48.7 29.8 56 195 48 
39 Hand pump 1175 7.23 58.1 14.1 38.3 83.0 54 461 96 
40 Hand pump 766 7.24 44.2 21.5 22.8 52.9 71 236 92 
41 Hand pump 614 7.28 13.2 7.5 64.6 31.1 19 307 48 
42 Hand pump 882 7.60 102.2 8.5 28.1 30.2 68 297 79 
43 Hand pump 417 7.54 11.8 5.9 25.7 32.9 31 145 46 
44 Hand pump 575 7.5 21.4 6.6 59.3 21.0 31 224 60 
45 Hand pump 404 7.42 9.0 4.0 47.4 19.3 19 200 42 
46 Hand pump 470 7.49 10.8 15.5 35.5 28.6 25 174 54 
47 Hand pump 430 7.36 9.4 6.2 51.7 16.3 31 170 48 
48 Tube well 

 
969 7.50 78.1 15.2 20.3 60.2 72 278 147 

49 Hand pump 594 7.25 25.5 6.1 58.7 30.5 46 169 80 
50 Hand pump 545 7.5 14.9 20.5 50.8 23.4 37 174 54 
51 Hand pump 552 7.25 10.4 17.0 44.6 34.9 25 246 54 
52 Hand pump 657 7.44 39.8 6.1 38.4 28.9 37 246 66 



 
TABLE 19. CHEMICAL DATA OF GROUNDWATER IN CHASHMA–TAUNSA AREA 
(AUGUST 2007) 
 

Sample 
No. 

Source 
 

EC 
(µS/cm) 

Na 
(mg/L) 

K 
(mg/L) 

Ca 
(mg/L) 

Mg 
(mg/L) 

Cl 
(mg/L) 

HCO3 
(mg/L) 

SO4 
(mg/L) 

1 Hand 
 

464 20.5 3.9 42.3 15.7 18 211 24 
2 Tube well 679 23.1 3.7 41.8 35.4 32 287 35 
3 Hand 

 
1154 140 9. 32.6 45.9 59 476 113 

4 Hand 
 

513 26.7 4.2 54.7 15.7 37 212 42 
5 Hand 

 
467 9.4 3.6 56.5 19.8 18 237 21 

6 Hand 
 

759 42.4 3.7 70.6 24.3 24 204 190 
7 Hand 

 
375 14.7 4.1 40.9 16.1 19 178 31 

8 Tube well 3541 285 8.6 201 182 93 315 1398 
9 Hand 

 
3324 241 8.6 205 149 61 335 1285 

10 Hand 
 

2729 311 6.3 121 92.8 95 220 1051 
11 Hand 

 
2673 263 7.2 130 108 116 253 968 

12 Hand 
 

5147 684 15.6 153 178 252 368 1953 
13 Hand 

 
3956 619 11.5 67.7 118 218 337 1420 

14 Hand 
 

4547 501 10.9 140 207 193 248 1783 
15 Hand 

 
989 48.8 6.3 58.6 47.2 48 215 255 

16 Hand 
 

5082 462 13.2 228 224 254 345 1812 
18 Hand 

 
2198 171 9.8 90.4 124 160 295 656 

20 Hand 
 

2754 313 5.6 119 95.6 92 215 1046 
21 Hand 

 
2571 221 7.8 130 120 38 135 1109 

22 Tube well 7066 819 14.7 238 268 587 350 2394 
23 Hand 

 
7483 793 15.2 167 389 705 325 2477 

24 Hand 
 

10687 1544 26.1 217 398 1644 383 2919 
25 Hand 

 
1584 131 8.2 78.5 84.7 90 267 450 

26 Hand 
 

4298 412 12.1 219 159 372 354 1311 
27 Hand 

 
1076 49.9 8.1 66.1 58.2 54 405 132 

28 Hand 
 

917 42.7 8.1 49.6 58.6 33 334 115 
29 Hand 

 
2091 151 12.7 81.2 116 146 240 610 

30 Hand 
 

1384 99.7 23.4 52.2 80.6 166 342 190 
31 Hand 

 
745 41.4 3.2 68.5 28.3 22 200 175 

32 Hand 
 

938 44.7 7.8 51.2 58.6 34 350 132 
33 Tube well 717 33.2 3.7 46.6 40.1 35 315 41 
35 Hand 

 
712 28.2 4.24 39.4 42.3 28 297 42 

36 Hand 
 

523 25.3 5.6 51.5 22.8 34 224 34 
38 Hand 

 
1129 55.1 11.4 43.2 72.8 50 446 88 

39 Hand 
 

708 29.2 4.2 40.4 43.3 29 307 52 
40 Hand 

 
541 14.9 20.4 50.7 23.4 37 194 58 

41 Hand 
 

846 100 7.5 32.0 26.4 62 295 80 
42 Hand 

 
367 14.3 4.0 38.9 15.1 19 166 29 

43 Hand 
 

657 39.7 6.1 38.3 28.9 37 246 66 
44 Hand 

 
363 8.9 4.0 37.4 15.3 14 182 24 

45 Hand 
 

524 25.4 6.1 48.6 24.5 46 169 80 
46 Hand 

 
483 12.3 5.2 44.6 16.3 30 170 42 

47 Hand 
 

866 101 7.5 34.6 29.4 63 322 84 
48 Tube well 517 25.1 4.6 49.5 17.8 31 224 34 
49 Hand 

 
573 20.9 13.4 50.7 20.9 37 219 49 

50 Hand 
 

639 13.2 12.9 41.2 34.1 28 246 59 
51 Hand 

 
608 31.2 6.3 44.6 28.8 37 235 53 

52 Hand 
 

1258 79.9 27.5 47.3 82.2 150 310 186 
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TABLE 20. SUMMARY OF CHEMICAL DATA  
 

Constituent      
(mg/L) 

Range 
(first sampling) 

Range                 
(second sampling) 

Na 8.8–1644 8.9–1544  
K 4.1–33.5  3.2–27.5  
Ca 20.3–277  32–238  
Mg 13.4–499  15.1–308  
Cl 14–1770  11–1644  
HCO3 123–465  135–476  
SO4 25–3026  21–2919  
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FIG. 24.  Triangular plot of major anions (Chashma–Taunsa, Feb. 2006). 
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FIG. 25. Triangular plot of major cations (Chashma–Taunsa, Aug. 2007). 
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FIG. 26. Triangular plot of major anions (Chashma–Taunsa, Aug. 2007). 
 
 
5.4. Baseflow quantification 
 
The baseflow contributions to the stream are quantified by Bflow model and the isotopic 
method (the two component mixing method).  
 
5.4.1. Bflow model 
 
The baseflow component of river runoff for the Indus and Chenab rivers was separated by 
means of the recursive digital filter Bflow [14]. Three years of discharge data from the 
Chenab River at Khanki and the Indus at Taunsa were used as input data. Results (percentage 
of baseflow) are given below (Table 20). Seasonal analysis indicates a 42% baseflow in the 
Chenab during high flow periods and 53% during low flow periods. The baseflow 
contribution of the Indus River is about 60% for both periods, which does not seem 
reasonable. The baseflow contribution in both rivers seems to be overestimated.     

 
TABLE 21. BASEFLOW CONTRIBUTION ESTIMATED BY THE BFLOW MODEL 

 
River Bflow Pass No. Baseflow index (%) 
Indus Pass 1 85 

 Pass 2 76 
 Pass 3 68 

Chenab Pass 1 66 
 Pass 2 52 
 Pass 3 45 

 
  

165



5.4.2. Isotope method 
 
The two component mixing model was applied to quantify baseflow contribution using the 
average isotopic data of groundwater and surface water in different periods (low and high 
river flow periods). The following equation was used for this purpose.  
 
                           δ18O (mixture) =  x δ18O(A) + (1–x) δ18O(B) 
 
where A (river water released from u/s station) and B (baseflow) are the two components of 
river discharge received at the d/s station.  
 
The calculated baseflow percentage (%) at all the three study sites is provided below (Table 
21). Results show that the baseflow percentage calculated by two isotopes in all the three 
cases is close. It can be noted that baseflow contribution is more when the river has low flow. 
 

TABLE 22. BASEFLOW QUANTIFICATION USING ISOTOPIC DATA 
 

Isotope Period Baseflow (%) 
Haripur Pocket    Chenab River         Indus River 

18O High flow 18 8 6 
Low flow 45 32 34 

2H High flow 22 11 13 
Low flow 51 39 41 

 
 

6. CONCLUSIONS 
 
Haripur Area: Groundwater and the Tarbela Lake have quite different isotopic signatures, 
even when the lake is at a very high level and there is no contribution of the river to 
groundwater recharge. Rainfall is the major source of groundwater replenishment. The 
Haripur pocket of Tarbela Lake receives significant baseflow. At a high lake level, this 
contribution is about 20%, increasing to about 48% when lake levels drop. Dissolution and 
precipitation appear to be the prevailing processes controlling the chemistry of groundwater. 
 
Marala–Khanki Section (Chenab River): The isotopic values of groundwater are generally 
enriched compared to river water, but they are close to the rain values on nearby mountains. 
Hence, rain is the major source of groundwater recharge. Groundwater at some locations on 
the left bank shows contributions from the river. Tritium and CFCs suggest a groundwater 
residence time ranging from >50 a to modern. The enrichment of δ18O and δ2H in river water 
at Khanki as compared to Marala takes place as a result of the contribution of isotopically 
enriched baseflow. Average baseflow contribution in this river section during high and low 
flow periods calculated via stable isotopes is 10% and 36% respectively.  
 
Chashma–Taunsa Section (Indus River):  At most of the locations around this section of the 
Indus River, river water appears to be the dominant source of recharge to groundwater. 
Almost all groundwater samples from the left side of the river show this trend. The area on 
right bank of the river near Taunsa is mainly recharged by rain. Although this area is located 
near Taunsa Barrage, there is no interaction between surface water and groundwater even 
when the river has very high discharge. Isotopic data of the river shows an increase at Taunsa 
as compared to Chashma in low flow period indicating the high contribution of baseflow at 
this point in time (34–41%).  
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Abstract. This study has been carried out in the Velika Morava River catchment which covers about 
38 000 km2 area. It is located in Serbia between the Dinaric Alps and Macedonian-Serbian and Rio-Rhodope 
Mountains (south-east Serbia) with elevations ranging from 100 m to 1800 m. The alluvial sediments are formed 
by a mixture of Quaternary loess, Neogene lacustrine sediments, Mesozoic flysch sediments and Paleozoic 
crystalline schist complex. Environmental isotope techniques (2H, 3H, 18O) in long term monitoring (2004–2008) 
are applied to gain a better understanding of the contribution of groundwater to streamflow. Several baseflow 
separation methods based on groundwater table discharge and a digital filter approach using different algorithms 
are applied to the long term hydrological time series. The sinus-coded method is proposed for the calculation of 
MRT as a new technique to better fit periodic data with one parameter because neither the annual average nor 
the magnitude of isotopic variations in meteoric precipitation remains constant from year to year. Lumped 
parameter models using 3H concentrations were applied to calculate groundwater’s residence time distribution in 
aquifers under steady state flow conditions.  
 

1. INTRODUCTION 
 
The total streamflow can be viewed as consisting of mostly two parts, direct runoff and baseflow. The 
direct runoff is storm runoff that results from rainfall excess. Baseflow separation techniques use 
the time series record of streamflow to derive the baseflow signature. The common separation 
methods are either graphical, which tend to focus on defining the points where baseflow 
intersects the rising and falling limbs of quickflow response, or involve filtering, in which 
data processed for the entire stream hydrograph derives a baseflow hydrograph. 
 
The period of time spent by a groundwater molecule between its entrance as recharge and its 
exit from an aquifer at some discharge point (i.e., catchment outlet, monitoring well, soil 
water sampler) is called residence time. In a water sample, the residence time may be the 
same for all water molecules, or it may be distributed between some minimum and maximum 
values; thus the more appropriate term is ‘mean residence time’ (MRT). It has important 
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implications for flow pathways and storage, as well as for water quality, since many 
biogeochemical reactions are time dependent. 
 
The MRT in an aquifer can be determined by using sophisticated distributed parameter (DP) 
models, provided that the data characterizing the hydraulic, geometric and geohydrologic 
properties of an aquifer are available. In the absence of this information, residence time 
distribution (RTD) can still be analysed by means of a proper lumped-parameter (LP or black 
box) model, which treats the flow system as a whole [1]. In a well-characterized catchment 
with significant surface water–groundwater interaction, MRT for surface water can be 
estimated by using periodic regression analysis to fit seasonal sine wave models to the δ18O 
time series in precipitation and river water [2]. 
 
Groundwater vulnerability, defined as the possibility of percolation and diffusion of 
contaminants from the ground surface into the groundwater system is considered an intrinsic 
property of groundwater that depends on its sensitivity to humans and natural impacts. 
Groundwater sustainability indicators provide a science based foundation on which 
sustainable groundwater policies can be developed, evaluated, modified, and/or adopted. One 
of the recommended groundwater sustainability indicators is groundwater contribution to 
stream baseflow [3]. 
 
The main objectives of this investigation were: (i) to characterize the spatial and temporal 
variability of isotopic composition of precipitation and stream waters in the Velika Morava 
catchment; (ii) estimate the mean residence time of runoff in the catchment; and (iii) evaluate 
the hydrodynamic relationship between river and aquifer. 
 

2. STUDY AREA 
 

The Velika (Great) Morava River, situated in Serbia (in the central part of Balkan Peninsula), 
is the last significant right bank tributary of the Danube before the Iron Gate (Fig. 1). Its 
catchment area is 37 966 km2, or nearly 44% of the Serbian territory. The Velika Morava 
catchment consists of  three sub-basins: (i) the catchment of the Velika Morava (6770 km2, 
currently 181.4 km in length), which extends from the confluence of the Južna (south) 
Morava and Zapadna (west) Morava near the city Stalać (130 m a.s.l) to its confluence with 
the Danube near the city Smederevo, (ii) the catchment of the Južna Morava (15 446 km2, 
308 km long) draining the south-eastern part of the country and (iii) the catchment of the 
Zapadna Morava (15 446 km2, 295 km long) draining the south-western part. The alluvial 
plain of the river is about 1125 km2.  
 
Hydrological data show that the relationship between water characteristics in flow can be 
expressed through the following relations: Qmin

95%: Qavr: Qmax
1% = 1:10:100 [4]. Major floods 

take place when snow melt and heavy rains coincide and its tributaries exhibit a torrential 
character with frequent flash floods associated with landslides. 
 
The basin is located between the Dinaric Alps (western Serbia) and the Macedonian–Serbian 
and Rio–Rhodope Mountains (south-eastern Serbia) at elevations of between 100 and 1800 
m. The mean altitude of the catchment area is 270 m a.s.l, of the Juzna Morava 670 m a.s.l, 
and of the Zapadna Morava 710 m a.s.l. The catchment, consisting of 39% arable land and 
43% forested area, is densely populated (about 4.5 million inhabitants) with significant 
sources of groundwater in the riparian areas. It falls in the European moderate continental 
climate zone (hot summers and cold winters) with an average annual temperature of 10–12oC 



(January: −1 to +1oC, June: 22–23 oC). In the alluvial plains, average annual precipitation 
ranges between 600 mm and 700 mm and increases to 800–1300 mm with increasing altitude.  
 
 

 
 

FIG. 1. Map of the Velika Morava catchment with the locations of the stable isotope sampling network: 
precipitation meteorological stations (stars), hydrogeological stations (triangles) and groundwater (piezometers 
— open circles). 
 
The valley of the Velika Morava River (Pomoravlje) is about 2 to 15 kilometres wide, and 
formed in a fossil bay of a vast, ancient Pannonian Sea which dried out 200 000 years ago. 
The Velika Morava has an average channel width of 140 m (maximum 325 m) and a water 
depth of 1 m to 4 m. The river bank (from bank edge to water surface) is 3–16 m high. The 
alluvial sediments consist of a mixture of Quaternary loess, Neogene lacustrine sediments 
(starting with basaltic conglomerates, which are covered with layers of sand, gravel and clay), 
Mesozoic flysch sediments and Paleozoic crystalline schist complex (micashists, gneisses, 
marbles, quartzites). Pockets of volcanic and plutonic igneous rocks also occur. 
 
The total thickness of Quaternary sediments ranges between 15–20 m, of which 7–8 m are 
water yielding. Gravel and sand in alluvial deposits appear in the form of horizontal layers 
with thickness ranging from 2 to 70 m (hydraulic conductivity 10-2 and 10-4 m/s) interbedded 
with silt and clay layers, having a saturated thickness of as much as 7 meters. The level of 
groundwater within these deposits is most frequently 2–5 m below terrain surface level. This 
is overlain by topsoil of 1 to 3 m thickness, overgrown by vegetation. Hydraulic conductivity 
of the lower boundary is in the order of 10-8 to 10-9 m/s [5]. In the wider valley area of over 
1000 km2, three types of water bearing complex are identified: karst sources (springs), sandy 
sediments from a Neogene and alluvial complex. The main groundwater sources are located 
in alluvial sediments and supply drinking water.  
 

3. SAMPLING AND METHODOLOGY 
  
Precipitation samples were obtained as monthly composite samples of daily precipitation 
collected in a rain gauge at meteorological stations in Smederevska Palanka (44.37 N, 20.95 
E, 122 m a.s.l), Nis (43.33 N, 21.33 E, 202 m a.s.l) and  (43.70 N, 20.70 E, 215 m a.s.l). 
These were assumed to be representative of average catchment inputs. Grab river water 
samples on a bimonthly basis began with collection at seven stream hydrological stations 
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where discharge is measured regularly. Details of sub-basins under study, including average 
annual discharge (AAD) for the period 2003–2008 and drainage area (DA), are listed in 
Table 1. Shallow groundwater samples were collected from piezometers (3–21 m depth) at 
sites with a distance of between 0.2 and 10 km along the rivers once a year at the time of low 
water during fall (September–October). The complete study comprised a total of 540 water 
samples during a survey throughout 2004–2008. They were analysed for stable (δ18O, δ2H) 
and radioactive (3H) isotopes, noble gases and major ions CO3

2-, HCO3
-, NO3

-, SO4
2-, Cl-, as 

well as cations K+, Na+, Ca 2+, Mg2+ in the laboratory as well as hydrochemical parameters, 
including water temperature, pH value, and electrical conductivity measurements in the field.  
 
TABLE 1. SELECTED HYDROLOGICAL GAUGING STATIONS 
 

 
River 

 
Station 

Coordinates Zero 
level 

[m a.s.l] 

 UC 
[km] 

AAD  
[m3/s] 

DA 
[km2] Longitude 

[degree] 
Latitude 
[degree] 

Velika 
Morava 

Ljubicevski 
most 

21.1383 44.5867 73.24 22.01 244 37320 

Varvarin 21.3783 43.7245 126.13 177.43 214 31548 
Juzna 
Morava 

Aleksinac 21.7142 43.5275 157.63 54.64 91.5 14284 
Grdelica 22.0683 42.8917 251.78 154.04 25.3 3782 

Zapadna 
Morava 

Jasika 21.3006 43.6081 138.56  17.88 107 14721 
Milocaj  20.6317 43.7767 194.27  107.90 41.68 4658 

Ibar Kraljevo 20.6942 43.7183 192.76 7.40 58.12 7925 

UC — Upstream of confluence, AAD — average annual discharge, DA — drainage area 
 
Samples for 2H and 18O were collected and stored following standard procedures [6] and 
analysed using either isotope ratio mass spectrometry (Isoprime-Multiflow System, VG, 
Instruments) in the Department of Environmental Sciences at Jožef Stefan Institute, Ljubljana, 
Slovenia) or laser absorption spectroscopy (LGR DLT-100, at Jaroslav Černi Institute for 
Development of Water Resources, Serbia). All stable isotope results are reported using 
conventional delta (δ)-notation in per mil (‰) relative to the V-SMOW standard (δ2H, δ18O). 
The precision of measurements was usually better than ±1‰ for δ2H and ±0.1‰ for δ18O, while 
laser based analyses of δ18O precision was better than ±0.2‰.  
 
Tritium activity was determined by liquid scintillation spectrometry (1219 Rack Beta 
Spektral) for 9 ml samples after electrolytic enrichment. Statistical errors of measurements 
were ±5% for concentrations above 10 TU and up to ±10% below that value.  
 
A sampling campaign for determination of dissolved atmospheric noble gases (20Ne, 40Ar, 
and 85Kr) and tritium (3H) concentrations was undertaken in the area surrounding Ljubicevski 
most in cooperation with the University of Utah in March 2009. Dissolved noble gas samples 
were collected with in-situ diffusion samplers [7]; these stayed at a sampling point for at least 
24 hours. Analytical uncertainty (2σ) is estimated to be 1% for both 4He and 3He/4He ratios 
and 2% for 20Ne. Mass spectrometer analysis provided the relative mole fractions of 4He and 
20Ne. Total 4He and 20Ne were then calculated based on Henry’s Law relations by using field 
measurements of water temperature and total dissolved gas pressure determined upon inlet to 
the noble gas analytical system [8].  
 

4. RESULTS AND DISCUSSION 
 
During the time period of observations (2004–2008), annual precipitation in the Velika 
Morava Basin  varied between 686 and 972 mm depending on the location (Table 2).  



 
TABLE 2. ANNUAL PRECIPITATION AND RIVER DISCHARGE IN THE VELIKA 
MORAVA CATCHMENT (2003–2008)  
 

Year  Annual precipitation [mm]  
Average annual 
discharge [m3/s] 

 
Smederevska Palanka  

[122 m a.s.l] 
Kopaonik  

[1710 m a.s.l] 
Ljubicevski most 

[73.24 m a.s.l] 
2003 552.0 805.9 213 
2004 772.2 1014.9 246 
2005 891.7 1021.6 337 
2006 643.6 1015.4 321 
2007 680.1 1009.4 173 
2008 576.9 962.8 174 

Average 686 972 244 
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FIG. 2. Amount and distribution of annual total precipitation in lower and higher parts of the catchment  
(2003–2008). 
 
The distribution of annual total precipitation spread over all months shows a more or less 
similar monthly percentage of between 6% and 11% (Fig. 2). This means that aquifer 
recharge is occurring all year long.  
 
Seasonal distribution of runoff shows that the highest discharge occurs in spring (March) and 
low flow season generally begins in July and ends in October at Ljubicevski most, the 
gauging station at the Danube junction, which represents discharge for all of the Velika 
Morava Basin for the period 2003–2008 (Fig 3). The maximum discharge (1670 m3/s) was 
recorded in March 2006 while the minimum of 46 m3/s occurred in September 2007. In order 
to generate an average discharge of 7695 m3/year from a 37 400 km2 area, net precipitation 
(recharge) should be 206 mm/year. Under these conditions, net precipitation is roughly 30% 
of total annual precipitation (686 mm) in the lower part of the catchment. Peak flows of this 
section do not show relation to precipitation events. High flows in March take place due to 
snow melt water flowing through higher parts of the basin.  
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FIG. 3.  Records of discharge measurements at Ljubicevski most (left scale) and precipitation amounts at the 
Smederevska Palanka station (right scale) with the indication of samples (+) collected over the period  
2004–2008. 
 
Chemical results reveal a strong similarity between surface water and groundwater (Fig. 4). 
Most water samples are of the Ca–Mg-HCO3

- type. Major anions include SO4
2-, Cl-, and NO3

-

, which originate from juvenile rainwater (washout) or anthropogenic influences (agricultural 
activities). Quite good correlations are found between bicarbonate to Ca2+, Mg2+, Na+ and 
SO4

2- (r = 0.69, 0.66, 0.60, 060, respectively), suggesting that these three cations are balanced 
mainly by bicarbonate anions, and originate from the dissolution of sedimentary rocks, 
dominated by calcite and dolomite minerals. 
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FIG. 4. The Piper trilinear diagram for river and groundwater in the Velika Morava catchment. 

 
High seasonal variability in δ18O and δ2H values (from −17.6‰ to −2.9‰ and from −129.7‰ 
to +1.1‰, respectively) is observed in precipitation, while less pronounced seasonal 
variations are observed in river water (−15.0‰ to −8.4‰ for δ18O and −108.2‰ to −61.3‰ 



for δ2H). The broad amplitude of isotopic variations in precipitation clearly indicates the 
complexity of its source, as well as the climatic and topographic characteristics of the region 
which affect the composition of local rain. The local meteoric waters lines (LMWL) for the 
observation period (September 2004–December 2008) are obtained for all the three sites 
(Kraljevo, Nis, and Smederevska Palanka) using the least squares fit (LSF), and the 
orthogonal regression, sometimes known as the reduced major axis (RMA) line [9] (Table 3), 
based on monthly weighted means with respect to the amount of precipitation (n=23 to 51). 
The line, calculated over the catchment for all three stations using orthogonal regression, is 
close to the Global Meteoric Water Line (GMWL).  
 
TABLE 3. LOCAL METEORIC WATER LINES (Δ2H = A*Δ18O + B) 
 

Fit Subcatchment A B r n 
Linear 
(LSF) 

Kraljevo 7.49 ± 0.32 5.8 ± 3.2 0.96 23 
Nis 7.56 ± 0.17 5.0 ± 1.6 0.98 46 

Smederevska Palanka 7.71 ± 0.20 5.6 ± 1.9 0.97 51 
All stations 7.59 ± 0.12 5.2 ± 1.2 0.97 120 

Orthogonal 
weighted 

(RMA) 

Kraljevo 7.81 ± 0.31 9.4 ± 3.2 0.97 23 
Nis 7.45 ± 0.18 4.0 ± 1.7 0.98 46 

Smederevska Palanka 7. 83 ± 0.20 6.9 ± 1.9 0.97 51 
All stations 7. 65 ± 0.12 6.1 ± 1.2 0.97 120 

 
The spatial distribution of oxygen-18 contents in shallow groundwaters in the area of lower 
Pomoravlje, sampled mostly during low waters (in September or October), is shown in Fig. 5. 
Mean values are presented in the limit of 1σ standard error of measurements. The isotopic 
content of groundwater increases with increased distance from the river, approaching the the 
weighted mean value for precipitation at the Smederevska Palanka location (δ18O = −9.1‰). 
Similar values for isotopic content are found at the same distance on left and right sides of the 
river bank, indicating comparable hydraulic gradient in the alluvial aquifer. Using two-
component mixing model, the fraction of river water in groundwater is estimated which 
ranges between 23 and 75 % depending on the distance from the river. Based on these results, 
groundwaters located beyond a distance of about 3 km from the river are not under the direct 
influence of it. 
 
The tritium content varies between 0.5 to 39.9 TU. No particular feature is found in the 
tritium contents within precipitation, river water and groundwater samples. Results for 
special samples for water age determination taken at selected sites for 3He/4He method (Fig. 
6) are summarized in Table 4. The values for ratio R/Ra (the dissolved 3He/4He ratio of a 
sample and in atmosphere (Ra = 1.384 × 10−6), respectively) range between 0.985 and 1.012. 
Estimated recharge temperatures (Tr, the temperature at the water table at the recharge point) 
from dissolved atmospheric noble gases in groundwater are in the range from 9.0 to 16.1oC 
that are close to water temperatures measured at the time of sampling. The mean annual air 
temperature and atmospheric pressure are found in the range 10.8–13.0°C and 1002.6–1003.9 
mb, respectively at the meteorological station Smederevska Palanka for the period 2004-2008 
[10]. 
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FIG. 5. Spatial distribution of oxygen-18 content in shallow groundwaters in the area of lower Pomoravlje. 

                                         
 
 

FIG. 6. Selected sites for determination of groundwater age by the by 3He/4He method. 
 
 
TABLE 4. NOBLE GAS CONCENTRATIONS IN GROUND AND STREAM WATER IN 
THE POZAREVAC AREA 
 
Location Type 40Ar  84Kr  20Ne  4He  Tr 

 
Tm  
 

                           [cm3STP/g]         [oC] 
Ljubicevski 
most 

 
river 4.03×10-4 5.88×10-8 1.96 ×10-7 4.53×10-8 

 
9.0 

 
7.6 

PB-23  GW 3.73 ×10-4 5.29×10-8 1.99×10-7 5.35×10-8 13.7 13.0 
Meminac  GW 3.80 ×10-4 5.26×10-8 2.03 ×10-7 5.45 ×10-8 16.1 13.5 
PB-12  GW 3.63 ×10-4 5.12×10-8 1.92 ×10-7 4.75 ×10-8 12.9 12.9 
GW — groundwater (piezometer), Tr — recharge temperature,    Tm — measured temperature 
 
 
Groundwater 3H concentrations in samples collected during this study range from 4.2 TU to 
15.6 TU. Results show an apparent tritium/tritiogenic helium (3H/3Hetrit) water age of 



between 0 and 4.5 years. The latter result is from a source about 4 km from the river. These 
ages indicate the potential for anthropogenic contamination from upstream sources such as 
nitrates or pathogenic bacteria.  
 
4.1. Baseflow separation 

There is no unique definition of baseflow. Within the context of this paper, baseflow is 
considered to be that part of river flow which comes from water flowing beneath the surface 
(i.e. longer term delayed flow from natural storage). Among the numerous analytical 
techniques used to separate baseflow from total streamflow, the method of hydrograph 
separation is employed, in particular using the groundwater table discharge method (the 
Kliner and Knezek or KK method) [11]. Graphic filter methods with different algorithms to 
explicitly separate the low frequency baseflow signal from the high frequency quickflow 
signal are also implemented.  
 
According to lithological profiles, a piezometer (PD 161) installed in coarse grained gravel at 
9.75 m depth at a distance of 50 m from the stream was chosen to be the representative 
piezometer for the area  of river runoff chosen for separation by KK model. Its groundwater 
table time series, together with river discharge for the period 2003–2008, are illustrated in 
Fig. 7.  
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FIG. 7. Discharge of the Velika Morava River at Ljubicevski most (left hand scale) and groundwater table time 

series for piezometer PD 161 (right hand scale) for the period 2003–2008. 
  
Besides manual separation via KK [10], four graphic filters contained in the Bflow [12] are 
used, as well as ABScan [13] software for the Velika Morava-Ljubicevki most location (Fig. 
8). 
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FIG. 8. Runoff regime of the Velika Morava river at Ljubichevski most (daily discharge in 2004) and differences 
in baseflow separated via several methods. 

 
There are big differences in baseflow predicted by the applied methods. The method 
examining the relationship of river discharge with groundwater in Table [10] provides results 
which are similar to those obtained using the Chapman graphic filter [14]. Other graphic 
filters, i.e. Bflow (pass 2), Lyne and Hollick [15] and Eckhardt [16] provide higher estimates 
of baseflow. Recent literature [17] suggests that the filter proposed by Eckhardt [16] appears 
to be hydrologically more plausible than other filters. Separated baseflow fundamentally 
depends on the BFImax parameter, which is the maximum value of baseflow modelled by the 
algorithm. Eckhardt [17] suggests that it can be validated using tracer measurements. In our 
separations, the BFImax was set to a value of 0.90. Eckhardt [17] proposes to use the value 
0.8 for perennial streams with porous aquifers. The BFI value 0.50, proposed by Eckhardt for 
ephemeral streams with porous aquifers, provided results which were similar to those 
obtained with the Chapman filter. Mean values of baseflow contributions calculated for the 
Ljubicevski most and Varvarin stations along the Velika Morava River using the above 
methods are provided in Table 5.  
 
TABLE 5. MEAN BASEFLOW CONTRIBUTIONS [%] CALCULATED FOR DAILY 
DATA FROM YEARS 2003–2008 FOR THE LOCATIONS LJUBICEVSKI MOST AND 
VARVARIN USING DIFFERENT SEPARATION METHODS 

 
Separation method Baseflow contribution  [%] 

Ljubicevski  most Varvarin 
[22.01 rkm] [177.43 rkm] 

Kliner–Knezek 49 57 
Bflow 2 80 79 

Lyne&Hollick 78 77 
Chapman 59 58 
Eckhardt 81 88 

 
Eckhart [17] reported that the values resulting from the bflow and Eckhart filters for 65 North 
American catchments were similar. Similar results were also achieved for  the baseflow of 
five locations (Ljubichevski most, Varvarin, Jasika, Milocaj and Lopatnica Lakat) within the 
Velika Morava catchment, calculated via the recursive digital filter method (Bflow) and 
applied to the daily discharge time series over a period of 14 years (1 January 1995 to 31 
December 2008). Bflow uses the equation of Lyne and Hollick [15] with automated 
calculation of the filter parameters from streamflow recession. The results for three passes 
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(Bflow1, Bflow2, and Bflow3) together with Baseflow Days (BFD) are presented in Table 6. 
It seems that the results of pass 2 (Bflow2) accomplish ‘the best’ fit. 
 
The baseflow recession constant, α, affects the degree of attenuation. It is associated with the 
physical characteristics of the basin (subsystem), especially transmissivity and storage [12]. 
Small alpha values obtained for locations close to the river mouth (0.0085–0.0092) indicate 
very slow drainage and big storage. On the other hand, a higher alpha (0.017–0.024) obtained 
for upstream locations signifies a steep recession indicating rapid drainage and little storage. 
 
TABLE 6. FRACTION OF STREAMFLOW CONTRIBUTED BY BASEFLOW FOR 
EACH OF THE THREE PASSES FOR THE PERIOD 1995–2008 
 

River Location Baseflow contribution  [%] NPR Alpha BFD 
[days] Bflow1 Bflow2 Bflow3 

Velika 
Morava 

Lubicevski 
most 

0.82 0.73 0.66 9 0.0092 113 

Varvarin 0.81 0.71 0.65 4 0.0169 70 
Zapadna 
Morava 

Jasika 0.79 0.69 0.62 3 0.0085 115 
Milocaj 0.76 0.63 0.56 19 0.0241 41 

Ibar Lopatnica 0.80 0.68 0.63 8 0.0168 62 
NPR — number of individual recessions used to calculate master recession curve.  
 
Baseflow index (BFI), which presents some information about the proportion of the 
streamflow and originates from stored sources, was calculated as the volume of baseflow 
divided by the volume of total runoff for the period 1995–2008 (Table 7). There is a 
significant positive correlation between the daily BFI (pass 2) averaged across the whole 
period (14 years) for every station and the drainage area of watersheds (P) in square 
kilometres (BFI = 0.73(± 0.01) + 1.76(± 0.44) *10-6 P, r2 = 0.84, n = 5). 
 
TABLE 7. BASEFLOW INDEX (BFI) (PASS2) AVERAGED FROM DAILY DATA 
OVER THE PERIOD 1995–2008 
 

River Location BFI2 
Velika Morava Lubicevo 0.796 

Varvarin 0.781 
Zapadna Morava Jasika 0.767 

Milocaj 0.723 
Ibar Lopatnica 0.754 

 
The isotopic composition of the Velika Morava is found rather variable, with very few low 
flow periods without interruptions by smaller events. Our attempt to estimate the isotopic 
composition of baseflow by correlating the isotopic composition of water samples and 
separated baseflow ratio on the day of sampling , therefore could not be successful.   
 
4.2. Mean residence time (MRT) 

Mean residence time (MRT) was calculated for streamflow using the sine curve approach and 
lumped model. 
 
4.2.1. Sine curve approach 
 
Surface waters (precipitation and stream water) exhibit δ18O seasonal variations (Fig. 9) which are 
usually generalized by an expression of the sine function equation (1): 
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FIG. 9. Time-series variations of oxygen isotope content in stream water (Ljubicevski most) and precipitation 
(Smederevska Palanka) for the period 2004–2008. 
 
 

18 18( ) sin[(2 / ) ]O mean O A t b cδ δ π= + +                                      (1) 
 

where mean(δ18O) is the annual mean δ18O expressed in ‰, A is the seasonal amplitude of 
δ18O, b is the period of the seasonal cycle (i.e. 365 days), t (days) is time, and c (radians) is 
the phase lag [18]. A typical sinusoidal model neither provides a satisfactory fit to the data of 
isotope content of precipitation nor meets Fisher’s condition for the existence of periodical 
processes. Although this model treats one year data in the same way i.e., statistical noise is 
too large for variations caused by non-periodic natural processes to be analysed. As long as 
the obtained correlation coefficients for the assumed p = 95% are low (r2 < 0.76), which is 
common in hydrologic investigations, this model is inadequate. It is important to note that 
most authors do not generally use statistical tests to confirm the existence of periodicity 
(Eq. 2)  

2
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0.638 95% (2)n
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= ≥

∑
 

where A1 is the amplitude of basic frequency with a period of 12 months, and Ai stands for i 
thharmonic in the Fast Fourier Technique (FFT) series [19] for the total number of 
measurements, n. The qvar is a variance ratio, which in our cases exhibit rather low values of 
around 0.219. Therefore, the coded sinusoid method has been proposed [20]. This method 
represents a new technique to better fit periodic data. It is based on two assumptions. The first 
one is an advance known period of time (t), which is usually one year in the case of 
hydrological data. It is implicit in all cyclical hydrologic models, and until recently it was the 
default, and was neither examined nor criticized. The main hypothesis is that all hydrologic 
processes on Earth are coordinated with its revolution. The second assumption concerns the 
shape of the observed periodic function. The basic idea is that parts of the original sinusoids 
(12 parts) of unequal value are shifted along the time axis. These shifted values are called 
codes, after which the sine coded model is named.  
 
The application of sinusoidal coded method requires the performance of mathematical 
transformations to the measured data set (n). The first step is subtraction of the trend line (list 
square line, LSQL) from all original data along the time axis. Monthly mean values (or 
weighed averages) are calculated by summing all transformed data for N years, which results 



in a set of 12 data. Next, and the most important step, is implementation of the coding 
procedure shown in Table 8. 
 
TABLE 8. THE CODING PROCEDURE ARRANGEMENT 
 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Data -1 -0.8 -0.81 -0.5 -0.5 0 0.1 0.5 0.51 0.8 0.9 1 
xi 0π/6 1π/6 2π/6 3π/6 4π/6 5π/6 6π/6 7π/6 8π/6 9π/6 10π/6 11π/6 
sin xi 0 1/2 0.87 1 0.87 1/2 0 -0.5 -0.87 -1 -0.87 -0.5 
CodD 0 0.5 0.8 1 0.9 0.51 0.1 -0.5 -0.8 -1 -0.81 -0.5 
Cod -5 -6 -7 -8 -6 -3 0 +4 +7 +9 +8 +7 
Data — transformed monthly mean values,  xi -  x -axis , CodD — coded data (Ycod), Cod — noted shift code 
 
In order to achieve the sine wave shape, calculated maximum and minimum monthly mean 
values are set at the position of maximum and minimum of a sinus function, respectively. A 
shift lag code should be noted for each month. Lagged data (CodD, Table 8) should be 
subjected to Fisher’s condition for sinusoidal periodicity [19]. If they pass, the procedure 
could be continued. The amplitude of coded sinusoids is computed by formula (3) and 
obtained through the minimization of a simple non-linear sine function with one parameter, 
A, 

11

0

1 sin
6

cod cod
i i

i
A Y x

=

= ∑                         (3) 

where codA  is coded amplitude and xi is the time expressed in 2π/12. The coded sinusoid is 
calculated using Eq. 4, in which cf

iY  stands for fitted coded data. 
sincf cod

i iY A x=              (4) 
 
The following step is a decoding of the generated sinus function. Fitted values are displaced 
to their coded positions according to their noticed order. The twelve data obtained should be 
repeated N-1 times. One set of data is produced for each year, providing a coded fit. The final 
step is the addition of the trend line to the data obtained via the decoding algorithm. The 
obtained model produced periodical curve fits for well observed data, with a low standard 
deviation per month (σk) as the measure of a good fit. The validity of the proposed method 
was checked by calculating the efficiency index [21]. The obtained values of 46% and 87% 
for a simple sinusoidal and sine-coded model, respectively, confirm the application of the 
latter (Fig. 10). For comparison, we calculated MRT using the methods conditionally called 
the ‘robust model’ [22], ‘topography model’ [23], and proposed ‘sinus-coded method’. The 
results are displayed in Table 9. 
 
Estimated MRTs for surface waters varied from about 5 months to up to 17 months 
depending on the river site and method applied. 
 
4.3.2.  Lumped models 
 
We applied the Lumped parameter models (LUMPED Unsteady, LUMPEDUS) using tritium 
concentrations (3H). The models are designed to calculate RTD in aquifers under unsteady 
flow conditions [1]. Observations of tritium from the meteorological station ‘Zeleno Brdo’ in 
Belgrade (Serbia) only cover the 1976 to 2009 time period. Since the lumped models need 
longer tracer input data, the 3H input data for the 1960–1975 time range was generated using 
observations from the Vienna GNIP station [24]. The 3H content in Serbian precipitation 
fluctuated more than at the Vienna station for the 1980–2000 period (3H (TU) = 0.8789*t 
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+17.32, R2=0.699) (Fig. 11) and such fluctuations in tracer input are important for 3H models. 
In this way, generated 3H input data sets are used in Lumped parameter models. 
 

 
FIG.10.  Measured and calculated oxygen-18 contents of precipitation over the Velika Morava catchment using 
the sinusoidal coded model for the period 2004–2008. 

5.  
 
TABLE 8. CALCULATED MTRS (2004–2008) 
 
Sub-
catchment 
(precipitation) 

Location Mean   MRT [month] 
Weighted 
mean 

Robust 
method 

Topography 
method 

Sinus coded 
method 

Velika 
Morava 
 
(Smederevska  
Palanka) 

Ljubievski 
most 

M 0.249519 7.4 –2.9074  
W 0.362256 4.9 –5.86112 8.5 

Varvarin M 0.136576 13.8 0.6  

W 0.14143 13.4 –0.07547 9.5 
Juzna 
Morava 
 
(Kraljevo) 

Aleksinac M 0.114649 16.5 7.5  
W 0.115598 16.4 7.2  

Grdelica M 0.141535 13.4 –0.07822  
W 0.174968 10.7 –0.95417 8.1 

Zapadna 
Morava 
 
(Nis) 

Jasika M 0.14875 12.7 –0.26726  
W 0.161801 11.6 –0.60919 9.6 

Milocaj M 0.193847 9.7 –1.44878  
W 0.191318 9.8 –1.38252 10.4 

Ibar Kraljevo M 0.109247 17.4 9.2  
W 0.115122 16.5 7.4 15.9 

σ – weighted standard deviation in respect to discharge for river water (r) and to the amount of monthly 
precipitation (p) 
 
There is great diversity in the 3H content of the Velika Morava River along different sections 
(Varvarin, 177.43 rkm and Ljubicevski most, 22.01 rkm). Because of this, 3H observations 
for river sections are generated by averaging all available values for every year (Table 11). 
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FIG. 11. Generated 3H series in precipitation for Serbia for period 1965–2008. 
 
TABLE 11. 3H CONTENT OF THE VELIKA MORAVA RIVER ALONG DIFFERENT 
SECTIONS  
 

Year 3H average content [TU] 
  Ljubicevski  Most Varvarin  

 [22.01 rkm] [177.43 rkm] 
2004 11.52 6.63 
2005 25.91 24.85 
2006 17.09 25.49 
2009 6.44   

 
The piston (Plug) model offers the best transfer function to generate observed river 3H 
contents for the locations Ljubicevski most and Varvarin. The model runs under steady state 
flow conditions, i.e. all water masses that have entered the aquifer at different times in the 
past flow to the sampling point without any mixing in between. Recharge of the aquifer (Qin), 
which is equal to observed river discharge/flow (Qout), is calculated from average discharge 
for Ljubicevski Most and Varvarin (7695 Mm3 and 6758 Mm3, respectively). The mean 
difference is determined by Eq. 5 
 

2
_ _( )out t obs tC C

Difference
n

Σ −
=                       (5) 

 
 in which Cout_t and Cobs_t represent calculated and observed 3H contents at time(s) t, 
respectively, and the number of compared data sets is defined by n [25]. The input data and 
results of the applied lumped model for sections of the Velika Morava River are presented in 
Table 12. 
 
TABLE 12. SUMMARY OF APPLIED LUMPED MODELS FOR SECTIONS OF THE 
VELIKA MORAVA RIVER  
 
 Model Input Model Results 
Location Qin=Qout Groundwater/water volume of 

related  aquifer  
Difference Correlation 

Coeff 
MRT 

 Mm3 Mm3 TU  years 
Ljubicevski 
most 

7695 38500 2.485 0.942 6 

Varvarin  6758 40600 7.189 0.586 7 
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Both river sections have a similar groundwater/water reservoir. The water volume of the 
related aquifer is 38 500 Mm3 and 40 600 Mm3 for the Ljubicevski most section and for 
Varvarin, respectively, and corresponding calculated mean residence times are 6 and 7 a. If 
both river sections are ‘gaining rivers’ we can attribute this interpretation to baseflow and/or 
groundwater characteristics (mean residence times or ages).  
 
The lumped parameter model is also applied to groundwater used for piezometers along the 
Velika Morava and the Zapadna Morava rivers for the period 2004–2006 under the same 
conditions Qin=Qout (Table 13). The mean residence times of groundwater sampling points 
(124-133-143 piezometers) from the Velika Morava basin are mostly 20 a except for the GHS 
piezometer (7 a). This calculated residence time is longer than the residence times obtained 
for the Velika Morava river section models. Calculated aquifer groundwater volumes for the 
Velika Morava basin (124-133-143 piezometers) are greater than for the Velika Morava 
River section volumes. The lumped parameter model calculated and observed data for river 
and groundwater are shown in Fig. 12. 
 

a.   b.  
 

FIG. 12. Model calculated and observed data for a) Lubicevski most river model and b) groundwater PL 133. 
 
The Zapadna Morava is a sub-branch of the Velika Morava River, and is represented by two 
piezometers in this study, which have extremely different 3H signals (2–4 TU for GW206 and 
15–20 for GW208). The model results of two piezometers are very distinct. Piezometer 
GW206 near by the Ibar River shows a younger residence time than piezometer GW208 near 
the Zapadna Morava River.  
 
The different isotopic composition (18O and 3H) of groundwater from the GHS piezometer in 
comparison with the others can be explained by its location. The piezometer is situated close 
to the city of Pozarevac, where quite large losses (20–30%) take place because the water is 
used to supply the city. The part of water supply loses at the rate of about 50 L/s of which 
partly infiltrates and mixes with groundwater in the gravel of Quaternary sediments in this 
area. Drinking water supplies for the city of Pozarevac are provided from the groundwater 
source, which is influenced by the Velika Morava River, due to the creation of a hydraulic 
barrier which prevents intrusion of nitrate polluted groundwater [26]. 

 
5. CONCLUSIONS 

 
The results of long term monitoring show that low flow periods, i.e. periods when river 
discharge is composed solely of groundwater, are not very frequent at the Ljubicevski most 
location. These generally occur in summer, but even then these may be interrupted by 
rainfall. Autumn is characterized by rainfall events while there are frequent events in winter 
and spring caused by snowmelt and rainfall. Among the applied method of hydrograph 
separation using the groundwater table discharge method and graphic filter methods, the 

1980 1985 1990 1995 2000 2005 2010

Time

0

50

100

150

Co
nc

en
tr

at
io
n

Plug-Tritium-Serbia

            

Input Data
Observed Data
Case 1
Case 2
Case 3
Case 4
Case 5
Case 6
Case 7
Case 8
Case 9
Case 10

1985 1990 1995 2000 2005 2010

Time

0

50

100

150

200

Co
nc

en
tr

at
io
n

Plug-Tritium-Serbia

            

Input Data
Observed Data
Case 1
Case 2
Case 3
Case 4
Case 5
Case 6
Case 7
Case 8
Case 9
Case 10



results for a graphic filter of pass 2 (Bflow2) supply ‘the ‘best fit’. The baseflow index 
strongly positively correlates to the catchment drainage area. The mean values of baseflow 
contributions calculated for the Ljubicevski most and Varvarin stations along the Velika 
Morava River were in the range 50% to 90% depending on the separation method applied.  
 
TABLE 13. SUMMARY OF APPLIED LUMPED MODELS FOR GROUNDWATER 
ALONG THE VELIKA MORAVA AND ZAPADNA MORAVA RIVERS 
 

 Qin=Qout Observed 3H [TU] Model Outputs 
Piezo-
meter 

[Mm3] 2004 2005 2006 Model 
Type 

Volume 
[Mm3] 

Difference 
[TU] 

Corr. 
coeff 

MRT 
(years) 

Velika Morava         
PL124 7695 6.74 23.17 20.63 Plug 147000 4.827 0.975 20 
PL133 7695 10.29 22.00 21.86 Plug 147000 3.147 0.937 20 
PD143 7695 15.96 20.46 19.77 Plug 147000 1.088 0.975 20 
GHS 7695 16.43 5.46 32.06 Plug 47000 7.106 0.880 7 
Zapadna Morava         
GW206  6758 3.86 1.86 n.a. Plug 14000 1.393 n.a. 3 
GW206 6758 3.86 1.86 n.a. Exp 4000 0.046 n.a. 0.59 
GW208 6758 20.16 14.60 n.a. Plug 156000 0.278 n.a. 24 
GW208 6758 20.16 14.60 n.a. Exp 224000 0.001 n.a. 33.15 
GW206  3379 3.86 1.86 n.a. Plug 7000 1.393 n.a. 0.59 
GW206 3379 3.86 1.86 n.a. Exp 2000 0.046 n.a. 3 
GW208 3379 20.16 14.60 n.a. Plug 78000 0.278 n.a. 24 
GW208 3379 20.16 14.60 n.a. Exp 112000 0.001 n.a. 33.15 
n.a. — non-analysed, Exp - Exponential 
 
 
Isotopic investigations provide information about transport processes in the Velika Morava 
catchment. Seasonal δ18O changes in precipitation and river waters using the proposed sinus-
coded method with one fitting parameter provided an estimation of mean stream water 
residence time, which varies from about eight months to up to 16 months. Application of the 
lumped parameter model under steady state conditions, where hydrodynamic dispersion does 
not exist, along with a limited observation of tritium concentrations within the time frame, 
indicate longer mean residence times (∼ 20 a) for groundwater along the Velika Morava 
River than the residence times (6–7 a) obtained for the Velika Morava River section models. 
Determination of groundwater age via the 3He/4He method shows that samples closer to the 
river have a higher fraction of river water, i.e. they have ‘mixed’ ages. When mixing occurs, 
the tritium/helium-3 age is biased towards the young fraction. However, it should be stressed 
that calculated MRTs represent first estimates based on the isotopic composition for the 
investigated area. 
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Abstract. We have applied isotopic and hydrometric methods to assess the role of baseflow, mean transit times 
of streamflow and baseflow and groundwater vulnerability in the upper Váh River catchment and its 
subcatchments. The study was performed in the years 2005–2009. Data from three mountain catchments of 
different scales were used. They were collected in the mountain part (headwater) of the Jalovecký creek 
catchment (area 22 km2, mean altitude 1500 m a.s.l.), the whole Jalovecký creek catchment (45 km2, mean 
altitude 1166 m a.s.l.) and the upper Váh river basin (1095 km2, mean altitude 1090 m a.s.l.). Baseflow 
contribution to streamflow was calculated for all three catchments via recession analysis, graphic filters and the 
relationship between groundwater table and river discharge. Mean baseflow contributions to total streamflow 
(53–63 %) increased with catchment area. Mean transit times of streamflow and baseflow were calculated for all 
three catchments using δ18O and hydrograph recessions. The mean transit time of streamflow varied between 
16–20 months, and the highest value was calculated for the smallest catchment. The mean transit time of 
baseflow calculated from fewer samples collected during low flow conditions was 26–30 months. Hydrograph 
recession showed two typical recessions (residence times) with corresponding mean transit times of 9–19 moths 
and 16–41 months, respectively. Spatially distributed snapshot sampling of streams within the catchment during 
several longer dry periods often indicated light water (snow) in summer and heavier (rainfall) water in winter. 
Since the mean transit time based on δ18O is longer than one year, we assume that the light water feeding the 
streams in summer months originates from the snow which accumulated and melted the previous winter (1 year 
before). Apparent ages indicated by CFCs for the two smaller catchments were about 10 times higher than the 
mean transit times calculated using 18O. We have concluded that the alluvium of the largest catchment is 
important from the point of view of groundwater vulnerability, while in the smallest mountain catchment the 
whole catchment should be considered. 

1. INTRODUCTION 

The concept of groundwater vulnerability is based on the assumption that the physical 
environment provides some natural protection against human impact [1]. Groundwater 
vulnerability is most often understood in terms of vulnerability of water quality, i.e. with 
regard to contaminants entering the environment (chemicals, radioactive materials, bacteria 
etc). Quantitative vulnerability addresses the issue of water amounts (e.g. changes affected by 
climate change, dam construction, overexploitation, etc.).  
 
The assessment of qualitative vulnerability is rather well developed in hydrogeology. To 
understand the qualitative vulnerability it must be considered that water is less vulnerable if a 
contaminant arrives in lower concentrations, when the contaminant release occurred much 
earlier and if the concentration exceeding standards (threshold values) lasts for a shorter time. 
In this way, qualitative vulnerability of rivers can depend on catchment morphology, which 
controls flow velocity, on total river discharge, which controls mixing processes (simple 
‘removal’ of pollution by dilution), on flow heterogeneity (flow velocity differences — 
turbulence) which can also affect mixing processes and on the groundwater contribution to 
total river discharge, i.e. baseflow. Baseflow from this point of view may represent a 
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relatively more protected contribution of ‘cleaner’ water. Such a concept infers that each 
hydrological situation has a different qualitative vulnerability value.  
The objectives of the study were: 

 Quantification of baseflow contributions to runoff in three different catchments 
(headwater, small mountain catchment, river basin);  

 Calculation of mean transit times using data on stable isotopes of water obtained from 
monitoring established during project and hydrograph recessions; 

 Calculation of the apparent age of water using CFCs; 

 Synthesis of data from the point of view of the assessment of groundwater vulnerability 
in the studied area. 

2. STUDY AREA 

The studied area (Fig. 1) is situated in the northern part of central Slovakia. Hydrologically it 
is part of the upper Váh River catchment. The Váh River is the longest river in Slovakia. 
Geomorphologically, the study area is part of the Western Carpathians. The High Tatra 
Mountains, which form a small part of the studied area, constitute the highest part of the 
Carpathians. Altitudes in the studied area range from approximately 560 to 2500 m a.s.l.. The 
area is built by so-called crystalline core mountains ranges (dominated by magmatic and 
metamorphic rocks), nappes (dominated by limestone and dolomites) and Tertiary sediments 
(mostly of the flysh character, i.e. sequences of sandstone and claystone with generally low 
permeability in the formation) which form the valley of the main river draining the area (the 
Váh River). Quaternary sediments are important both in the mountains (moraines, loose slope 
sediments) and it the main valley (terraces of the Váh River and alluvial sediments of the Váh 
River and its tributaries). Mean annual air temperature varies from about 7°C to about –1°C, 
mean annual precipitation varies approximately between 700 mm and 2000 mm. About 50–
80% of precipitation runs off. The runoff regime is significantly influenced by snow cover, 
which on average starts to accumulate in the highest parts of the area in November and 
completely melts (with the exception of small snow fields) in May. There are a few more 
important karstic aquifers and springs with deep circulation of groundwater in the area. 
However, the most important hydrogeological structures are the porous aquifers in the main 
river valley. Landuse of the upper Váh River catchment is dominated by forests, which cover 
57% of the area. Meadows, agricultural and urban lands cover about 22%, 16% and 3% of the 
catchment, respectively [2].  

The data used in the study were collected in three catchments of different scale (Fig. 1). They 
included the mountain part (headwater) of the Jalovecký creek catchment (area 22 km2, mean 
altitude 1500 m a.s.l.), the whole Jalovecký creek catchment (area 45 km2, mean altitude 
1166 m a.s.l.) and the upper Váh River basin (1095 km2, mean altitude 1090 m a.s.l.). 

 



   

FIG. 12. Study area and sampling points; (1) gauge at the outlet of the Jalovecký creek-mountain catchment 
(mountain springs sampled in 2008 and 2009 are close to it), (2) gauge at the outlet of the whole Jalovecký creek 
(GNIP station Ondrasova is nearby; (3) gauge at the outlet of the upper Váh River basin, (4) rain gauge at 1500 
m a.s.l., (5) sampled borehole with overflow, (6) borehole used in the Kliner–Knezek groundwater separation, 
7–12) additional stream sampling during low flow periods. 

3. DATA 

The network which supplied hydrological and isotopic data is shown in Fig. 1. Generally, all 
the data were collected over the period 2005–2009. We have used daily discharge data from 
three gauges: Jalovecký creek-mountains, Jalovecký creek at Ondrašová (representing the 
whole Jalovecký creek catchment) and the Váh River at Liptovský Mikuláš (representing the 
upper Váh River catchment). Discharge data were used to calculate baseflow. Groundwater 
table data from one borehole (in Liptovský Mikuláš) were used to separate groundwater 
runoff.  

500 800 1100 1400 1700 2000 2300
5 km

5 km

1

2

3

4

5

6

7

8

910
11

m a.s.l.

12

191



Water samples for stable isotopes, tritium and CFCs were collected. Water conductivity, 
water and air temperatures were measured during the sampling of streams, springs and a 
borehole. Water conductivity and temperature were measured using the WTW hand held 
conductivity meter. Samples for stable isotopes we collected from streams (via the three 
gauges mentioned above), a rain gauge was situated in the mountains (1500 m a.s.l.), and a 
borehole with overflow was situated in the main valley of the Váh River. The isotopic 
composition of precipitation at 570 m a.s.l. was measured at the GNIP station situated in the 
catchment. Later (beginning in 2008), samples from a mountain spring situated close to the 
Jalovecký creek were collected.  

Water samples for stable isotopes were collected at a rate of once per week in 2005 and once 
per month since 2006. Spatially distributed snapshot samples during low flow conditions 
were collected on 14 February 2006, 31 July 2006, 30 April 2007, 4 January 2008, 3 
September 2008 and 21 August 2009. In the relatively dry month of August 2009, more 
frequent sampling (at least two samples per day) was conducted at the stream gauges.  

Samples for tritium were collected between 2005–2007 at stream gauges, a borehole and the 
GNIP rain gauge situated at 560 m a.s.l. 

Two sampling campaigns for CFCs were organized. Mountain spring, borehole and stream 
water at the two gauges on Jalovecký creek were sampled on 5 September 2008. Stream 
water samples at the two gauges on Jalovecký creek were collected again on 5 October 2009. 
The Váh River was not sampled for CFCs because contamination was expected. 

4. METHODOLOGY 

4.1.  Baseflow separation 

Baseflow separation was performed using several approaches. Four graphic filters contained 
in Bflow [3] and ABSCAN [4] software and separation based on recession analysis were 
applied for the data from all three gauges (Jalovecký creek–mountains, Jalovecký creek–
whole catchment, upper Váh River). Groundwater runoff separation based on the 
groundwater table–stream discharge relationship via method of [5] was performed for the 
upper Váh River catchment.  

Graphic filters are based on the principle of separation of two signals with different 
frequencies. Bflow uses the equation [6] with an automated calculation of the filter parameter 
from streamflow recession. The filter runs through the data three times. Subjectively, we have 
chosen the results of pass 2 as the most representative for the catchments. ABSCAN contains 
the graphic filters of Lyne and Hollick [6] with adjustable values of the filter parameter [7] 
and [8]. Eckhardt [9] concluded that the results provided by Bflow and the Eckhardt filters 
are similar, but his filter is hydrologically more plausible.  

The baseflow separation method based on hydrograph recession used in this study was 
developed in hydrogeology and frequently applied in evaluating springs [10] and [11]. It is 
assumed that total streamflow recession can be described by the superposition of several 
recessions. The basic equation t

ot eQQ α−= . which describes the recession is ‘deconvoluted’ 
into a set of exponential and linear equations representing various flow conditions: 

...)1()1(...... 251421
21 +−+−++= −− tQtQeQeQQ tt ββαα   (1) 



In the process of hydrograph separation into individual flow components, each measured 
discharge value is understood as a result of superposition of one or several laminar flow 
components (exponential equations) and, eventually, turbulent flow components (linear 
equations). 

4.2.  Mean transit time and water age 

Mean transit times (MTT) were calculated for the three catchments (the Jalovecký creek-
mountains, the whole Jalovecký creek and the upper Váh river) and for the borehole utilizing 
the variability of δ18O in precipitation and streams. Deuterium was also used, although less 
data were available. For the streams (i.e. the catchments), attempts were made to calculate the 
MTT of the streamflow (using all streamflow samples) as well as that of baseflow (using only 
the data from low flow periods). MTT was calculated with the sine curve method using 
amplitude damping (e.g., [12]) and via the lumped model FLOWPC ([13]).  

The method based on hydrograph recession ([14]) was also used to estimate mean transit 
time. Hydrograph recessions were analysed for daily streamflow data during the warm period 
of the year (June–September). Because maximum precipitation in the study area occurs in 
summer, longer recession periods did not occur in some years. Therefore, longer data series 
(1989–2009) were analysed to increase the number of available recessions to about 10–20. 

Apparent ages of water flowing in the streams during dry periods in September 2008 and 
October 2009 were calculated from CFC data. These were interpreted with the Quick 
calculator for CFCs ([15]) using the help of the guidebook [16]. 

5. RESULTS 

Variability of discharge in the studied catchment, borehole overflow, water temperature and 
electric conductivity are shown in Fig. 2. As expected, the runoff regime is similar in all three 
catchments. The same is valid for water temperature, although the range in the mountainous 
part of Jalovecký creek is smaller than that in the two larger catchments. Overflow in the 
sampled borehole decreased during the study period. At the end of 2009, overflow ceased. 
Summer rainfall events which resulted in an increase of discharge into the streams did not 
affect overflow from the borehole. Water temperature in the borehole remained very stable. 
Larger deviations (decrease) occurred only during cold periods of the year when overflow 
was very small. In the winter of 2009, the water in the borehole froze.  

The electrical conductivity of water (Fig. 2) mainly reflects differences in the geology of an 
area and the contact time of water with rocks. The electrical conductivity of groundwater in 
the borehole was much higher than of the streams or mountain spring. The hypothesis is that, 
with the exception of longer contact time, high conductivity is dominantly influenced by the 
fact that the borehole is situated in a landslide area built mainly of flysh rocks. Water in the 
mountain part of the Jalovecký creek catchment has significantly lower electrical 
conductivity than that at the outlet of the whole Jalovecký creek catchment. While the 
mountain part of the Jalovecký creek catchment is built dominantly from magmatic and 
metamorphic rocks, alluvium on the flysh rocks forms the downstream part of the catchment. 
The variability in electrical conductivity of the stream water measured at the outlet of the 
whole Jalovecký creek catchment is more similar to that in the Váh River than to the 
mountainous part of the Jalovecký creek catchment. The mountain spring situated in the 
mountainous part of the Jalovecký creek catchment has a deeper circulation, indicated by 
variability in water temperature. The higher electrical conductivity of the spring water may be 
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partially affected by the fact the infiltration area could be situated in the small part of the 
upper Jalovecký creek catchment, which consists of Mesozoic rocks dominated by limestone 
and dolomite. The seasonal variability of the water’s electric conductivity clearly shows 
dilution by snowmelt water.  

Fig. 2 also shows that monthly data generally describes seasonality well, although weekly 
data provide more details.  

Variability of δ18O in precipitation, streams, borehole and spring is shown in Fig. 3. Ranges 
and mean values are provided in Table 1. Deuterium was not analysed for all collected 
samples. Whenever both δ 18O and δ2H data were available, the results were checked against 
the meteoric water line. Samples which underwent evaporation were excluded from further 
processing. Precipitation data confirmed the previously known finding that ‘reversed altitude 
gradient’ occurs during some months in the cold period of the year, especially at the end of 
winter (February, March). The δ18O altitude gradient using all data from precipitation stations 
situated at 570 m a.s.l. (GNIP station Ondrasova) and at 1500 m a.s.l. was –0.11‰/100 m. 
When the months with reversed gradient were excluded, the gradient was –0.24‰/100 m.  

Seasonal variability of δ18O in the streams was similar in all three catchments. Water in the 
Váh River was isotopically heavier than that of the Jalovecký creek. Groundwater flowing 
from the borehole was significantly heavier than the stream water. The mean δ18O value of  
water in the mountain spring was –11.18‰. Water in the Jalovecký creek sampled near the 
spring had a mean value of δ18O in the same period –11.58‰. Fig. 3 clearly shows that when 
samples are collected once per month, it occasionally happens that the values deviate very 
much from the remaining values in the series (if the sample was collected during a runoff 
event). 

Good correlation was found to exist between mean δ18O values and the mean altitude of the 
catchment (Fig. 4). Mean values for the catchments lie along the line representing 
precipitation at 570 and 1500 m a.s.l. Water in the borehole was isotopically heavier than 
would be expected from the δ18O–altitude relationship.  

 

TABLE 2. MINIMUM AND MAXIMUM VALUES OF δ18O [‰] IN PRECIPITATION, 
STREAMS AND BOREHOLE FOR THE 2005–2009 PERIOD; JC-JALOVECKÝ CREEK 

 Precipitation 

570 m a.s.l.* 

Precipitation 

1500 m a.s.l. * 

Váh 
River 

JC whole 

catchment 

JC 
mountains 

Borehole 

Min –20.28 –18.64 –12.21 –12.54 –13.27 –10.77 

Max –4.03 –5.86 –10.50 –10.49 –10.92 –9.82 

Mean –10.57 –11.67 –11.09 –11.46 –11.71 –10.26 

* monthly composite samples (at 550 m a.s.l.) or weighted averages of weekly samples (at 1500 m a.s.l. in 
2005). 



 

FIG. 13. Runoff variability in the studied area (R), borehole overflow and physical characteristics of water at 
sampling points during the years 2005–2009. 
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FIG. 14. Runoff variability in the studied area, δ18O in precipitation, streams (the Váh river, the Jalovecký creek 
— mountains, the Jalovecký creek — whole catchment), borehole with overflow and mountain spring (the legend 
is the same as in Fig. 2). 

 

FIG. 15. Mean values of δ18O (2005–2009) plotted against the mean altitudes of catchments, altitudes of rain 
gauges and the borehole; precipitation is marked with the cross.  
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Long dry periods are not very frequent in the studied area (Fig. 2). However, the δ18O values 
of samples collected during longer low flow periods (Table 1) often documented isotopically 
heavier water in winter and lighter water in summer. In other words, water feeding the river 
network in summer had the isotopic signature of snowmelt water and vice versa. Such a 
regime was not confirmed by samples collected on 30 April 2007 (intended to describe the 
situation before the onset of snowmelt) and on 3 September 2009. It seems that although 
stream discharges on 30 April 2007 were small, the streams already contained some 
snowmelt water. Water samples collected on 3 September 2008 seem to represent the rainfall 
from wet July 2008. A very good correlation in δ18O between sites 7 (one of the two main 
sources of the Váh River) and 3 (Váh River at the outlet of the catchment) would allow 
extension of the isotopic data series for site 7. 

 

TABLE 3. SELECTED RESULTS FROM SPATIALLY DISTRIBUTED SNAPSHOT 
SAMPLING OF UPPER VÁH RIVER CATCHMENT STREAMS DURING LONGER 
LOW FLOW CONDITIONS; δ18O [‰]; NUMBERS  OF SAMPLING POINTS 
CORRESPOND TO FIG. 1 

Sampling 
point 

14-Feb-
2006 

31-Jul-
2006 

30-Apr-
2007 

4-Jan-  
2008 

3-Sep-
2008 

21-Aug-
2009 

7 –10.78 –11.12 –11.76 –10.93 –10.75 –11.25 

8 –10.42 –10.45 –10.49 –10.74 –10.09 –10.67 

11 –11.41 –11.69 –12.08   –12.26 

3 –10.64 –11.29 –11.67 –11.04 –10.55 –11.06 

1 –11.73 –11.88 –12.37 –11.59 –11.18 –11.79 

2 –11.22 –11.77 –12.00 –11.32 –10.88 –11.41 

5 –10.08 –10.39 –10.35 –10.37 –10.43 –10.39 

 

5.1.  Baseflow separations 

Mean baseflow contributions in the three catchments calculated using different methods for 
the hydrological years 2005–2009 are provided in Table 3. It can be seen that the mean 
values for individual catchments vary by 30–40% depending on the method of baseflow 
determination. With one exception, all methods indicated a positive relationship between 
catchment area and mean baseflow. The role of baseflow in the largest catchment was larger 
than in the smallest mountain catchment, although the difference was rather small (6–13 %). 
This may be caused by the fact that the small mountain catchment has a flashier runoff 
regime than the large river basin (Fig. 2). Consequently, baseflow separation methods 
calculate higher baseflow for larger basins with a lower runoff variability. On the other hand, 
higher runoff variability in the small mountain catchment points to processes related to runoff 
generation. Except for much higher precipitation, the alluvial aquifer is not developed there. 
Runoff response is therefore much faster. Larger catchments have developed alluvium which 
presumably contributes to dampening runoff response.  
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TABLE 4. MEAN BASEFLOW CONTRIBUTIONS [%] IN HYDROLOGICAL YEARS 
2005–2009 CALCULATED VIA DIFFERENT METHODS 

 Vah river Jalovecky creek-
  

Jalovecky creek-
 Recession analysis 

   

42 53 33 
Recession analysis 

   

57 44 44 
Digital filter 

   

82 78 76 
Digital filter 

   

73 66 63 
Digital filter 

   

67 59 54 
Digital filter 

 

63 55 50 
Digital filter 

 

48 44 42 
Digital filter 

 

72 67 64 
Kliner-Knezek 41   
MEAN 61 58 53 
RANGE 41 34 43 
 

Baseflow separation calculated using recession analysis provides better insight into runoff 
formation than graphic filters. While graphic filters separate only baseflow and direct runoff 
(which integrates shallow subsurface runoff with overland flow) recession analysis may 
separate several subsurface and surface components. The first laminar flow represents the 
subsurface component with longer travel times, while the second laminar flow represents the 
shallow subsurface component (interflow). The two components together explain almost all 
catchment runoff in the upper Váh river basin and the whole catchment of the Jalovecký 
creek. Only in the smallest mountain catchment is there an additional component which 
represents surface runoff (Fig. 5). The surface runoff component in the mountain part of the 
Jalovecký creek on average accounts for about 23% of total runoff. Isotopic hydrograph 
separation for the mountain part of the Jalovecký creek catchment in the relatively dry month 
of August 2009 indicated that the maximum contribution of the event water to total 
catchment discharge was 27% (Fig. 6). Isotopic separation of bigger runoff events had not yet 
been performed in the catchment. However, a comparison of Figs 5 and 6 shows that no 
surface runoff was calculated using recession analysis for August 2009. The results of 
baseflow separation via hydrograph analysis are therefore not identical with those deduced 
using isotopic hydrograph separation, and of course, the separated components differ because 
of the differing principles of the two methods.  

Volumetrically, the first laminar flow from hydrograph recession analysis is often similar to 
groundwater runoff separated using the Kliner-Kněžek method or baseflow separated with 
the Chapman graphic filter. However, it lacks the dynamic response which appears in 
groundwater runoff separated using the Kliner-Kněžek method. The differences in baseflow 
calculated via different methods are demonstrated in Fig. 7.  

Different terms in the above sentences are used intentionally. They intend to pointing out that 
“baseflow” separated using different methods does not represent the same flow components. 



 

FIG. 16. Different contributions of surface runoff in the Váh and Jalovecký creek mountain catchments in the 
hydrological year 2009, as provided by the separation based on hydrograph recession; 1-total catchment 
discharge, 2-contribution of first laminar flow, 3-second laminar flow plus first laminar flow; the difference 
between 1 and 3 represents surface runoff.  

 

FIG. 17. Contribution of event water (black) to total discharge (hourly data) in the Jalovecký creek catchment in 
August 2009 calculated using δ2H. 

Correlations among separated baseflow values and δ18O were poor for all baseflow separation 
methods. In other words, we were neither able to conclude that δ18O values higher than a 
certain value were associated with higher baseflow contributions nor to determine the 
‘typical’ isotopic composition of baseflow for certain periods (i.e. the value of δ18O for which 
the separated baseflow contribution to total runoff would be close to 100%). It may indicate 
that none of the applied baseflow separation methods represents true baseflow, e.g. relatively 
stable groundwater flow which feeds the streams during longer drier periods. However, the 
δ18O values higher (heavier) than the mean value for the studied period generally often 
represented baseflow conditions. Thus, a sample with δ18O heavier than the mean values 
provided in Table 1 may be roughly supposed to represent the hydrological situation when 
the streams receive higher baseflow. 
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FIG. 18. Discharge at the outlet of the upper Váh river catchment in hydrological year 2009 and baseflow 
separated via different methods.  

5.2. Mean transit time and age of water 

The results of mean transit time calculations via several methods are provided in Table 4. The 
mean transit time of water in the mountain spring was about 20 months, but only data from 
two years were available for calculation. The calculation of mean transit time via the analysis 
of hydrograph recession ([14]) revealed that there are typically two recessions in the studied 
catchments (Fig. 8). The shorter one seems to correspond to the mean transit time of 
streamflow provided by isotopes, the longer one could represent the mean transit time of 
baseflow. However, long discharge series (21 years) were necessary to obtain a higher 
number of recessions (10–20) in the studied area. Sine curve method and the lumped model 
(FLOWPC, [13]) provided similar results for mean transit times. Exponential and dispersion 
models were associated with best fits. Although much less deuterium data was collected, the 
mean transit times calculated from δ18O and δ2H were similar. 

 

TABLE 5. MEAN TRANSIT TIMES FOR DIFFERENT CATCHMENTS AND THE BOREHOLE 
DETERMINED BY HYDROGRAPH RECESSION (1989–2009) AND STABLE ISOTOPES OF 
WATER (2004–2009); MEDIAN VALUES REPRESENT CALCULATIONS FOR MORE 
RECESSIONS (HYDROGRAPH RECESSION), SINE CURVE METHOD, LUMPED MODEL 
AND BOTH 18O AND 2H ISOTOPES (ISOTOPIC METHOD) 

  Váh river Whole 
 

 

Jalovecký 

 

Borehole 
Hydrograph 

 
faster 

 
14 19 9 - 

 slower 
 

41 33 16 - 
Oxygen/deuterium 

    

 16 16 20 38 
Oxygen/deuterium 

    

 30 26 26 - 
a mean transit time of streamflow, b mean transit time of baseflow 
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The isotopic composition of precipitation characterizing the input functions was calculated 
from two precipitation stations situated in the studied area. Uncorrected input functions 
provided better fits of measured and simulated output concentrations than corrected ones. The 
input function taken from existing precipitation stations was only modified to represent 
higher ‘infiltration areas’ through updating with an altitude gradient calculated from 
precipitation at 570 and 1500 m a.s.l. The best results for the Jalovecký creek mountains were 
achieved with the input function representing the altitude 1600 m. Input functions for the 
whole Jalovecký creek catchment, the Váh catchment and the borehole represented the 
altitudes 1500 m a.s.l., 1300 m a.s.l. and 900 m a.s.l., respectively. Best fits for calculations 
with low flow data were achieved using input functions modified to represent even higher 
altitudes (1800 and 1600 m a.s.l. for the Jalovecký creek mountains and the whole Jalovecký 
creek, respectively). Fits of modelled and simulated output series are shown in Fig. 9.  

 

FIG. 19. An example of two typical hydrograph recessions in the Jalovecký creek mountains catchment ([17]).  

 

Grab samples from the streams and borehole collected once per month were generally 
suitable for calculation of mean transit times. However in some cases it happened that 
samples were was collected during a flood and their isotopic values substantially differed 
from other values in the series. For example, the very light value for the Jalovecký creek 
catchment mountains representing May 2009 (Fig. 3) was not used in the calculation of 
meant transit time, because it was not possible to fit such a rapid change of isotopic 
composition with the lumped model. Weighted monthly averages calculated from weekly 
samples minimizes such a problem by producing smoother output curves. 

5.3. Water ages estimated using CFCs 

Interpretation of CFC results from the Jalovecký creek (both profiles) was relatively 
straightforward and put the recharge period approximately in the mid 1980s (Table 5). The 
apparent age of the mountain spring was approximately similar, e.g. about 24 years. 
Interpretation of CFCs from the borehole was not possible. 
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FIG. 20. Measured (dots) and simulated output values of δ18O (lines) for simulations of the mean transit times of 
streamflow (black lines) and baseflow (red lines). 

TABLE 6. YEAR OF RECHARGE CALCULATED USING CFCs FOR THE TWO SITES 
ON THE JALOVECKÝ CREEK, MOUNTAIN SPRING AND THE BOREHOLE; (JC-M 
(mountain part of the Jalovecký creek catchment) and JC-W (entire Jalovecký creek catchment)) 
No.  Sampling  date Recharge year Site description 

1. JC-M 5-Sep-2008 1984-85 Creek at the outlet of uninhabited 
mountains 

  5-Oct-2009 1983-84 as above 

2. JC-W  5-Sep-2008 1984-85 Creek near the outlet of the catchment, 
two villages upstream  

  5-Oct-2009 -  

3. Mountain 
spring 

5-Sep-2008 1985-86 Uninhabited mountains, above site 1  

4. Borehole 5-Sep-2008 ??? Borehole in the landslide area 

 

6. CONCLUSIONS: BASEFLOW AND ITS AGE AS INDICATORS OF 
GROUNDWATER VULNERABILITY 

Baseflow, mean transit time and isotopic composition of streamflow can be used as indicators 
of groundwater vulnerability (Table 6). Mean transit time (MTT) is intuitively perhaps the 
best understandable characteristic. Its higher value indicates that the groundwater may not be 
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so vulnerable to fast pollution. On the other hand, it also indicates that recharge may be less, 
e.g. that replenishment takes a long time. Overexploitation of groundwater in such an area 
would therefore have the long lasting consequences. Groundwater may become polluted long 
after the pollutants were released on the surface. Higher mean transit time also represents 
longer contact with rocks, i.e. higher mineralization. 

High baseflow contributions indicate on the one hand higher streamflow stability. 
Groundwater pollution or overexploitation is also more reflected in streamflow.  

Knowledge of the isotopic composition of stream water during low flow was enhanced by 
snapshot sampling along the streams within the catchment, which helped to identify 
hydrological situations in which the streamflow is supplied by groundwater and to understand 
the contributions of different subcatchments.   

 

TABLE 7. AN OUTLINE USING MEAN TRANSIT TIME, BASEFLOW AND ISOTOPIC 
COMPOSITION OF STREAMFLOW AS INDICATORS OF GROUNDWATER AND 
STREAMFLOW SUSTAINABILITY 

Indicator Determination Meaning 

Mean transit time Stable isotopes — at least 3 years of 
monthly data*, sine curve method or 
lumped models 

High value — long water circulation; 
less vulnerable to fast pollution; 
overexploitation results in long term 
consequences 

Baseflow contribution Graphic filter — at least 5 year of 
daily streamflow data 

High value — streamflow stability; 
vulnerability of stream network to 
aquifer pollution or overexploitation 

Isotopic composition of 
streamflow 

At least 3 years of monthly sampling Identification of periods with higher 
groundwater contributions 

* determination of mean transit time of baseflow should be based on longer time series 

Our study demonstrated the usefulness of examining catchments of different scales. The 
upper Váh river catchment has a higher mean baseflow contribution and shorter mean transit 
time than the small mountain catchment of Jalovecký creek. It can be interpreted in terms of 
the area contributing to streamflow in different catchments. The alluvial zone plays a more 
important role in larger catchments and practically does not exist in the Jalovecký creek 
mountain catchment. Thus, the water which contributes most actively to streamflow probably 
comes from smaller areas in the upper Váh and the whole Jalovecký creek catchment than 
from the Jalovecký creek mountain catchment. The mean transit time of baseflow provided 
the opposite results. The greatest value was calculated for the largest catchment (Table 3). It 
might indicate the differences in storage volumes of the aquifers feeding the river networks. 
However, it should also be kept in mind that the mean transit time of baseflow was calculated 
using less data than the mean transit time of streamflow. The above results indicate that 
special attention should be paid to the alluvium when assessing groundwater vulnerability in 
the Váh river basin. In the mountain part of the Jalovecký creek catchment, the catchment as 
a whole is important. The alluvium of the Váh river catchment has higher groundwater 
vulnerability (porous aquifer, short mean transit time, higher baseflow contributions to the 
streams) than the mountain catchment of the Jalovecký creek (fissured aquifer, longer mean 
transit time, smaller baseflow contribution to streams). 
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Apparent ages calculated for the two smaller catchments using CFCs in dry conditions are 
about 10 times higher than the mean transit times provided by stable isotopes. It demonstrates 
that the CFCs ‘trace’ flow components other than stable isotopes. 
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Abstract. This study aims to establish a method of baseflow age dating in karst basins based on lumped 
parameter (LP) modelling of environmental tritium transport in the aquifer. The study was conducted in the 
Lower Zamanti River Basin, which hosts a hydrogeologically well-isolated Alpine karst aquifer. Steady-state 
(SS) and unsteady-state (US) LP models were used to determine the age (i.e. the mean residence time (MRT)) of 
the baseflow and the springs contributing to it. The tritium signal of baseflow was obtained via measurements at 
upstream and downstream stations and from past observations on karst springs forming the baseflow. A long 
term tritium input signal was obtained from the Adana station, part of the WMO-IAEA network. SS-LP and US-
LP produced MRTs of 28.94 years and 25.68 years, respectively. The SS-LP and US-LP baseflow MRTs, based 
on models of individual springs, were determined to be 28.65 years and 26.69 years. A major weakness of the 
method in relation to future applications is the need for observations of the past tritium in baseflow. Successful 
model applications require observations extending past two to three decades. Similar applications in the future 
could be adversely affected by decreasing tritium levels in precipitation and groundwater. As a solution to this 
problem, the potential use of tritiogenic helium (3He*) in models was also investigated. Direct use of baseflow 
3He* content revealed a rather low age because of helium loss into the atmosphere. Models based on springs’ 
3He* content provided encouraging results. It was found that the 3He* signal of springs fed by confined karst 
aquifer is well-kept and yields ages which are in agreement with tritium based ages. However, springs fed by 
unconfined karst aquifers lose their original 3He* signal when flowing through the conduits. Helium-3* appears 
to be a potential tracer for the age dating of karst baseflow if it is supplied mainly by springs fed from confined 
aquifer(s). 

1. INTRODUCTION 

This report summarizes the findings of the project  Isotopic and Hydrochemical 
Characterization of Baseflow Age in Zamanti River Basin (TUR-12890), which was carried 
out under the scope of a Coordinated Research Programme (CRP) entitled Isotopic Age and 
Composition of Streamflow as Indicators of Groundwater Sustainability. Baseflow is the 
lowest flow of a stream during the dry period. The flow in a stream is primarily supplied by 
three components, namely: overland flow, subsurface flow and groundwater recharge. The 
overland and subsurface flows are fast components that arrive at the stream within hours to 
days after a recharge event. However, the contribution of a recharge event to streamflow by 
means of groundwater takes a longer time, varying from days to years.  
 
In the case studied, the age of groundwater is described as the time between the recharge of 
groundwater and its discharge into the stream. Since the recharge of groundwater in different 
parts of basin has different times of arrival at the stream, the age of groundwater recharge 
(i.e. the baseflow recharge) is, in fact, a volumetrically weighted mean of the ages of different 
groundwater components feeding the stream. Water resources managers can use baseflow age 
(or its distribution) information to infer how susceptible a stream is during its dry period to 
the temporal changes of groundwater in the basin. 
 
The age of baseflow in a basin can be determined by distributed parameter and lumped 
parameter modelling. In distributed-parameter modelling, groundwater’s velocity field is 
established on the basis of the spatio-temporal distribution of effective recharge, hydraulic 
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head and other geohydrologic parameters (i.e. hydraulic conductivity, effective porosity, 
storage coefficient etc.).The velocity field can then be used to determine groundwater arrival 
time at a stream during the dry period. Environmental tritium isotope, accompanying each 
individual recharge event, can be used as a conservative tracer to calibrate the distributed 
parameter model. However, this approach requires a vast amount of precise field data that is 
not readily available, particularly in large mountainous basins like the Lower Zamanti River 
Basin (LZRB).  
 
The lumped parameter modelling approach considers the aquifer to be a ‘system’, whose 
impulse–response (i.e. recharge–discharge) relationship can be described by a single 
mathematical function that illuminates the distribution of groundwater component ages 
forming the baseflow. The LZRB constitutes an Alpine type karst aquifer extending in a large 
mountainous area (~1000 km2), where elevation ranges from 400 m.a.s.l. (metres above sea 
level) to more than 3700 m.a.s.l. Detailed hydraulic head and geohydrologic information 
required from a distributed parameter do not exist for the LZRB. Hence, the lumped 
parameter (LP) modelling approach based on tritium isotope observations was used in this 
study to determine baseflow age in the LZRB. The theory of LP modelling of the 
environmental tracer transport in aquifers is presented by Ozyurt and Bayari [1, 2]. 

2. STUDY AREA 

The LZRB, which is located in central-eastern Turkey, spreads in a 1000 km2 large area of 
well-developed karst (Fig. 1). Hydrogeology of the LZRB has been investigated extensively 
by means of multi-tracer techniques since 1987 [3]. The basin hosts an Alpine type karst 
aquifer that extends from 400 m.a.s.l. to more than 3500 m.a.s.l.  
 
The hydrogeologic system includes extremely karstified, Mesozoic aged carbonates 
discharging into the Zamanti River through a number of karst spring located along the river. 
Part of the aquifer between the major recharge area (the Aladaglar mountains on the west) 
and the main discharge zone (the Zamanti River towards east) is overlain by an impermeable 
ophiolite cover. Baseflow in the river is maintained by contributions from karst springs. From 
upstream to downstream, Yerköprü 1–2, Göksu, Kapuzbaşı and Yerköprü 3 springs are the 
major contributors to baseflow. Yerköprü 1–2, Göksu, Kapuzbaşı and Yerköprü 3 springs 
account for 4.2%, 30%, 12.6% and 46% of total baseflow, respectively [2, 3]. The Yerköprü 
1–2 and Yerköprü 3 springs are fed by a confined flow system, whereas the aquifer feeding 
the Göksu and Kapuzbaşı springs is partly unconfined due to a tectonic window located 
around them. The long term annual streamflow in the Lower Zamanti River is about 
1.0 billion m3 (ca. 31 m3/sec). About 77 per cent of this flow is supplied by the above-
mentioned karst springs [3]. 

3. DATA AND METHODS 

The LP modelling of baseflow age in the LZRB requires a temporal series of annual tracer 
(i.e. tritium) input data, tracer observation of stream/springs, net baseflow recharge and 
baseflow discharge. In the present application, baseflow is defined as the minimum monthly 
average streamflow observed in a year. Details concerning each of the above data sets are 
presented below. 
 



 
 

FIG. 1. Simplified hydrogeologic map of LZRB (modified after Ozyurt and Bayari, [3, 4]). 
 

 
3.1. Tritium input time series  

A tritium input times series for the LZRB (Fig. 2) was established from data observed at the 
WMO-IAEA Adana Station (ID no 1735000). The Adana station has a long record of 
monthly precipitation and environmental isotope observations since 1963. A limited number 
of missing records from this station were completed through correlation with the WMO-
IAEA Vienna station (ID no 1103500). The completed data set was extended backwards to 
1953 via correlation with the observations of the WMO-IAEA Ottawa station (ID no 
7262800). Afterwards, the records were extended backwards to 1929 by using an assumed 
annual tritium input of 5 TU.  
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FIG. 2. Temporal variation of tritium input in the LZRB. 
 
The annual tritium input (i.e. )(

3
tAdanaH ) records from the Adana station were converted to the 

LZRB (i.e. )(
3

tLZRBH ) data set using the following equation       

)(
3

)(

)(
)(

3
tAdana

tAdana

tLZRB
tLZRB H

P
P

H ⋅=
       (1) 

where; )(tAdanaP is the annual precipitation observed in Adana station, )(tLZRBP  is the annual 

precipitation observed in the LZRB and, )(
3

tAdanaH is the annual tritium input in Adana station. 
 
3.2. Observed tritium time series  

Tritium observation time series of the baseflow in LZRB was established using the 
observations carried out in this project for the period between 2005 and 2008 and the 
historical data available for the major karst springs constituting the baseflow in the years 
1988, 1994, 1998 and 2002. The tritium content of biweekly water samples collected from 
upstream and downstream stations (Fig. 3) of the LZRB was determined using the ultra-low 
level liquid scintillation counting technique after electrolytic enrichment [5]. IAEA Dead 
Water and the NIST SRM 4927F tritium standard were used in these measurements, which 
were carried out with a Quantulus-1220 ultra-low background scintillation counter. Temporal 
variations of the tritium observation in the upstream and downstream stations between 2005 
and 2008 are presented in Fig. 3. 
 
The bi-weekly tritium observations of upstream and downstream sampling stations were 
converted to the tritium content of baseflow by using the following binary mixing equation. 

downstreamdownstreamLZRBLZRBupstreamupstream VCVCVC ⋅=⋅+⋅      (2) 

Where, Cupstream and  Cdownstream constitute measured 3H contents at the upstream and 
downstream stations, respectively;  Vupstream and  Vdownstream are the streamflow volumes at the 
respective stations; and Vbaseflow is the volume of streamflow generated by the LZRB (i.e. 
Vdownstream minus Vupstream). Equation 2 was arranged to yield the tritium content supplied by 
the LZRB (CLZRB) as follows:  
 



 
 

FIG. 3. Upstream (left) and downstream (right) streamflow observation/sampling stations. 
 

 
FIG 3 (a). Temporal tritium data observed at upstream and downstream SGSs between 2005 and 2008. 
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The bi-weekly time series of tritium in streamflow generated by the LZRB exhibits a steady 
decline during low flow periods, suggesting that the baseflow has well-homogenized tritium 
content (Fig. 4).  The average of the tritium contents observed in the low flow period was 
assumed to be the representative tritium content of baseflow in respective years.   
 
The baseflow in the LZRB accounts for about 77% of total annual flow. During the dry 
period the streamflow is sustained entirely by the discharges of karst springs located along 
the main river (i.e. Yerköprü 1, Yerköprü 2, Göksu, Yerköprü 3 springs) and along its major 
tributary, the Topaktaş stream (Kapuzbaşı spring, see Fig. 1). Previous studies revealed that 
these springs account for 92.8% of the baseflow during the dry period, whereas the rest is 
supplied by secondary discharge spots located around these springs [e.g. 3, 6]. Based on the 
dominance of these springs in maintaining the baseflow in the dry period, their tritium 
contents (Table 1) were used to estimate the tritium content of baseflow in respective years. 
The tritium content of baseflow in the years 1988, 1994, 1998 and 2002 was determined as 
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the flux weighted mean of the springs’ tritium content. Temporal variation of annual tritium 
content of the baseflow is shown in Fig. 5. 
 

 
FIG. 4. Tritium content of the Lower Zamanti River from 2005 to 2008. 

 
TABLE 1. TRITIUM CONTENTS OF MAJOR KARST SPRINGS CONTRIBUTING TO 
BASEFLOW IN THE LZRB (AFTER [3]).  

 % contribution to 
 baseflow 

3H (TU) 
 

   1988 1994 1997 2002 2004 2007 2008 
Yerköprü-1-2 4.2 22.3 13.4 11.01 7.53 6.29 5.58 na 
Göksu 30 20.8 14.7 12.41 8.57 na 7.16 6.95 
Kapuzbaşı 12.6 18.9 13.1 11.72 8.4 4.49 6.88 na 
Yerköprü-3 46 22.1 14.5 11.87 9.91 na na 5.33 
Baseflow 92.8 19.7 13.3 11.1 8.5 na na na 
Explanation: na, data is not available 
 

 
FIG. 5. Temporal variation of tritium content of baseflow in LZRB. 

 
A preliminary assessment of the tritium signal of baseflow shows that its temporal variation 
fits the exponential decay of this isotope. For instance, within the limits of measurement 
uncertainty, the six year decay of tritium content in 1988 fits perfectly to the measured signal 
in 1994, and the five year decay of tritium content in 1997 fits perfectly to the measured 
signal in 2002 (Fig. 6). This reveals the fact that the annual tritium input in any year is well 
mixed with the tritium content of groundwater existing in the aquifer. This situation favors 
the use of an exponential (i.e. well mixed) type of LP model to estimate baseflow age in the 
LZRB.  



 

 
FIG. 6. Temporal variation of tritium content of baseflow in LZRB and corresponding tritium content based on 
radioactive decay. 
 
3.3.  Recharge-discharge time series of baseflow  

The annual baseflow series was calculated by the difference of monthly upstream and down 
stream streamflows observed between 1929 and 2008 (Fig. 7). Missing observations of these 
stations were completed through correlation with neighbouring stream gauging stations. 
Afterwards, the minimum streamflow in each year was selected as the baseflow. The long 
term minimum, average and maximum baseflow rates were determined to be 17.3, 27.4 and 
41.0 m3/s, respectively. During the same period, the long term minimum, average and 
maximum of the streamflow generated by the LZRB were determined to be 17.3, 48.0 and 
188.7 m3/s, respectively. 
 
In the modelling exercises, both the steady state (SS) and unsteady state (US) approaches 
were employed. In the SS-LP model, a fixed baseflow rate of 27.4 m3/s was used as the 
baseflow recharge and discharge rate for every year. On the other hand, in the US-LP model, 
annual baseflow was used as the recharge rate and the baseflow discharge was assumed to be 
equal to recharge.  
 

 
FIG. 7. Monthly temporal variation of streamflow and precipitation in the LZRB. 
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4. RESULTS AND DISCUSSION 
 

4.1.  SS and US LP models of baseflow 

The SS-LP and US-LP modelling exercises were performed using the Lumped Unsteady 
(LU) model code developed by Ozyurt and Bayari [1]. Considering the long term exponential 
decline of the baseflow tritium content in the LZRB, an exponential distribution model was 
used both in SS-LP and US-LP models. The algorithm of the LU is based on a backward 
modelling approach. The model produces an annual tritium output series by using the input 
data (i.e. annual series of baseflow recharge-discharge, tritium input and observed tritium in 
baseflow) and a user defined aquifer volume that feeds the baseflow. The model uses a 
number of aquifer volumes the value of which are increased in a stepwise manner from a 
predefined minimum value to a maximum. Next, temporal tritium output series calculated for 
every aquifer volume are compared to the observed tritium in baseflow using the Pearson’s 
correlation coefficient (r) and root-mean-square error (RMS). The model screens all r and 
RMS values and determines the top 10 cases with highest r and lowest RMS. The temporal 
tritium output series are also plotted, along with the observations for visual inspection (e.g. 
Fig. 8). 
 
In both the SS-LP and US-LP modelling studies, the top ten cases providing the best fit to 
observations revealed similar baseflow ages (i.e. MRT). For instance, the MRT of the best 
fitted SS-LP model was determined as 28.94 a, whereas the US-LP model revealed a MRT 
value of 25.68 a (Table 2). Accordingly, the effective aquifer volumes determined by SS-LP 
(25 000 Mm3) and US-LP models (22 000 Mm3) differs slightly. The bulk aquifer volume 
hosting the baseflow in the LZRB aquifer is estimated to be 1677 km3 [3]. A comparison of 
effective baseflow volumes with bulk aquifer volume reveals a porosity value of ca. 1.5% 
which is within the observed porosity range of similar karst areas [7]. 
 
The exponential LP modelling approach assumes that the tracer output of a given year is 
comprised of all past inputs, the weights of which decrease exponentially from the recent past 
to the distant past. However, the SS-LP model uses an input weighting function (IWF) which 
is constant for each time step in the past for a given aquifer volume and baseflow recharge-
discharge rate combination. However, in the US-LP modelling approach, the IWF value for a 
given time in the past is also affected by the magnitude of corresponding recharge-discharge 
rates [1, 2]. The IWFs of the SS-LP and US-LP models are shown in Figs 9 and 10 for the 
observation year 2008. As seen from Fig. 10, the IWF of the US-LP model provides more 
realistic tracer input into the aquifer. Therefore, the MRT inferred by US-LP model may be 
regarded to be more realistic as it considers temporal recharge-discharge variations.   
 
 
TABLE 2. RESULTS OF SS-LP AND US-LP MODELS OF BASEFLOW (Mm3 = 106m3)  
 

Model Type MRT 
(years) 

Reservoir 
volume 
(Mm3) 

RMS 
(TU) 

Correlation 
Coefficient 

SS-LP_Exponential 28.94 25000 0.616 0.994 
US-LP_Exponential 25.68 22000 0.791 0.993 
 
 



 
FIG. 8. Output of exponential SS-LP model of baseflow. 

 

 
FIG. 9. Temporal variation of the tracer input weighting function for the observation year 2008 as determined 
by the SS-LP model.   
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FIG. 10. Temporal variation of tracer input weighting function for the observation year 2008 as determined 
using a US-LP model. 
 
 
4.2. SS and US LP models of karst springs contributing to baseflow 

SS and US LP models of the karst springs contributing to baseflow were also studied in order 
to check whether the MRTs and aquifer volumes of each spring are in agreement with the 
results of baseflow age models presented above. Table 3 shows the results of the best fitted 
SS-LP and US-LP models of each spring contributing about 93% of the baseflow. These 
models were run using the springs’ tritium data collected in the years 1988, 1994, 1997 and 
2002. For all models, the RMS between observed and model produced tritium data ranged 
from 0.289 TU to 1.241 TU, whereas the Pearson’s correlation coefficients varied between 
0.966 and 0.999. For each spring, the results of SS-LP and US-LP models produced MRTs 
that are in agreement within 1 to 4 years, SS-LP MRTs being greater than US-LP MRTs, 
except the case of Yerköprü 1-2 springs. The reservoir volumes inferred by SS-LP and US-
LP models are also in agreement.  
 
TABLE 3. LP MODEL RESULTS FOR THE KARST SPRINGS CONTRIBUTING TO 
BASEFLOW (Mm3 = 106m3)  

Model type and spring name MRT 
(year) 

Reservoir 
volume 
(Mm3) 

RMS 
(TU) 

Correlation 
coefficient 

Weight in 
baseflow (%) 

SS-LP_Yerköprü 1-2 Springs 17.22 1250 0.289 0.999 5 
US-LP_Yerköprü 1-2 Springs 20.84 1500 0.543 0.999 2 
SS-LP_ Göksu spring 28.94 7500 0.894 0.998 32 
US-LP_ Göksu spring 26.46 6800 1.120 0.998 33 
SS-LP_ Kapuzbaşı Spring 39.04 4250 1.205 0.967 18 
US-LP Kapuzbaşı Spring 35.23 3800 1.213 0.966 18 
SS-LP_Yerköprü 3 Spring 25.54 10150 0.888 0.991 44 
US-LP_Yerköprü 3 Spring 24.49 9650 1.241 0.991 47 
 
The MRTs and reservoir volumes found for each spring were converted to baseflow values 
(see Table 4) by using their respective weight in baseflow in the cases of SS-LP and US-LP 
models (see Table 3). For both the SS-LP and US-LP cases, the MRT values calculated by 
the weighted contribution of karst springs (28.65 years for SS-LP, 26.68 years for US-LP) are 
in agreement with the corresponding MRTs based on the baseflow (26.68 years for SS-LP, 



25.68 years for US-LP). This is mainly because of the fact that: i) the baseflow tritium 
observations in the years 1988, 1994, 1997 and 2002 were determined from the tritium 
observations of the springs and ii) these springs constitute almost all of the baseflow (see Fig. 
5). Therefore, the difference between the baseflow MRTs calculated from: i) the springs’ data 
between 1988 and 2002 and ii) the baseflow data between 1988–2008 shows the effect of 
additional data obtained from the baseflow between 2005 and 2008. The decline of tritium 
content in baseflow between 1988 and 2008 is most prominent between the years 1988 and 
2002 (see Fig. 5). The tritium content of baseflow between 2005 and 2008 follows the 
general trend during the 1988–2002 period and provides a weak correction to the trend of the 
long term tritium signal of baseflow. Results presented in Table 4 reveal that the effect of 
recent (i.e. 2005–2008 period) observations have little effect on the calculated MRTs and 
reservoir volumes. Similar types of models (i.e. either SS-LP or US-LP) produce comparable 
MRTs and the main difference among the calculated MRTs is determined by the type of 
model selected. In the cases investigated, the US-LP MRTs are slightly (about 2 to 3 years) 
smaller than the SS-LP MRTs. However, the difference between the MRTs determined by 
SS-LP and US-LP models involve the uncertainty of observations and model input variables. 
Eventually, the most critical factor affecting the accuracy of baseflow age seems to be the 
length of tritium observations. It appears that such observations should extend at least for two 
to three decades. In the absence of past data, recent baseflow tritium observations seem to be 
insufficient to construct reliable LP models. 
 
TABLE 4. COMPARISON OF THE RESULTS OF DIFFERENT LP MODELS BASED ON 
BASEFLOW AND SPRINGS’ TRITIUM OBSERVATIONS (Mm3 = 106m3) 

Model Type / Calculation Approach MRT 
(year) 

Reservoir  
Volume  
(Mm3) 

SS-LP_weighted result of each spring’s SS_LP model  28.65 23150 
SS-LP_Baseflow result 28.94 25000 
US-LP_weighted result of each spring’s US_LP model 26.68 22250 
US-LP_Baseflow result 25.68 22000 
 
 
4.3. Assessment of the Use of 3He* in baseflow age determination  

Above assessments reveal that the baseflow age of a stream in a karst basin can be estimated 
successfully if tritium observations extending to past two to three decades exist. As 
atmospheric tritium input declines, recent tritium content of baseflow reached on a 
temporally smoothed level has a weak inter-annual variation. This situation limits the use of 
tritium in future baseflow age estimations in basins where long term data on past tritium 
observations are not available. In such cases tritiogenic helium-3 (i.e. 3He*) appears to be a 
promising tool. As tritium in groundwater decays, it is converted to 3He*. If the 3He* is kept 
in groundwater its concentration increases temporally along with the decaying tritium. In 
other words, as the MRT increases the more tritium is converted to 3He*.  
 
The potential use of 3He* in the determination of baseflow age in the LZRB was also 
investigated in this study. For this purpose, the US-LP model based on baseflow tritium 
observations were first run to produce modelled 3He* output. The results of the model were 
then compared to the observed 3He* as determined from noble gas data obtained from 
upstream and downstream observation stations. Secondly, US-LP models of each spring were 
run in the same manner and, the 3He* output of the models were compared to the 3He* 
observed in springs. 

215



 
Before using 3He* in baseflow age models, its concentration in a sample must be determined 
by subtracting radiogenic and mantle derived 3He components from total measured 3He. 
However, this process is not straightforward because of the uncertainties associated with 
radiogenic and mantle derived components.  
 
Figure 11 shows the temporal variations of tritium input (solid line), 3He* in baseflow 
produced by the US-LP model (dotted line) and observed 3He* in baseflow. As expected, the 
model produced 3He* content of baseflow increases temporally in response to decaying 
tritium. The calculated 3He* in baseflow in 2008 is 166 TU. However, the difference between 
3He observed in upstream and downstream baseflow samples in 2008 reveals that the 
maximum value of 3He* in baseflow could be 2.45 TU, if all measured 3He is assumed to be 
tritiogenic (Table 5). It is apparent that 3He, with an extremely low concentration in the 
atmosphere outgasses during its flow in a stream.  
 

 
FIG. 11. Comparison of the US-LP model produced 3He* with 3He* in baseflow. 

 
Table 5: 3He* contents of baseflow at the upstream and downstream observation stations in 
2008.  

 
3He 
(cm3/g H2O) 

4He 
(cm3/g H2O) 

3He*  
(TU) 

Upstream 5.574E-14 4.05E-08 22.41 
Downstream   6.183E-14 4.50E-08 24.86 
Baseflow (downstream–upstream) 6.090E-15 4.50E-09 2.45 

 
The outgassing problem can be avoided if groundwater is sampled before it contributes to 
baseflow. This assumption was tested by using the same US-LP models developed for each 
spring’s temporal tritium output. For this purpose, a US-LP model of each spring was set to 
produce temporal 3He* output for the aquifer volume of the best fitted tritium model. Next, 
model produced 3He* contents were compared to the 3He* observed in these springs 
(Table 6). 
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The 3He and 4He concentrations of springs contributing to baseflow are likely to have been 
affected by excess air, radiogenic and mantle contributions. To remove the excess air 
component, the noble gas composition of the Soğukpınar spring located in the recharge area 
was used. This perennial spring with MRT about one year, is located at 1800 m a.s.l and 
represents the highest discharge of regional karst aquifer towards Zamanti River. It was 
assumed that the groundwater discharging from this spring represents the groundwater 
recharge with excess-air component that is representative for the entire recharge area of all 
springs. Then, 3He and 4He concentrations observed in this spring were subtracted from all 
other springs’ 3He and 4He concentrations to eliminate the effect of excess-air. Because no 
data regarding the radiogenic 3He production in the LZRB exist, the amount of radiogenic 
3He in the springs was estimated from literature [8, 9]. Generally, the radiogenic 3He/4He 
ratio (Rrad) is accepted to range from 10-7 to 10-9. The common value for radiogenic 3H/4He 
ratio (i.e. Rrad) is 2×10-8. The 3He* contents of springs contributing to baseflow were 
calculated for the assumptions of a) 3He* equals to measured 3He, b) 3He* is corrected for 
Rrad=2×10-8, c) 3He* is corrected for Rrad=2×10-9, 3He* is corrected for Rrad=2×10-7 
assuming that no mantle He input occurs into the groundwater system (Table 6). Results 
presented in Table 6 show that the 3He* contents of each karst spring calculated for different 
radiogenic helium ratios assumed are similar. The difference between the measured 3He* (a 
in Table 6) 3He* corrected for radiogenic component (b, c, d in Table 6) is small in Yerköprü 
1-2 and Yerköprü 3 springs indicating that most of the 3He in these springs originate from the 
decay of tritium. However, in the cases of Kapuzbaşı and Göksu springs, measured 3He* are 
still substantially greater than the 3He* corrected for radiogenic component but are too low 
compared to the measured 3He* in Yerköprü 1-2 and Yerköprü 3 springs. It appears that most 
of the original 3He* signal in Kapuzbaşı and Göksu springs has lost before sampling.        
 
TABLE 6: CALCULATED 3HE* CONTENTS (IN TU) OF KARST SPRINGS FOR 
DIFFERENT RADIOGENIC HELIUM RATIOS. 

Spring  Sampling  
Year 

Model-
Produced 
3He* 

3He* (a) 3He*(b) 
Rrad=2.10-8 

3He* (c) 
Rrad=1.10-9 

3He* (d) 
Rrad=1.10-7 

Kapuzbaşı 2004 165 27.9 4.8 4.9 4.7 
Göksu 2002 145 52.1 28.7 29.0 27.2 
Yerköprü 1-2  2004 96 147.5 122.2 124.3 113.3 
Yerköprü 3  2008 152 172.4 146.5 149.1 135.4 
 
Among all tests, the US-LP model of temporal 3He* output of Yerköprü 3 spring produced 
the best approximation to the spring’s observed 3He* content (Figure 12). The model-
produced 3He* concentration for the year 2008 is 152 TU is close to the observed 3He* 
values that ranges from 135.4 TU to 149.1 TU depending on the various radiogenic 3He* 
contents assumed. The second best approximation to the observed 3He* concentration was 
obtained for the Yerköprü 1-2 springs where the model-produced 3He* (96 TU) is slightly 
below the observed 3He* values ranging from 113.3 TU to 124.3 TU depending on the 
assumed radiogenic 3He content (Figure 13). In the models run for Kapuzbaşı and Göksu 
springs, the model-produced 3He* values are 165 TU and 145 TU, respectively (Figures 14 
and 15). These values are far above the observed 3He* concentrations which are very likely to 
have affected by outgassing.  
 
Because of safety reasons, the sample of Göksu spring was collected from a site where the 
fast-flowing, 150 m-long underground stream originating from an vauclusian orifice leaves 
the cave. The streamflow conditions in the cave are quite favourable for outgassing. The 
Kapuzbaşı spring comprises of seven hanging springs and a number of discharges coming out 
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from small karst conduits. The major discharges pour from a 20 m-high vertical cliff that 
cannot be reached. Hence, the sample representing Kapuzbaşı spring were collected from an 
accessible small conduit located nearby the foot of the cliff. Kapuzbaşı spring has a tritium-
based US-LP model MRT of 35.23 a. It is obvious that a groundwater with such a long MRT 
should have higher 3He* concentration that the observed value. The fairly low observed 
concentration implies a strong noble gas lost along the karst conduit system feeding the 
spring. Another possible explanation of the outgassing in Göksu and Kapuzbaşı springs 
considers the geological structure. Unlike the Yerköprü 1, 2 and 3 springs, the karst aquifer 
around Göksu and Kapuzbaşı becomes unconfined in a large area because part of the 
ophiolite nappe covering carbonate aquifer is stripped off (see Figure 1). Therefore, there is 
more chance for groundwater feeding the Kapuzbaşı and Göksu springs to get lost part of its 
gas composition along the unconfined part of the aquifer.   
 
Results of above tests suggest a considerable potential use of 3He* in dating baseflow age in 
the future provided that i) all groundwater/springs forming the baseflow can be sampled and 
ii) the samples are not outgassed. On the other hand, radiogenic and mantle-derived 3He 
components need to be determined more precisely to obtain more accurate observed 3He* 
data. Moreover, the unconfined aquifer conditions seem to favour the outgassing along the 
karst conduits. Therefore, dating baseflow age by use of 3He* may be more appropriate for 
streams fed by confined karst aquifers.   
    

 
 

Figure 12: Comparison of the US-LP model-produced 3He* with the observed 3He* in Yerköprü 3 spring. 
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Figure 13: Comparison of the US-LP model-produced 3He* with the observed 3He* in Yerköprü 1-2 springs. 
 

 
 

Figure 14: Comparison of the US-LP model-produced 3He* with the observed 3He* in Kapuzbaşı spring. 
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Figure 15: Comparison of the US-LP model-produced 3He* with the observed 3He* in Göksu spring. 
 

5. CONCLUSIONS AND OUTLOOK 

This study shows that the baseflow age in karst basins can be determined successfully by 
means of lumped-parameter modelling of environmental tritium data. However, the reliability 
of models depends very much on the availability of long-term tracer observations. In the 
cases considered the satisfying length of past tracer observations were estimated at about two 
to three decades. But, tritium signal in groundwater has almost reached at its natural 
background in many hydrogeologic systems. Therefore, use of this isotope in groundwater 
age dating in the coming decades is getting weakly probable. While there are several other 
tracers (e.g. CFCs, SF6, 85Kr) that can be used in groundwater age dating in the coming 
decades, each of them has some disadvantages (such as, sorption, degradation, contamination, 
cost of sampling/analyses, uncertain input function etc.) that limit their practical use. In this 
regard, tritiogenic helium-3 (3He*) appears to be a promising tool in the future studies of 
baseflow age dating. Findings of this study show that 3He* has a considerable potential as a 
tracer that mimics the behaviour of tritium. However, its use in future baseflow age dating 
studies would require systematic and reliable 3He* observations. Precise determination of 
radiogenic and mantle components and, estimating the magnitude of outgassing (if occurs) 
would be challenging tasks in the future. 
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Abstract. The Red River basin covers parts of three countries, including Vietnam (86 680 km2), China 
(81 200  km2), and Laos (1100 km2) with a total natural drainage area of 169 000 km2. The Red River is formed 
by three major rivers: the Da River, the Lo-Gam River and the Thao River. The basin area is over 90% hilly and 
the river flow is mainly generated by rain. Results of this study indicate that baseflow appears primarily from 
Laocai to Danphuong (by Hanoi city). The section from DanPhuong to the sea has no baseflow. The distribution 
of baseflow to the river is mainly affected by the distribution of geological formations and their properties, such 
as soil types, aquifer thickness, hydraulic conductivity, storage coefficient, etc., along the river banks, and the 
distribution of the seasons (rainy and dry). The residence time of baseflow is as long as 57.3 months (almost 5 
years) as estimated using isotopic (δ18O) techniques, while historical CFCs tracers placed it at almost 10 times 
older. The overestimation of baseflow residence time was thought to have occurred due to the bio-degradation 
of dissolved gases in the unsaturated zone.  
 

1. INTRODUCTION 
 
The Red River basin covers parts of three countries: Vietnam, China and Laos, with a total 
natural drainage area of 169 000 km2. The section located in China is about 81 200 km2, 
accounting for 48% of the whole basin. The part of the basin located in Laos is 1100 km2, 
accounting for 0.7% of the whole basin, while the part of basin located in Vietnam is 
86 680 km2 including the catchment area of Da, Thao and Lo-Gam rivers, accounting for 
51.3% of the basin. The Red River comprises of Da, Thao and Lo-Gam rivers and the second 
largest river flowing through Vietnam, down to the East Sea.  

 
Over 90% of the Red River basin area is hilly and the river flow is mainly generated by rain. 
The rainy season produces important flooding, which causes great damage to life and 
property in the north part of country. In the dry season, the volume of water in the Red River 
and its related streams is limited and does not meet all the water needs for manufacture, 
drainking water supply and other uses [5]. 

 
The objective of this study was the estimation of baseflow from the part of Red River basin 
(not including the Da River basin, because of the lack of monitoring data), which falls in 
Vietnam, from the Laocai station to the sea, and to discuss and interpret the available results. 
Available results indicate that baseflow only takes place from Laocai station to Danphuong 
(by Hanoi city). No baseflow exists in the section from DanPhuong to the sea. Baseflow 
distribution in the river is mainly affected by the distribution of geological formations and 
their properties, such as soil types, aquifer thickness, hydraulic conductivity, storage 
coefficient, etc. along the river banks, and the distribution of the seasons (rainy and dry). The 
baseflow discharge of the section from Laocai to Yenbai (calculated using the hydrograph 
method) varies from 6.26 to 19.83 m3/s, comprising 0.8 to 2.4% of the streamflow at Yenbai. 
The flow-ratefrom Laocai to Viettri varies from 2.37 to 63.53 m3/s, comprising 1.0 to 21.0% 
of the streamflow at Viettri. It was revealed that baseflow in the basin contributes up to 60–
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70% to river streamflow from Viettri to Danphuong during the dry season but only 30–35% in 
the rainy season. 

 
The mean residence time of baseflow in the Red River basin has been estimated using tritium 
(3H), oxygen-18 (18O) and chlorofluorocarbons (CFCs), namely CFC-11, CFC-12 and CF-
113. The mean residence time of baseflow in the Hanoi area (Danphuong) is estimated to be 
approximately five years using thesetechniques. However, CFC  concentrations seem to 
overestimate the residence time of baseflow in the region. One of the reasons is the bio-
degradation of CFCs in the unsaturated zone, which could drastically reduce their 
concentrations in groundwater.  
 

2. PHYSIOGRAPHIC DESCRIPTION, REGIONAL GEOLOGY AND 
HYDROGEOLOGY  

2.1. Topography 
 
The Red River basin in Vietnam has a general slope from north-west to south-east and from 
north to south in the northern part of Vietnam [3-9]. The topography of this basin can be 
divided into four major domains: 1. the northern part (Lo-Gam River’s valley); 2. the north-
western highlands (Thao River’s valley); 3. the low mountains in the lower part of the Red 
River basin (middle part of the Red River valley); 4. the delta triangle of the Red River and 
Thai Binh River (in the lower part of the Red River delta). The topography and river systems 
in the Red River Basin are shown in Fig. 1. 
 
The northern plateau extends over approximately 22 120 km2 including mountains of 1000–
2000 m in height. This part runs continuously from China under the left bank of the Nguyen 
Giang stream (Lo-Gam River valley). Large limestone blocks are found in this domain and 
.elevation ranges from 1000 to 2000 m. 
 
The north-western part extends over approximately 7958 km2, including massive mountain 
ranges which run along the Thao and Red riverbanks in a north-west–south-east direction. 
The elevation of this part is divided, starting at about 2000 m and descending to 1000 m. 
There are some places higher than 3000 m, such as Vo Luong Son and Ai Lao Son, which are 
distributed between two major branches of the Da and Thao Rivers of the Red River basin. 
Terrain here is strongly divided by a network of short rivers and streams, narrow valleys; the 
rivers and streams cut a deep slit. In this domain, limestone plateaus stretch from Phong Tho–
Sin Ho–Tua Chua–Thuan Chau–Son La–Mai Sơn–Moc Chau–Hoa Binh (with height varying 
from 1000 m in Lai Chau to 600–700 m in Son La). The network of rivers and streams is well 
developed. There are many Kasto caves in this type of lithology. In the dry season, most of 
the water supply required for survival is drawn from underground water resources in 
limestone. 
 
The low highland in the lower part of the Red River basin extends over 4 743 km2, with many 
short ranges, distributed in a fan shape, 100–1000 m in height. The direction runs from the 
north-west to the east-west with some ranges, such as the Elephant Mountains (Nui Voi), 
Tam Dao, Ba Vi, Yen Tu, etc. Areas with high peaks, including Ba Vi (2181 m), Elephant 
(1316 m), Cham Chu (1587 m),  Dia cac (1502 m), Tam Dao (1403 m) are all in the lower 
branch of the Da, Thao, Lo, Gam, and Cau rivers. 
 
Red River Delta: This delta has an area of about 11 720 km2, including a narrow part in the 
low hills, the river valley containing some of largest rivers, such as the Da, Thao, Lo, Gam 



and Thai Binh Rivers and the vast plain with deposits from the Red–Thai Binh River. This 
domain may be divided into two areas, including hilly and midland plains. The hilly area 
features topography with a medium elevation of less than 100 m, including a circle hill and 
alluvial floor with wave surfaces at 25 m elevation. The delta is comprised of a relatively flat 
terrain. The topography slopes from the Viet Tri to the coast (in a north-west–south-east 
direction). The highest–lowest difference is about 10 m. Besides this, there are some high 
hills (100 m) scattered in plains (especially in the north-eastern and south-western edges). 
 
 

 
FIG .1. Topography and river systems in the Red River basin. 

 
The Red River has large alluvial sources (~106 tons/a), which over thousands of years have 
been deposited and have created the current triangle delta. Every year the Red River flooded, 
it carried silts and sands which were deposited into the delta, especially along the banks of 
rivers. Nevertheless, when flow speed is reduced, creating large deposits near the riverbanks, 
it forms sloping terrain offshore from the two edges to the northern and southern areas of the 
northern plain, creating a drainage system from the Red River to the Cau, Thai Binh in the 
north and Day River in the south. Before forming a dyke system as exists today, the Red 
River flows across to Phan, Ca Lo, Thiep, Duong, Dinh Dao, An Cuu rivers, to Luoc, Thai 
Binh rivers and follow Tich, Day, Nhue, ToLich, Chau Giang, Nam Dinh Rivers and across 
to Day River. 

 
The installation of irrigation and dams over thousands of years has created a triangular delta 
(Red River Delta) with relatively independent irrigation systems (3×104 to 2×105 ha) , 
surrounded by a dyke system to avoid the menace of floods. In each area, people have built 
dumping stations, sewers, dams and have dug several million m3, creating a system of 
irrigation canals which serve the economic sectors in each developed area today. Land in the 
Red River Delta has an elevation which ranges from 0.4 to 9 m a.s.l. The areas with an elevation 
of less than 2.0 m account for approximately 456 000 ha, or 58%. The distribution of area at 
different elevations is given in Table 1. 
 
The general terrain of the Red River basin is very abrupt, with up to 47% having an elevation 
greater than 1000 m, much of this high terrain is located in the western basin, and belongs to two 

0 25

kilometers
50

Lower part of the Lower part of the Lower part of the Lower part of the Lower part of the Lower part of the Lower part of the Lower part of the Lower part of the 
Red River valleyRed River valleyRed River valleyRed River valleyRed River valleyRed River valleyRed River valleyRed River valleyRed River valley
(4743km2)(4743km2)(4743km2)(4743km2)(4743km2)(4743km2)(4743km2)(4743km2)(4743km2)

Red River deltaRed River deltaRed River deltaRed River deltaRed River deltaRed River deltaRed River deltaRed River deltaRed River delta
(11720 km2)(11720 km2)(11720 km2)(11720 km2)(11720 km2)(11720 km2)(11720 km2)(11720 km2)(11720 km2)

Province boundaryProvince boundaryProvince boundaryProvince boundaryProvince boundaryProvince boundaryProvince boundaryProvince boundaryProvince boundary

Topograpy elevationTopograpy elevationTopograpy elevationTopograpy elevationTopograpy elevationTopograpy elevationTopograpy elevationTopograpy elevationTopograpy elevation
linelinelinelinelinelinelinelineline
Thao River valleyThao River valleyThao River valleyThao River valleyThao River valleyThao River valleyThao River valleyThao River valleyThao River valley
(7958 km2)(7958 km2)(7958 km2)(7958 km2)(7958 km2)(7958 km2)(7958 km2)(7958 km2)(7958 km2)

Lo-Gam Rivers valleyLo-Gam Rivers valleyLo-Gam Rivers valleyLo-Gam Rivers valleyLo-Gam Rivers valleyLo-Gam Rivers valleyLo-Gam Rivers valleyLo-Gam Rivers valleyLo-Gam Rivers valley
(22120 km2)(22120 km2)(22120 km2)(22120 km2)(22120 km2)(22120 km2)(22120 km2)(22120 km2)(22120 km2)

THAO RIVER VALLEYTHAO RIVER VALLEYTHAO RIVER VALLEYTHAO RIVER VALLEYTHAO RIVER VALLEYTHAO RIVER VALLEYTHAO RIVER VALLEYTHAO RIVER VALLEYTHAO RIVER VALLEY

NNNNNNNNN

National boundaryNational boundaryNational boundaryNational boundaryNational boundaryNational boundaryNational boundaryNational boundaryNational boundary

LÔ-GÂM RIVER VALLEYLÔ-GÂM RIVER VALLEYLÔ-GÂM RIVER VALLEYLÔ-GÂM RIVER VALLEYLÔ-GÂM RIVER VALLEYLÔ-GÂM RIVER VALLEYLÔ-GÂM RIVER VALLEYLÔ-GÂM RIVER VALLEYLÔ-GÂM RIVER VALLEY

UPPER PART OF RED RIVER VALLEYUPPER PART OF RED RIVER VALLEYUPPER PART OF RED RIVER VALLEYUPPER PART OF RED RIVER VALLEYUPPER PART OF RED RIVER VALLEYUPPER PART OF RED RIVER VALLEYUPPER PART OF RED RIVER VALLEYUPPER PART OF RED RIVER VALLEYUPPER PART OF RED RIVER VALLEY

LOWER PART OF THE RED RIVER VALLEYLOWER PART OF THE RED RIVER VALLEYLOWER PART OF THE RED RIVER VALLEYLOWER PART OF THE RED RIVER VALLEYLOWER PART OF THE RED RIVER VALLEYLOWER PART OF THE RED RIVER VALLEYLOWER PART OF THE RED RIVER VALLEYLOWER PART OF THE RED RIVER VALLEYLOWER PART OF THE RED RIVER VALLEY

RED RIVER DELTARED RIVER DELTARED RIVER DELTARED RIVER DELTARED RIVER DELTARED RIVER DELTARED RIVER DELTARED RIVER DELTARED RIVER DELTA

700 50
0 1.000

30
0

200

12.500

1.500

1.700

100

2.000

12.700

2.5002.700

225



big banks of the Da and Thao rivers, but part of it is also located on a plateau in the northern area 
of the Lo River. Plain distribution is only isolated along the major valley of rivers. Table .2 shows 
the altitude distribution of the Red River basin. 

• TABLE 1.AREA DISTRIBUTION WITH ELEVATION VALUES OF THE RED RIVER 
DELTA  

Elevation (m) Area (ha) Composite (ha) Percentage (%) 
Less than 1 233298 233298 29,9 

1 ÷ 2 222724 456022 58,4 
2 ÷ 3 106789 562811 72,1 
3 ÷ 4 92389 655200 83,9 
4 ÷ 5 32026 657226 88,0 
5 ÷ 6 23146 710372 91,0 
6 ÷ 7 25278 735650 94,3 
7 ÷ 8 12190 747840 95,8 
8 ÷ 9 12455 760295 97,4 

Larger than 9 19909 780204 100,0 
 

TABLE 2. AREA DISTRIBUTION WITH ELEVATION VALUES OF THE RED RIVER 
BASIN FROM LAOCAI TO VIETTRI (including the Da, Thao, Lo and Gam rivers) 

Elevation (m) Total area Belongs to China Belongs to Vietnam 
km2  (%) km2 (%) km2 (%) 

upper 3000 115 0.08 90 0.10 25 0.04 
3000÷2500 1105 0.80 990 1.20 115 0.80 
2500÷2000 9470 6.60 8280 10.20 1190 1.95 
2000÷1500 24440 17.10 20930 25.80 3510 5.76 
1500÷1000 43948 30.60 30860 38.00 11990 19.70 
1000÷500 37750 24.90 15180 18.70 20570 33.00 
under 500 28460 19.90 4910 6.00 23550 38.60 
TOTAL 143300 100.0 81240 100.0 61260 100.0 

 
2.2. Geological features 
 
2.2.1. Stratum 
The Red River basin has sediments derived from volcanoes and igneous rocks, with ages ranging 
from the  Proterozoic, Paleozoic, Mesozoic to the Cenozoic periods(Fig. 2). 

+ Proterozoic  

1. Paleo-Mesoproterozoic: Including gneiss in the deeper horizons, crystalline schistsof the Song 
Hong complex (PR1sh); gneiss, quarzits and quartz schists of the Suoi Chieng formation (PR1sc) 
and Sin Quyen (PR1sq) XuanDai complex distributed in the north-western upper part. 

2. Neoproterozoic–Cambrian: These rock formations are divided based on petrographic 
characteristics and strata relationships. They are formed by  quartz micaschists, sericite schist, 
micaschist, limestone, dolomite and quartzite layers with different thickness, such as the Song 
Chay (PR2-Е1sc) in the north-east, Nam Co (PR2 - Е1nc) and Sa Pa (PR2 - Е1sp) in the north-
west. The thickness of these formation systems ranges from 1000 to 2500 m. 

+ Paleozoic: extensive development in the Red River basin.  

1.Cambrian: Cambrian sediments include gristone, siltstone sand, shale, limestone gristone in 
the MoDong formation (Еmd) and shale, silica clay, limestone, lime and siliceous rocks in the 



north-eastern Ha Giang formation (Еhg). In the north-west, continental sediments and 
phosphorite carbonates belong to the CamDuong formation (Еcd) with 600–800 m thickness, 
and there are quartz sericite schists and limestone deposits in the Neoproterozoic - Cambrian 
sediments of the Ma River formation (Еsm). The Cambrian sediments include limestone of the 
Chang Pung formation (Е3cp) in the north-east, and the Ham Rong formation (Е3hr) in the 
north-west. The thickness ranges from 300 to 1700 m.  

2. Cambrian–Ordovician: includes shale, gristone, siltstone, limestone lens of Than Sa 
Formation (Є3-O1ts) in the north-east, and mixed grit-sand, shale, limestone, and quartzite of 
BenKhe Formation (Є-O1bk) in the north-west, with a thickness: from 1 100 to 2 200 m. 
 
3.Ordovician: Ordovician sediments can be divided separately, and include siltstone, 
alternating shale move up limestone, caviar-lime in Luxia formation (O1lx) and gritstone, 
gritstone as quartzite being replaced by shale interspersed siltstone of the Mo Na formation 
(Onm) in the north-east. The thickness of the formation is about 400 m. 
 
4. Upper Ordovician–Silurian: These Upper Ordovician–Silurian sediments constitute the 
Vinh Sinh formation (O3-SSV) in the north-west, with characteristics of conglomerate, 
covered by the Benkhue formation in north-west. The upper parts are comprised of siltstone-
limestone, dolomite limestone and limestone schists 500–600 m thick, while the Tan Mai (O-
STM) and Phu Ngu (O - SPN) formations in the north-east have a special transtition to 
gristone, gristone as quartzite, siltstone, shale, quartz sericite schist, and some tuf greenstone. 
Thickness ranges from 500 to 3000 m. 

 

 
 

FIG 2. Geological map of the Red River basin. 
 
5. Upper Silurian–Lower Devonian: Upper Silurian sediments are formed by limestone, 
limestone shale, lime siltstone and marble of the Bo Hieng (S2-D1bh) and Pia Phuong (S2-
D1pp) formations in the north-west and limeshale, lime siltstone, siltstone, gristone, gristone 
as quartzit, limestone, shale of Xuan Son formation (S2-D1xs) in the north-east. The 
thickness ranges from a few hundred meters to 2 100 m. 
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6. Ordovician–Lower Devonian: including quartzite, grirt, siltstone; limestone, mafic 
extrusive rocks, continental schists and sericite schists of the Pa Ham formation (O3-D1ph) 
outcropping in the north-west.  
 
7. Devonian: Lower Devonian sediments include conglomerates, gristones, siltstones, 
continental schists of the Do Son (D1ds) and Bac Bun (D1bb) formations in the north-east; 
shales, gristones, siltstones, quartz sericite schists, limestones, quartzits of the Mia Le (D1ml) 
and Dai Thi (D1dt) formations in the north-east, and less in the north-west, Song Mua 
(D1sm), Ban Nguon (D1bn) and Nam Pia (D1np) formations in the north-west. The thickness 
of the sediments rangres from 300400 m to above 2300 m. Gristone, gristone as quarzit, 
sandy siltstone, schrist of Duong Dong formation (D1-2dd) in the north-east are attributed to 
the Lower and Middle Devonian. The Ta Khoa formation (D1-2tk) in the north-west is made 
of a similar stratum, but characterized by gristone as quarzit, sericite schist, silicone shale, 
continental schist and mafic extrusive rock, with unsteady metamorphosed levels and a 
thickness of 2600 m. The Middle Devonian mainly consists of limestone of the Lo Son 
formation (D2ls) in the north-east and the BanPap formation (D2bp) in the north-west. The 
Upper Devonian contains silicon schist, silicone shale and limestone in the Toctat formation 
(D3tt). 
 
8. Carboniferous: Lower Carboniferous sediments include limestones alternating with thin 
silicon layers, gristone and coal shales of the Cat Ba formation (C1cb) in Hai Phong and 800 
m thick limestone in the Da Mai formation (CDM) of the north-west. 
 
9. Carboniferous–Permian: Carbonate sediments are divided into the Nong Son (C-PBS) and 
Luong Ky (C-Plk) formations in the north-east. Upper Carboniferous-Permian sediments  in 
some structures are formed by siltstones, schists, limestones and the extrusive mafic rocks of 
the Ban Diet formation (C3-Pbd) or of the Da River formation (C3-P1sd) distributed in the 
north-west. Upper Permian sediments contain limestone and silicon components with bauxite 
from the Dong Dang formation (P2dd) in the north-east and the mafic eruption of the Cam 
Thuy formation (P2ct) in the north-west. They developed into Triassic in some places and are 
classified in the YenDuyet formation (P2-T1yd), including schist, limestone, iron mine and 
anthracite coal. Formation thicknesses range from 100 to 450 m. 

 
+ Meosozoic 
1. Triassic: Lower Triassic constituents include shale stones containing less carbonate than 
the Lang Son formation (T1ls) in the north-east. The Co Noi (T1cn) in the north-west 
contains shales alternating eruptions from the Song Hien formation (T1-2sh) in the north-
east. Thickness of these formations ranges from 200–500 to 1000 m. The Middle Triassic 
mainly contains carbonate constituents of the DongGiao formation (T2dg) in the north-west; 
shales or carbonates are unique in the Na Khuat formation (T2nk) in the north-east, and 
NamTham (T2nt) in the north-west. Unless the eruption formation was over, shales are 
concordant with adjacent layers. Thickness ranges from 800 to1500 m. Younger Triassic 
sediments have no clear relationship with the Middle Triassic sediments and include 
siltstones and shales of the Lai Chau formation (T2-3lc) in the north-west. In the north-west, 
mafic eruptions are identified, though it should be separated in the Muong Trai formation 
(T2-3mt). The Upper Trias includes shale stone constituents of the Mau Son formation 
(T3cms) in East Bac Bo and Nam Mu (T3nm) in the north-west of Carni age. Constituents 
contain continental coal in the Hon Gai formation (T3n-rhg) of the north-east with more than 
30 coal beds. The constituent content coal is classified in the Van Lang formation (T3n-RVL) 
in the north-east and at Suoi Bang (T3sb) in the north-west. The thickness of these layers 
ranges from 250 to 2400 m. 



 
2. Jurassic: The Lower Jurassic sediments include shales and raw red continental shalesof  the 
Ha Coi formation (J1-2hc) in the north-east and north-west. Thickness is about 1200 m. 
 
3. Upper Jurassic–Lower Cretaceous: Upper Jurassic/Lower Cretaceous sediments include 
conglomerates, siltstones, shales, limestones, orthophyr and ryolitic rocks from the Van Chan 
formation (J3-K1vc) in the north-west, with a thickness from 3 000 to 5 000 m. 
 
4. Cretaceous: The youngest constituents of the Cretaceous period include bibbly-rook, 
conglomerate, gristone, siltstone and red rust Yen characteristic of the Yen Chau formation 
(K2yc) in the north-west. Red continental sedimentary layers in MU Gia (Kmg) and ryolitic, 
dacitic and bibbley-rock of the Ngoi Thia formation (Knt) in the north-west are considered to 
be of Cretaceous age. The thickness of this formation increased from 400 to 2 000 m. 

 
+ Cenozoic 
1. Paleogen sediments bibbley-rook and sand-siltstone of the Phu Tien (2pt), Dinh Cao (3pt) 
formations, mainly found in the boreholes of the Northern Delta and Paleogen eruptions, 
including trachytic, leucitophyr and tuffa of Pu Tra formation (pt) in the north-west. 
 
Miocene constituents include: conglomerate, sandstone, gristone, siltstone, claystone and the 
brown coal somewhere of Na Duong formation (N1nd) in the North East, Phong Chau 
(N11pc) in the Northwest and Phu Cu (N12pc), Tien Hung (N13th) in the Northern Plain. 
Thickness of those formations increased from 400 to 1800 m.  
 
Undivided Pliocene constituents of Vinh Bao (N2vb), Rinh Chua (N2rc) in the East and the 
North West including sandstone, claystone, gristone, siltstone,. Thickness of this formation is 
on average 200–300 m. Neogen constituents include Hang Mon (NHM) in the Northwest, 
with conglomerate, sandstone, gristone, siltstone, claystone, brown coal; Thickness ranges 
from 120 to 250 m. 
 
2. Quaternary. Theseunits are distributed almost exclusively in the Northern Delta and 
scattered in the mountainous valley.  
 
Including sand, bibbley-rock, siltstone, rust with river origins – Lower Pleistocene in Le Chi 
formation (amQIlc); Shale and gravel alternating little sand, silt in river origins, upper- 
middle Pleistocene flood in Hanoi formation (QII-IIIhn); kaolin rust, siltstone, sand sea origins, 
Upper Pleistocene in Vinh Phuc formation (QIIIvp). 
 
Lower-Middle Holocene sediments include sand, siltstone, rust, peat, humus river-sea 
origins, sea- marshes of HaiHung formation (QIV

1-2hh) and pebbles, sand, siltrust with shells 
and plant remains and peat with river-sea-lake-marshes of the Thai Binh formation (QIV

2-3tb). 
Undivided Quaternary sediments include bibbley-rock, pebbles, breccia, and sandstone rust 
distributed in the small valley in the northern mountainous area. 

 
2.2.2. Igneous constituents  
Igneous constituents in the Red River basin are divided into several main stages: Paleo-
Mesoproterozoic, Neoproterozoic, Early-Mid Paleozoic, Late Paleozoic, Early and Late 
Mesozoic- Cenozoic. 
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+ Paleo – Mesoproterozoic period: including gabbroid - amphibolites form of Bao Ha (ν1bh) 
and Ca Vinh (γ1cv) complexes with petrography composition changed from quartzdiorite to 
tonalite and plagiogranite. 
 
+ Neoproterozoic – Early Paleozoic Period: Po Sencomplex (γ2ps) with main rock types: 
quartzdiorite-granodiorite and granite; Xom Giau complex (γ2xg) consisting of pink granite; 
Muong Hum complex (γξ2mh) consisting of alkali granites, granosyenites and syenitodiorites. 
 
+ Early-Middle Paleozoic Period: include Chay River complex river systems (γ3

2sc) with 
characterized rocks are mica and granodiorit as gneis; Ngan Son complex (γ3

3ns) with 
petrography components are mainly granite biotit, granit 2 mica, light color granit and alkali 
penetrating rock of PhiaMa complex  (ε3

2-γ3
3pm), include alkali syenit, syenit ephelin, alkali  

granit. 
 
+ Late Paleozoic – Early Mesozoic Period: including supper mafic penetrating constituents-
mafic of BaVi complex (δ4

1bv), supper mafic-salic of Cao Bang complex (σ4
1-ν4

1cb), Dien 
Bien (δ4

1-γ4
1đb); low penetrating granitoid of Nui Gieng complex (γτ4

2nđ); constrast 
penetrating gabro –granit constituents of Nui Chua (ν4

3nc), Phia Bioc (γ4
3pb). 

 
+ Early Mesozoic – Cenozoic Period: including the granite-granosyenite constituents of the 
Phu Sa phin complex (ε5

2-γ5
2pp); alkaline salic of Pia Oac complex (γ5

2po),  Yê Yên Sun 
(γ5

3ys); penetrating alkaline of Cho Don complex (ε5
3cđ), Pu Sam Cap (ε5

3-γ5
3pc). 

 
2.2.3. Tectonic  
Red River- Thai Binh River Basin lies in three tectonic domains which are North East, North 
West, and North West pole. Boundaries between these domains are the Chay River fault and 
Dien Bien - Lai Chau fault. In the basin scope, there are some large tectonic zones such as: 
An Chau, Song Lo, Song Hong, Fan Si Pan, Ninh Binh, Le, Song Ma, Song Da, Son La, 
Song Gam, Song Hien, An Chau, Muong Te, and Hanoi. In this basin, many large fault 
systems as the Red River, Chay River, Lo River, Fan Si Pan, Da River, Son La, Lai Chau- 
Dien Bien, Van Yen, Muong Pia fault systems run allow Pia North West - South East and 
North East fault system - Southwest is the Thai Nguyen - Cho Moi - Kim Hy faults, path 13A 
fault. In addition to considerable depth on the fault, in many areas the development of system 
fault, which takes advantage of the system, faults North West - South East, with a series of 
parallel faults. 
 
2.3. Hydrogeology 

The hydrogeological features of the study area are shown in Fig. 3, which includes the 
existing groundwater types, differentiated by colours, within the existing types of water 
bearing formations and circulating characteristics. The water bearing formations can be 
divided into three main categories: 
 
1. Interstitial water in the unconsolidated Quaternary sediments. This type of media is 

distributed mainly in the Red River delta, which is separated into two main aquifers: the 
Holocene aquifer (qh) and the Pleistocene aquifer (qp). They are unconfined and confined 
aquifers, respectively. The hydraulic conductivity (K) of the qh aquifer ranges from 1 to 
15 m/day, with a storage coefficient range from 0.1–0.5; the K of the qp ranges from 10 
to 70 m/day, while the specific coefficient changes from 0.0001 to 0.005. 



2. Fissured aquifers: groundwater exists and circulates in fissured and karstic rocks. This 
type of aquifers is distributed along the Thao, Lo-Gam, and Chay Rivers. Their hydraulic 
conductivities range from 0.01 to 50 m/day. 

 
3. Aquiclude or aquitards are composed of clays and clayey materials (with hydraulic 

conductivity of lower than 10-3 m/day) like, the intrusive and igneous rocks. These 
formations are exposed in some parts of the Viettri, Danphuong, and Hanoi regions. Most 
of them are only covered by Quaternary (qh) and lie between qh and qp and the lower 
part of qp. 

 

 
 

FIG 2.3. Hydrogeological map of the northern part of Vietnam (Bui Hoc, 2004 [4]). 

 
2.4. Vegetation coverage  
 
Vegetation coverage in the mountains is plentiful; researchers believed that there are three 
zones vertically categorised with an elevation of below 600 m, from 700 to 1700 m, and 
above 1700 m. 
 

1. The low hills (below 600 m) mainly consist of tropical forest, green trees generally 
are up to 50 m high and 2 m in diameter. Almost no vegetation and grass cover exists 
since the absence of humus cover, which has been replaced by dry leaves.  

2. The mid-zone (700 to 1700 m) is the tropical rain forest, with evergreen mountains, 
25–30 m trees and rich humus cover.  

3. The upper zone (above 1700 m) consists of high tropical forest; a tree is rarely over 
20 m in height, and there is very rich humus forest. 
 

Vegetation cover here is intensely vital, and regenerates quickly. Some pieces of destroyed 
forest can be recovered after 5–7 years. However, due to indiscriminate deforestation, forest 
resources are seriously damaged. This is connected to destruction of land, water resources 
and serious flooding.  
 

14217

14168

36

13707

13590

13645

14140

13994

13965

13826

13826

CT

13840

13153

13746

13823

14129

15915

15508

1558

29.4

15246

15600

118

1563

15671

16044

15685

15521

15272

15223

15236
15251

15352

10

15100

15165 13693
15168

15286

110

15409

15510

15565

15410

13606 13631

86

15515

1596

15257

15197

15133

6

15017

15001

15006

15138

13059

15101

    
     

  
    

 
    

    
   

    
  

    
 c

    
    

  b
    

éV_nh H¹  Long

Cöa Th¸ i B×nh

Cöa L¹ ch Giang

Cöa Hí i

13645

13707

13693

m_n g  c ¸ i
§ ×n h  l Ëp

h ß n  g a i

c Èm p h ¶

h µ  c è i

B¾c  Gia n g

S¬ n  ®é n g

n a  s Çm

§ å n g  ®¨ n g

B¾c  s ¬ n

§ å n g  Má

Uè n g  B_

H¶ i  d - ¬ n g

T h ¸ i  b ×n h

c a o  b » n g

h ¶ i  p h ß n g

l ¹ n g  s ¬ n

Ma i  c h ©u

PHñ  l _T ©n  l ¹ c

H- n g  y ª n

n in h  b ×n h

h µ  n a m

n a m ®_n h

C¶ m t h u û

h µ  n é i

B¾c  n in h

t h ¸ i  n g u y ª n

c h î  c h u
t u y ª n  q u a n g

v iÖt  t r ×

b ¾c  n in h

Na  h a n g

Ch î  ®å n

Ng ¹ n  s ¬ n

b ¶ o  l é c

m_o  v ¹ c

y ª n  min h

h µ  g ia n g

b ¾c  c ¹ n

Yª n  c h ©u

Hµ m Y_n  

Ph ó  t h ä

Yª n  b ¸ i

Ng h Üa  Lé

b ¾c  y ª n Ph ó  y ª n

V¹ n  y ª n

Mé c  c h ©u

M- ê n g  t _
Sa  Pa

Lô c  Yª n

Mï  c a n g  c h ¶ i

T h a n  u y ª n

T u Çn  g i ¸ o

§ iÖn  b i ª n

l µ o  c a i

l a i  c h ©u

S¥ N LA

=

100005000m0

J£¬¤ O-S

D£

O-S

O-S

T¥

J£¬¤

Û¥
T¤

T¥

J£¬¤Q

D£

C -P

D£¬¤

D£¬¤

D£¬¤

D¤
D£T¥

T¤

C -P

C -P

C£

Q

O-SO-S

T¤ T¤

D£¬¤

O-S

J£¬¤

J£¬¤

J¥-K£

K

T¤¬¥

J£¬¤

N
D£

J£¬¤

T¥

C£

T£

J¥-K£

N

T¤¬¥

T¤

T¤¬¥T£ T£

T¤

T¤

m

m

D¤

D£

S¤-D£

m

T¤¬¥

C -P

T¥

T¤¬¥
T¤

T¤

D¤

C -P
D£

D£

D¤D¤

D¤
£-P

¥-O£

D£

D¤

¥-O£D£

¥-O£

T¤

¥-O£

D¥

Ø¦ …¬Û¦ …

Ù¥-O

T¤

D£

¥-O£

C -P

D£

D¤
D£

D£

¥-O£
¥-O£

T¤¬¥T¤¬¥T¤¬¥

T¤¬¥

T¤¬¥

D¤

J£¬¤

D£

T£

T¤

T¤

J£¬¤

D£ Ø¦ „¬Û¦ „D¤

C -P
D¤

D¤
D¤

D£ P¤

T¤Ø¦ „¬Û¦ „

C-P

D£

D¤

Ø¦ „¬Û¦ „

D£

¥-O£

T¤ D¤

£¬¤ T¤

C -P

¥-O£

£¬¤

O-S
Û§…

D¤
D£

Û-R

D¤

D£

D£

D£

D£

T¤

C-P

T¤

D¤

PR¤-Ù£

J£¬¤

¥-O£
T¤¬¥

P¤

T¤¬¥

N¤¬Q£

T¤

T¤

T¥

PR£ m
m

m

m

m

m

D¤

D£

T¤

P¤ T¤

P¤
T¤

D£
P£

¥-O£

T¤

D¤
D£

D¤

T£

Û¥†

T¤

T¤

S¤-D£

Û¦ …

T¤ Û¦ †

Ù£¬¤

Û¦ †

Û¦ †

¥-O

Û¥

Û¦ †

C -P
Ø¦ „¬Û¦ „Ø¦ …¬Û¦ „

O-S
S¤-D£Û¦ …

D¥
J£¬¤

C -P

D¥

D¤ T¤ D£

C -P

D£

D¤

D¤
D¥

D¤
D¤

C -P

T¤

î¤

C -P

D£

T¤

-O£

P¤

Û¤† T¥

D£

S¤-D£
T¥

D£

Û¦ †
Û¦ †

S¤-D£ D£

D£

D¤

-O£

D¤

D¤

O-SD£
D£

D¤

D£

D¤

K
Û¦ †

D£

S¤-D£

D¤

D£

Û£†

Ù£¬¤

O-S

Ù£¬¤

¥¬O£

PR¤¬¥

S¤-D£

PR£
Û¦ …

N

N

D£

PR¤-  £

T¤
S¤-D£

D£

D¤

D£

D¤
P

Û§†

PR¤-  £

S¤-D£
£¬¤

PR¤¬¥   £

PR¤

£¬¤
¥-O£

T¥

£¬¤

¥-O£

PR£

PR£

PR¤¬   £ N

¥-O£

K

„

¥-O£

£¬¤

¥-O£

Û¤

S¤-D£
C -P

T£
P£

P£

Û¤†

T£

PR£

T£

¥-O£

T£

D£
T£

T¤

T¤¬¥

J£¬¤

T£

O-S¥-O¥

PR¤-Ù£

Û£†

Û¥†

N

Û¦ †

Û¦ …
O-S

D£Û¦ …

Û¦ „

T¤

S¤-D£K

S¤-D£

S¤-D£

D£

D£

D£

D£

T¤

T£

C -P
Ù£¬¤

Ù¥-O

Û¦ †

O-S

O-S

PR£

¥-O£
¥-O£

O¤

¥-O£

D¤

D¤

S¤-D£
D£

T¥
C -PD¤

D£Û£ S -OD¥

K¤

P¤

T£

PR£

D£

PR¤   £

K¤

T¤

¥-O¥
£¬¤

K
J¥¬K£

D¤

D¤
T¤¬¥

D£

D£

Û£

D£ Û¥†

Û§… J¥¬K£

£¬¤

¥O¤

PR¤-   £

T¤

Û§… Û§…

J¥¬K£

Û¦ …

D¥
Ø¦

D£

P¤

C£-P£

T¥

T¥

D¥

C-P

¤-O£

D¥

T¤
P¤

T£

T¤
D£¬¤

C -P

P¤O-S

T¥

C -P

Û¥„

K

Û§…

Û§…

J¥¬K£

K

D¤

Û§¬¤

J¥¬K£

J¤¬K£

Û

Û§…
Û§…

P¤
T¤

P¤

K¤

T£

T¥

J¥¬K£
J¥¬K£

J¥¬K£ K

¥-Û¥̂

PR£
D£

T¥

T¤

D£¬¤

Û¤̂

T¤¬¥

PR£Û§†

T¤-¥

K K Û§…

T¤¬¥
P¤

T¤¬¥

T£

C¥-P£

Û§†

D¥

K¤

Û§‡

PR£

T¤-¥

„-…

PR£
PR¤  £

§† Û§† î¤

Ø¦ „-Û¦ „

£¬¤

S¤-D£

Û¥

Ø¦ …

Ø¥

Û£†

Ö¥

P¤

K¤
§†

J£¬¤

D£¬¤

O-S

Û¥‡
PR¤¬¥

£¬¤

£¬¤

¥-O£

Ö¥„

î¤

D¤

PR£ PR£

PR£

1-2

T¤

C -P

T¤

S¤-D£

T¥

£¬¤

D¤

T£

D¤D£
K

T£ K

C-P

P¤

P¤

K

T¤¬¥
C -P

T¥C -P

§†

O-S

O-S

T¤ T£

Ø¦ „¬Û¦ „

£¬¤

O-S

S¤-D£

Û¥¬¦
Û¦ ¬£

T¥

C -P

P¤

Û£†

Û¦ †
D£

D¤

O-S

C -PÛ¦ †

O-S

C -P

Ø¦ †¬Û¦ „

Ø¦ „¬Û¦ „

Ø¦ „¬Û¦ „ÖQ

Q

£¬¤

C -P

J£¬¤

S¤-D£

C -P

T¥

J£¬¤

S¤-D£

Û¦ ¬¤J£¬¤Û¦ …

C -P

T¥

Ø¦ -Û¦ „

T¥

T¤¬¥

O-S

J£¬¤

C¥¬P£

PR¤¬¥

Ø¦ „¬Û¦ „

T¤¬¥

O-S

D£

C¥¬P£

PR£

T¤¬¥

T£
D£

C¥P
D£¬¤

Ø¦

PZ£¬¤

Û£†

Ø¦

Û¦ †

J£¤

T¤ J£¬¤ T¥

Û£†
Û¦ †

C¥-P£

J£¬¤

C¥-P

K

T¥

T¥

J£¬¤

J£¬¤ Ø¦

J¥

       

       

       

       

           

1

10

       

       

      

       

      

      

       

       

       

        

       

       

      

       

       

       

       

     

      

      
       

23

4

5

6
13

9
7

8
1112

26

27
23

15

29

30

31

2017

18

19

25
28

16

21

22

24

231



The north-east consists of hills mostly below 600 m, forest is closed, evergreen and humid, 
and some tropical species exist. Natural forests have been destroyed and replaced by 
secondary forests. At above 1700 m high, trees usually are covered by mist and moss, so it is 
also known as ‘fog forest’, or ‘moss forest. It has strong impact on regulating flow (surface 
and groundwater), protecting water sources and is its own water supply. 
 
2.5. Status of data measurement  
 
In 1890, people began measuring rainfall in Hanoi, in 1905 in Tuyen Quang, Ha Giang, Phu 
Lien, Lao Cai, etc., in 1911 in Nam Dinh, Sa Pha, etc., and by 1920 a new expanded network 
of stations existed which measured in the delta provinces and some important mountainous 
areas. By 1940, there were about 110 stations in the Red River basin of Vietnam. However, 
almost all of those stations stopped operating between 1946 and1954. After 1954 and 
especially in the 1960s, the network of meteorological climate stations was restored and 
expended in the interest of controlling floods and developing the Red River. The number of 
stations increased rapidly from 87 stations in 1939 to 303 stations in 1960. However, after 
1985 a number of stations were not continuously monitoring. Currently, there are about 275 
rainfall measuring stations, including 83 meteorological climate stations [5, 9]. 

 
2.5.1. Evaporation  
 
By region: 
— The Chinese Red River basin has a large average amount of evaporation (according to 
1961–1963 data). Its distribution is as follows: Thao River source in Nguy Son: 2170 mm/a, 
Lam Binh: 2226 mm/a, Mong Tu: 2362 mm/a, Khai Hien: 2502 mm/a, Ha Khau: 1494 mm/a; 
Da River resources: Mac Giang: 1780 mm/a, Giang Thanh: 1417 mm/a; Upper Lo River: Van 
Son: 2000 mm/a. 
  
— The Vietnamese Red River basin has a small average amount of evaporation (the region 
with the smallest amount of evaporation in Vietnam): In the north-east, it ranges from 660–
1150 mm/a, Viet Bac: 500–860 mm/a, Thai Nguyen: 730–980 mm/a, midland: 560–1,050 
mm/a, and Delta is 700–990 mm/a. These values are small when compared with other regions 
in central and southern Vietnam.  
 
By time consideration: 
 
Evaporation is low in the cold and moist months and higher in the hot and dry months such as 
March in the north-west, May in Viet Bac and July in the northern Delta. For more detail see 
Table 2.3 
 
 
TABLE 2.3. AVERAGE EVAPORATION PER MONTH AND YEAR IN THE REGION 
OF THE RED RIVER BASIN (1960–2000) 

Unit: mm 

No Name of station 
Month 

Year 
I II III IV V VI VII VIII IX X XI XII 

No
rth

we
as

t 
ar

ea
 

Lai Châu 72.0 88.9 119.6 111.6 93.3 56.6 52.7 56.4 62.9 65.3 58.0 58.3 895.6 
Sơn La 66.9 83.7 114.2 108.6 96.6 66.2 61.3 51.5 55.4 62.1 56.6 61.0 884.1 
Hoà Bình 50.0 48.0 57.0 65.6 84.9 81.3 80.9 63.5 59.8 60.9 55.6 55.1 762.6 
Yên Châu 87.9 104.4 141.3 133.0 129.9 90.4 78.8 62.5 63.9 68.0 67.5 75.7 1103.3 



No Name of station 
Month 

Year 
I II III IV V VI VII VIII IX X XI XII 

Mộc Châu 56.2 62.5 89.8 102.2 112.0 89.2 86.2 62.8 58.8 63.0 55.8 56.2 894.7 
Mường Tè 43.7 58.2 81.6 78.7 74.2 48.7 46.5 49.8 53.7 51.3 41.9 38.1 666.4 
Than Uyên 68.9 77.4 104.5 100.1 98.3 70.7 65.0 70.1 93.3 96.2 74.2 72.8 991.5 
Mù Căng Chải 80.4 102.8 140.3 134.8 107.3 33.0 60.4 58.5 70.7 79.8 74.9 75.8 1051.7 
Quỳnh Nhai 57.1 69.0 88.5 89.0 86.2 67.0 61.6 58.7 58.7 63.6 55.0 53.5 807.9 
Sìn Hồ 47.2 71.1 108.5 90.6 68.0 42.1 41.1 39.5 43.2 44.5 34.9 38.2 668.9 
Average 63.0 76.6 104.5 101.4 95.1 67.8 63.5 57.3 62.0 65.5 57.4 58.5 872.7 

Vi
et 

 B
ac

 ar
ea

 

Sa Pa 60.3 78.8 117.6 105.5 94.2 71.1 70.8 56.4 42.1 37.1 36.8 55.5 826.2 
Yên Bái 40.3 35.7 40.5 50.5 77.3 72.9 69.4 64.2 62.5 63.3 52.8 48.8 678.2 
Lào Cai 52.0 57.6 78.5 84.3 98.9 76.0 72.8 70.9 64.1 59.6 50.0 50.3 815.0 
Hà Giang 49.1 54.3 74.4 86.4 102.9 80.8 74.7 72.1 77.7 77.5 62.5 54.6 867.0 
Bắc Quang  33.8 37.9 49.3 55.7 70.7 60.5 61.6 59.4 59.0 54.8 44.5 39.6 626.8 
Tuyên Quang 48.8 47.2 55.2 66.4 90.7 76.1 78.6 62.9 62.5 62.0 55.0 54.9 760.3 
Bắc Hà 31.2 32.9 47.7 56.7 70.4 58.3 56.4 49.2 49.3 50.0 39.3 36.3 577.7 
Nghĩa Lộ 53.3 53.9 70.0 72.8 83.4 75.1 78.5 63.9 57.2 58.5 56.5 55.1 778.2 
Phú Hộ 55.2 493.9 54.7 70.7 101.2 95.4 94.2 74.3 75.3 81.3 71.7 64.6 888.5 
Phó Bảng 48.1 52.6 71.3 78.6 79.0 61.5 55.6 58.2 60.9 62.3 50.6 50.4 729.1 
Lục Yên 38.0 40.2 49.7 58.6 81.9 72.5 73.1 66.4 63.3 61.3 51.0 44.2 700.2 
Bảo Lạc 53.2 63.2 92.6 103.3 106.8 78.8 74.8 65.9 66.0 60.7 51.9 50.9 868.0 
Chợ Rã 51.1 57.3 71.4 76.5 86.0 69.3 66.1 59.6 62.2 57.8 50.5 50.7 758.5 
Chiêm Hoá 41.9 43.1 53.0 62.6 83.2 70.2 66.1 55.9 58.9 57.0 48.0 46.4 686.3 
Average 46.9 50.3 66.1 73.5 87.6 72.7 70.9 62.8 61.5 60.2 51.5 50.2 754.3 

No
rth

Ea
st-

 M
idl

an
 Thái Nguyên 75.0 64.1 62.7 66.4 99.9 94.6 93.5 77.8 84.2 94.2 88.1 85.0 985.5 

Bắc Giang 78.3 63.9 62.3 67.4 100.3 101.4 110.0 84.0 81.7 88.5 88.4 85.7 1011.9 
Sơn Động 71.4 61.8 73.4 88.2 112.3 94.4 94.2 69.0 68.4 75.9 75.8 76.4 961.2 
Tam Đảo 37.4 24.6 29.0 32.7 54.1 49.1 48.1 42.7 55.3 67.9 66.2 54.4 561.5 
Bắc Cạn 55.8 54.4 58.1 60.5 78.4 66.5 61.3 55.8 61.1 65.7 59.8 57.9 735.2 
Average 63.6 53.8 57.1 63.0 89.0 81.2 81.4 65.9 70.1 78.4 75.7 71.9 851.1 

Pl
ain

 

Sơn Tây 57.1 50.9 55.2 60.9 84.8 83.6 87.5 68.5 65.4 72.0 66.3 68.9 821.1 
Hà Nội 71.4 59.7 56.9 65.2 98.6 97.8 100.6 84.1 84.4 95.6 89.8 85.0 989.1 
Phủ Lý 59.1 44.0 43.2 52.8 84.3 90.3 102.0 74.2 68.5 78.3 76.2 72.9 845.8 
Nam Định 55.2 40.9 39.4 50.7 86.8 92.9 104.7 77.5 69.4 79.3 72.4 66.7 835.9 
Hải Dương 75.9 56.7 52.9 59. 89.6 96.1 109.9 80.9 81.2 93.9 94.0 90.0 983.1 
Hưng Yên 66.5 49.4 46.2 53.9 84.9 96.1 109.9 80.9 81.3 93.9 97.0 90.0 949.9 
Ninh Bình 57.4 40.2 38.2 50.6 86.2 97.1 1063.8 75.0 70.4 81.6 76.0 72.2 851.7 
Thái Bình 58.5 41.5 40.1 50.6 88.4 98.4 116.0 77.2 69.1 79.1 80.6 71.4 870.9 
Phù Liễn 54.7 34.5 31.8 38.8 62.4 65.7 70.8 55.9 63.8 76.2 75.2 68.2 698.0 
Average 61.8 46.4 44.9 53.6 85.1 90.9 100.9 74.9 72.6 83.3 81.2 76.1 871.7 
 58.8 56.8 68.2 72.9 89.2 78.2 79.2 65.2 66.6 71.9 66.4 64.2 837.4 

 
2.5.2. Precipitation 
The amplitude of rainfall change rapidly when compared to other meteorological factors; 
minimum and maximum values have 2–3 time difference. In this basin, rainfall varies from 
1200–2000 mm, with an average value of 1800 mm/a. Annual rainfall changed strongly from 

233



1200 to 4800 mm (among the highest in the world), creating plenty of water resources in the 
Red River–Thai Binh River basin; see Tables 2.4 and 2.5. 
 
2.5.3. Surface water and groundwater 
Data on water levels and water volume from six surface water stations between 2000 to 2008 
were collected (see Fig. 2.4 and Table 2.6). The fluctuating amplitude of water levels shows 
that the highest water volumes occurred in July, while the minimum was seen during spring 
and autumn. Six years of monitoring data from 10 wells can be seen in Figs 2.5 and 2.7. 
When comparing groundwater and surface water levels of the Red River, see Figs 2.6, and 
2.7, which show that the river water level is always higher than the groundwater of qh and qp 
aquifers in the delta. It reveals that in most of the Red River delta, Red River water recharges 
to groundwater. There is no baseflow to the river. 
 

TABLE 2.4. ANNUAL RAINFALL Xo AND EQUIVALENT RAINFALL OF MAJOR 
STATIONS IN VIETNAM  

Unit: mm 

• No Station Xo Cv Cs 
P% 

50 75 80 85 90 

1 Mường Tè 2452 0.14 0.49 2480 2237 2173 2096 1996 

2 Sìn Hồ 2734 0.12 0.36 2175 2504 2454 2398 2329 

3 Lai Châu 1976 0.23 -1.38 2075 1752 1657 1537 1373 

4 Than Uyên 2012 0.15 -0.30 2027 1817 1763 1699 1616 

5 Sơn La 1408 0.16 0.26 1398 1249 1219 1173 1123 

6 Mộc Châu 1589 0.18 0.18 1581 1392 1346 1294 1228 

7 Hoà Bình 1909 0.19 0.19 1890 1661 1584 1546 1470 

8 Lào Cai 1737 0.19 0.34 1719 1506 1456 1398 1328 

9 Sa Pa 2835 0.14 0.21 2820 2552 2487 2412 2320 

10 Yên Bái 2102 0.19 0.39 2076 1817 1756 1687 1602 

11 Lục Yên 2117 0.18 0.36 2094 1849 1791 1726 1645 

12 Hà Giang 2472 0.16 0.32 2451 2195 2134 2865 1980 

13 Bắc Quang 4777 0.17 0.42 4729 4204 4108 3917 3774 

14 Tuyên Quang 1650 0.16 0.16 1643 1464 1421 1371 1308 

15 Thái Nguyên 2046 0.19 -0.57 2084 1807 1733 1674 1527 

16 Bắc Cạn 1603 0.17 0.34 1588 1412 1370 1323 1265 

17 Phú Hộ 1738 0.19 1.64 1655 1502 1474 1445 1416 

18 Bắc Giang 1558 0.20 0.40 1537 1338 1292 1239 1174 

19 Sơn Động 1543 0.19 0.38 1525 1337 1293 1243 1181 

20 Bảo Lạc 1254 0.15 -0.17 1260 1130 1097 1059 1010 



• No Station Xo Cv Cs 
P% 

50 75 80 85 90 

21 Nam Định 1753 0.20 0.04 1730 1506 1433 1394 1321 

22 Thái Bình 1780 0.23 0.81 1725 1483 1430 1372 1303 
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TABLE 2.5. MONTHLY AND YEARLY AVERAGE RAINFALL OF REGIONS IN THE 
RED RIVER BASIN (1960–2000) 

Unit: mm 

No Station 
Month 

year 
I II III IV V VI VII VIII IX X XI XII 

No
rth

we
st 

ar
ea

 

Lai Châu 22.6 41.7 58.0 130.0 263.1 407.7 419.1 345.4 161.1 76.5 46.1 19.9 1991.2 
Sơn La 16.9 25.7 42.0 117.1 172.1 257.8 276.1 265.4 153.0 59.2 34.2 12.4 1431.9 
Hoà Bình 14.7 20.9 34.1 94.8 239.3 257.3 322.1 333.0 325.0 185.0 51.6 11.8 1889.6 
Yên Châu 10.8 18.0 32.2 100.3 138.9 194.8 200.5 267.0 145.2 69.7 25.0 8.7 1211.1 
Mộc Châu 14.4 22.3 35.6 98.6 167.1 228.1 264.5 321.0 248.9 118.5 30.7 11.0 1560.7 
Mường Tè 23.9 29.5 52.1 122.8 257.0 439.7 620.2 458.8 198.3 110.9 75.3 26.3 2414.8 
Than Uyên 28.9 40.9 57.7 159.1 225.8 386.9 444.1 385.1 154.9 75.9 39.6 17.7 2016.6 
Mù Căng Chải 26.5 35.6 53.7 135.5 220.1 353.7 375.8 322.4 153.7 73.3 38.2 18.3 1806.8 
Quỳnh Nhai 26.8 36.8 51.9 142.8 200.2 300.8 322.6 327.4 168.9 76.6 47.0 19.8 1721.6 
Sìn Hồ 38.8 43.0 70.1 183.4 317.4 492.0 587.0 480.2 259.5 144.7 86.3 34.9 2737.3 
Average 22.4 31.4 48.7 128.4 220.1 331.9 383.2 350.6 196.9 99.0 47.4 18.1 1878.2 

Vi
et 

Ba
c A

re
a 

Sa Pa 56.5 80.9 107.6 199.7 357.7 336.4 460.4 464.6 331.5 214.5 115.4 52.9 2778.1 
Yên Bái 32.1 48.8 78.5 130.8 228.0 300.0 343.1 378.8 295.7 169.2 59.5 25.1 2098.6 
Lào Cai 19.7 34.9 56.5 118.9 206.8 235.3 292.5 333.6 239.3 123.4 54.4 23.8 1739.1 
Hà Giang 36.0 44.8 52.5 116.9 304.5 435.1 531.1 413.3 251.8 149.6 101.7 30.2 2467.5 
Bắc Quang  64.5 67.4 82.4 213.8 712.7 840.3 849.9 582.5 405.1 314.9 158.4 68.7 4360.6 
Tuyên Quang 21.1 31.7 45.2 102.9 217.2 257.6 280.5 305.4 207.1 111.8 44.4 18.1 1643.0 
Bắc Hà 18.4 26.6 45.7 120.1 171.8 246.8 319.4 356.6 224.1 122.8 57.5 18.9 1728.7 
Nghĩa Lộ 15.2 22.8 37.3 96.0 152.5 226.6 227.6 317.2 261.6 130.0 31.8 10.1 1528.7 
Phú Hộ 31.2 40.8 51.9 110.6 206.5 243.5 295.4 318.0 226.6 153.1 53.8 23.9 1755.3 
Phó Bảng 12.2 15.6 31.0 68.4 183.5 262.9 262.5 250.1 131.1 87.9 50.8 19.7 1375.7 
Lục Yên 33.1 45.5 66.1 141.0 216.8 301.8 363.7 395.4 282.4 166.8 60.7 30.0 2103.3 
Bảo Lạc 14.7 24.6 36.2 76.2 165.0 203.6 228.7 241.8 111.3 79.1 48.6 16.7 1246.5 
Chợ Rã 11.8 22.5 34.1 94.5 185.4 238.5 245.7 269.8 146.1 72.4 37.2 15.7 1373.7 
Chiêm Hoá 25.9 29.3 49.8 139.8 226.6 286.4 274.3 303.8 166.9 119.7 56.0 20.8 1699.3 
Average 28.0 38.3 55.3 123.5 252.5 315.3 355.3 352.9 234.3 143.9 66.4 26.8 1992.7 

No
rth

est
-m

idl
an

d 

Thái Nguyên 22.2 35.6 56.7 120.2 236.3 253.4 401.9 385.3 238.4 119.1 44.8 21.5 1935.4 
Bắc Giang 20.4 28.5 44.3 100.4 201.9 219.2 269.4 303.6 201.4 105.2 38.1 17.4 1549.8 
Sơn Động 15.2 24.6 35.8 101.8 188.5 225.1 302.4 306.6 198.3 119.8 29.1 15.7 1562.9 
Tam Đảo 39.4 43.2 69.4 149.5 240.7 346.9 462.5 575.2 372.8 236.2 90.1 36.8 2662.7 
Bắc Cạn 18.1 33.8 46.2 112.6 188.7 289.1 309.6 312.2 161.5 72.2 37.4 17.4 159838 
Average 23.1 33.1 50.5 116.9 211.2 266.7 349.2 376.6 234.5 130.5 47.9 21.8 1861.9 

Pl
ain

 

Sơn Tây 20.3 25.4 37.8 103.2 229.1 261.9 308.7 321.5 260.3 169.4 56.8 16.7 1811.1 
Hà Nội 18.5 27.2 44.5 91.0 191.5 243.7 290.9 316.3 258.7 135.6 53.1 17.5 1688.5 
Phủ Lý 21.9 24.5 45.9 82.5 174.6 237.9 228.0 295.8 312.1 235.3 67.4 30.0 1755.9 
Nam Định 27.0 35.0 50.5 78.4 177.2 189.6 231.4 318.2 336.7 203.1 65.0 28.4 1740.5 
Hải Dương 19.6 26.6 42.8 94.3 197.9 222.2 234.6 285.0 216.8 144.9 45.1 19.0 1548.8 
Hưng Yên 24.4 33.8 44.7 85.0 167.8 233.9 260.2 316.2 277.0 188.6 62.6 24.0 1718.2 
Ninh Bình 23.5 34.9 52.0 79.5 172.0 220.0 223.9 307.2 365.4 244.8 65.5 31.6 1820.3 
Thái Bình 26.0 31.5 46.9 81.2 172.4 198.2 228.8 326.9 339.7 233.0 72.5 22.6 1779.7 
Phù Liễn 25.1 34.5 46.7 88.6 203.7 241.2 270.9 346.2 288.2 150.6 47.7 21.8 1765.2 



No Station 
Month 

year 
I II III IV V VI VII VIII IX X XI XII 

Average 22.9 30.4 45.8 87.1 187.4 227.6 253.0 314.8 295.0 189.5 59.5 23.5 1736.5 
Basin Average 24.1 33.3 50.1 114.0 217.8 285.4 335.2 348.7 240.2 140.7 55.3 22.5 1867.3 

 

 
TABLE 2.6. WATER VOLUME OF THE RED RIVER AT LAOCAI GAUGE FROM 2000 
TO 2008 (m3/s) 

Month 1 2 3 4 5 6 7 8 9 10 11 12 
Year/ 
Mean 

2000 
  
  

Mean 427 450 365 322 564 847,0 1460 1240 1090 757 569 434 712 

Max  739 773 565 610 1190 1700 3800 1870 1890 1260 1230 1000 3800 

Min 377 313 264 214 297 455 689 906 749 569 430 341 214 

2001 
  
  

Mean 316 292 292 211 681 1850 1600 1370 1080 1080 1130 596 878 

Max  645 979 502 748 1890 6280 3350 2490 1490 2500 2140 695 6280 

Min 272 236 215 122 212 929 1180 959 854 719 695 522 122 

2002 
  
  

Mean 489 419 382 334 841 769 1200 2130 950 800 544 507 785 

Max  724 619 738 601 1890 1570 2060 4050 1290 1490 692 937 4050 

Min 431 361 309 281 309 505 87,6 1240 801 580 478 424 87,6 

2003 
  
  

Mean 576 374 341 295 402 873 902 1100 1090 608 396 318 608 

Max  1440 529 593 620 859 1640 1800 1860 1690 943 588 398 1860 

Min 398 316 279 243 222 372 517 724 733 497 330 285 222 

2004 
  
  

Mean 283 238 208 421 631 769 1090 1230 1160 672 451 401 631 

Max  414 266 353 1340 2330 1380 2270 2300 2870 890 696 605 2870 

Min 248 213 188 184 201 518 534 900 864 502 395 342 184 

2005 
  
  

Mean 236 158 200 160 137 345 804 1170 745 470 363 225 420 

Max  502 170 702 389 399 875 1710 2350 1480 887 794 567 2350 

Min 168 144 141 132 128 131 342 508 429 263,0 205,0 169 128 

2006 
  
  

Mean 193 160 140 126 161 281 826 642 360 985 278 167,0 363 

Max  258 181 157 177 712 1150 2550 1780 981 3920 441 182 3920 

Min 166 147 127 123 124 141 404 311 209 197,0 184,0 153 123 

2007 
  
  

Mean 193 192 141 168 414 401 1220 1790 1250 693 417 192 363 

Max  217 268 154 306 2900 1080 2710 4050 2260 1200 1030 256 4050 

Min 178 154 135 130 139 187 406 1090 740 429 252 141 130 

2008 
  
  

Mean 189 188 189 170 323 815 1150 1530 964 584 1180 373 363 

Max  411 300 254 382 873 1870 1980 6550 1810 968 4640 499 6550 

Min 164 167 129 127 151 270 622 741 564 373 475 254 127 
Source: Center of Meteorology and Hydrology, Vietnam 
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a) 

 
b) 

                                   
 

FIG. 2.4. Monthy water fluxes of the Red River at the Laocai gauge (m3/s), 
a) in 2000, b) in 2008. 

 
a) 

 
b) 

 
 
FIG. 2.5. Monthy water fluxes of the Red River at Yenbai gauge (m3/s), (a) in 2000; (b) in 2008. 
 
2.6. River network 
 
The Red River basin is the largest river basin in the north of Vietnam. It is formed by the Red 
River systems, covering a total area of 46541 km2 in Vietnam (not counting the Da River 
basin). 
 
There are five major estuaries originating from Yunnan province, China: Li Tien, Dang Dieu, 
Nguyen, Ban Long, and Pho Mai Rivers. After flowing into Vietnam’s territory, they 
constitute three major branches: Da River, Thao River, and Lo-Gam River. These three 
branches meet at Viet Tri, called the Red River. When it flows into the plains, many branches 
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join from both the left and right banks. Currently, Duong, Luoc, and Tra Ly rivers enter from 
the left bank, while the Dao, Nam Dinh and Ninh Co rivers join from the right bank. 
 
a)  

 
b) 

 
            FIG. 2.6. Monthy water elevation of the Red River at Baoyen gauge (m),(a) in 2000, (b) in 2008. 
a) 

 
b)    

Max Min

W
at

er
 e

le
va

tio
n 

(c
m

)  

Month 

Max Min

W
at

er
 e

le
va

tio
n 

(c
m

)  

Month 

Max Min

W
at

er
 e

le
va

tio
n 

(c
m

)  

Month 

239



 
 

          FIG. 2.7. Monthy water elevation of the Red River at Yenbai gauge (m),(a) in 2000, (b) in 2008. 
 
Some major upstream characteristics of the basin include:  
 
— The Thao River branch: originating from north-western pole at 25o30’N and 100o15'E and 
higher than 1770 m. The starting point in Chinese territory is called the Yuan River (640 km 
length, 39840 km2 basin area). Yuan River flows into Vietnam in Lao Cai and inform the 
north-west to the south-east, and it is known as the Thao River (270 km in length, the basin 
area in Vietnam is 7958 km2, and it flows in from the right side). The Thao is fed by the Da, 
Lo Gam at Viet Tri and flows into the East Sea, also called the Red River. The Thao River 
flows straight, less snaking and with a high river bed slope. 
 
The branches of the Thao River are often short and steep, running almost perpendicular to the 
main stream, small branches in left bank, some large branches as Ngoi Nhi with 1543 km2 
area, Ngoi Thia (in China and Vietnam) with 15 770 km2 area. Whole basin area (both in 
China and Vietnam) to VietTri is 51 800km2, 902 km length. 
 
— Lo River: It is derived from the Van Quy plateau in China, flows into Vietnam at Thanh 
Thuy (Ha Giang) and joins with the Red River at Viet Tri. This river is 464 km length, which 
354 km in Vietnam. Basin area of the entire Lo-Gam River is 39 040 km2 in which 
22 120 km2 in Vietnam, take 58% of the whole basin. Mainstream of Lo River in the China’s 
territory called Ban Long, flows into Vietnam at Thanh Thuy. This river flows in Northwest – 
Southeast direction, to Ha Giang town is changed to the North - South. The upstream river is 
narrow and steep with many falls. Form the confluence with Gam River (10 km far from 
Tuyen Quang upstream) to VietTri, river-bed expended, its slope decreases. Lo River has 
many large branch, distributed in fan shape as Gam River, Chay Rivers, and Pho Day River, 
the whole system is called Lo-Gam River. 

 

— Gam River: originated from Van Son, China, flowing into Vietnam, in Dong Van (Ha 
Giang). Gam River in the territory of China called Pho Mai flowing into Vietnam, which the 
first part named Nho Que River, next part known as Gam River. Like the Lo River, Gam 
River is narrow, steep lot of falls, as the lower slope and larger river-bed as approaches to 
downstream. Gam River is the left branch of the Lo River, total length of 297 km of which 
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217 km located in the territory of Vietnam. Basin river area is 17 200 km2, located in the 
territory of Vietnam is 9780 km2. 
 
— Chay River: The second largest tributary of Lo River, right side. Originating from Ha Tac 
Mountain pass, Hoang Su Phi district, Ha Giang Province; joins with Lo River at Van Cuong, 
Doan Hung, Phu Tho. It flows in northwest – southeast direction, almost parallel to the Thao 
River upstream, and many branches in blade of fan. The river has a length of 295 km; basin 
area of 6500 km2, including a part located in China with area of 1920 km2, basin area located 
in the territory of Vietnam is 4580 km2. Currently Thac Ba reservoir has built in Chay River 
with 2.6 billion m3 capacity, power capacity of 108 MW. Flood capacity power is 
450 million m3.  
 
— Pho Day River: The left estuary of Lo River can be seen as quite independent of the Lo 
river, is originating from Cho Don district, Bac Kan Province. This river flows in North-
South direction, joins with Lo River in Viet Tri (2 km far from the estuary), 170 km in length, 
basin area of 1610 km2. 
 
Branches of the lower Red River.  
 
— Mainstream of Red River: Red River flows northwest - southeast from the junction of Viet 
Tri to Hanoi and in northeast – southwest from Hanoi to Ba Lat estuary (East Sea), 237 km in 
length. There are following estuaries:  
 
— Day River: Formerly known as Red River estuary. Day River originates from the Day dam 
flows in North - South into the East Sea at Day river mouth (Kim Son - Ninh Binh). The river 
has a length of 240 km, basin area of 5800 km2. Day River has two tributaries on the right 
bank named Tich and Hoang Long River; on the left bank are Nhue and Chau Giang River. 
Day River upstream is narrow and low. In dry season, there is a little water from Ba Tha 
flows into downstream. The Tich, Ha Thanh River and other rivers add water into it. The 
lower Day River is connected with the Red River via Dao Nam Dinh River at Doc Bo. 
 
— Duong River: Originates from Thuong Cat River, flows into Thai Binh River at the Pha 
Lai, It is 67 km in length, large slope, river bed in the first part is 200–300 m wide, but 
expends as moves downward with the average width of 1000–1500 m. It is also very deep; 
depth of the river bed is around 4–10 m. So that, every year a large amount of water about 
27 km3 can be flown from Red River to Thai Binh River, especially in flood season, flood 
often occurs in the lower Thai Binh River. 
 
— Luoc River: Originates from Tan Hung-Tien Lu - Hung Yen and flows into Thai Binh 
River at Qui Cao. This river is 72.4 km in length with small slope, the average width is 300-
400 m . River-bed altitude is about 1–5 m. About 8.5 km3 water transfers from the Red River 
to the Thai Binh River.  
 
—Tra Ly River originates from Hung Ha - Thai Binh, moves down to the sea at Tra Ly river 
mouth after. It is 64 km in length. 
 
— Dao Nam Dinh River: Originates from Tam Phu and flows into the Day River at Doc Bo 
(left bank of Day River) after covering a distance of 30 km (length). It transfers water from 
the Red River to Day River in Dry season with an average flow of 250–300 m3/s.  
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— Ninh Co River: Originates from Mom Ro estuary down to the sea at Ninh Co River mouth 
(Nghia Phuc) and it is 52.8 km in length. As a natural branch of the Red River, it transfers 
water to the coastal delta areas of Nam Dinh Province. 

 
3. METHODOLOGY AND BASEFLOW ANALYSIS AND ESTIMATION 

 
Calculation of baseflow using hydrographs' separation approach has been popular for more 
than 100 years and is still one of the most common techniques used in hydrology. Besides 
that, there are many techniques for separating baseflow. In this study, the three methods used 
for analysis and estimation are as given below:  
 
3.1. Hydrograph analyses [2, 5, 16, 19] 
 
This method assumes that baseflow responds to a storm event concurrently with surface 
runoff (curve a–b–c in Fig 3.1). The other one accounts for the effect of bank storage and 
assumes that the baseflow recession continues even after the surface runoff starts rising 
(curve a–d–e–c in Fig. 3.1).  
 

 
FIG. 3.1. River flow and baseflow hydrographs. 

 
The general shape of a baseflow hydrograph accounts for the effect of bank storage. The 
three steps for the analysis of baseflow hydrograph are: (1) baseflow recession continues after 
the rise of the total hydrograph due to the initial outflow from the stream into the adjacent 
banks (curve a–d); (2) baseflow attains peak value later than the total hydrograph peak due to 
the storage-routing effect of the subsurface storage (curve d–e); (3) the baseflow recession 
continues (curve e–c) and rejoins the total hydrograph as surface runoff ceases, which most 
likely follows an exponential decay function. The point 'd' is often assumed to occur under 
the hydrograph peak and point e represents where the groundwater recession curve coincides 
with the timing of the hydrograph inflection point . Until now, techniques for identifying the 
baseflow peak time and the end of surface runoff are empirical and arbitrary. The results of 
baseflow analysis of Red River basin at Laocai and Yenbai gauges using this method are 
shown in figures 3.2, 3.3 and 3.4 and table 3.1, 3.2. The table 3.3 and figure 3.5 show the 
baseflow data and pattern of section from Laocai to Yenbai.  
  



a) 

 
 
b)  

 
 

FIG. 3.2. Red River flow and baseflow hydrographs from a) Laocai gauge, b) Yenbai gauge. 
 
TABLE 3.1. BASEFLOW CALCULATION RESULTS OF THE RED RIVER AT LAOCAI 
USING THE HYDROGRAPH METHOD (m3/s) 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

2000 322.00 322.00 322.00 322.00 319.27 316.55 313.82 311.09 308.36 305.64 302.91 300.18 

2001 297.45 294.73 292.00 295.23 298.46 301.69 304.92 308.15 311.38 314.62 317.85 321.08 

2002 324.31 327.54 330.77 334.00 330.75 327.50 324.25 321.00 317.75 314.50 311.25 308.00 

2003 304.75 301.50 298.25 295.00 287.09 279.18 271.27 263.36 255.45 247.55 239.64 231.73 

2004 223.82 215.91 208.00 203.45 198.91 194.36 189.82 185.27 180.73 176.18 171.64 167.09 

2005 162.55 158.00 151.00 144.00 137.00 136.00 135.00 134.00 133.00 132.00 131.00 130.00 

2006 129.00 128.00 127.00 126.00 127.36 128.73 130.09 131.45 132.82 134.18 135.55 136.91 

2007 138.27 139.64 141.00 143.23 145.46 147.69 149.92 152.15 154.38 156.62 158.85 161.08 

2008 163.31 165.54 167.77 170.00 195.38 220.75 246.13 271.50 296.88 322.25 347.63 373.00 

Medium 229.50 228.09 226.42 225.88 226.63 228.05 229.47 230.89 232.31 233.73 235.14 236.56 
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FIG. 3.3. Estimated baseflow in the Red River using the hydrograph method at Laocai gauge station (m3/s). 
 

TABLE 3.2. BASEFLOW CALCULATION RESULTS OF THE RED RIVER AT YENBAI 
USING THE HYDROGRAPH METHOD (m3/s) 

Month 1 2 3 4 5 6 7 8 9 10 11 12 
2000 330.00 330.00 330.00 330.00 323.00 316.70 309.70 302.70 295.70 288.70 281.70 274.70 

2001 267.70 267.00 262.33 253.00 261.00 269.00 277.00 285.00 293.00 301.00 309.00 317.00 

2002 325.00 333.00 291.00 289.92 288.83 287.75 286.67 285.58 284.50 283.42 282.33 281.25 

2003 280.17 278.00 250.00 222.00 220.11 218.22 216.33 214.44 212.56 210.67 208.78 206.89 

2004 205.00 190.50 176.00 176.09 176.18 176.27 176.36 176.45 176.55 176.64 176.73 176.82 

2005 176.91 177.00 177.21 177.43 177.64 177.86 178.07 178.29 178.50 178.71 178.93 179.14 

2006 179.36 179.57 179.79 180.00 178.09 176.18 174.27 172.36 170.45 168.55 166.64 164.73 

2007 162.82 160.91 159.00 168.33 177.67 187.00 196.33 205.67 215.00 224.33 233.67 243.00 

2008 252.33 261.67 271.00 292.44 313.89 335.33 356.78 378.22 399.67 421.11 442.56 464.00 

Medium 242.14 241.96 232.93 232.13 235.16 238.26 241.28 244.30 247.32 250.35 253.37 256.39 
 
 

 
 
FIG. 3.4. Baseflow calculation result of the Red River using the hydrograph method. at Yenbai gauge (m3/s) 
 
TABLE 3.3. BASEFLOW CALCULATION RESULTS OF THE RED RIVER SECTION 
FROM LAOCAI TO YENBAI USING THE HYDROGRAPH METHOD (m3/s) 

 
Month 1 2 3 4 5 6 7 8 9 10 11 12 

Laocai 229.50 228.09 226.42 225.88 226.63 228.05 229.47 230.89 232.31 233.73 235.14 236.56 

YenBai 242.14 241.96 232.93 232.13 235.16 238.26 241.28 244.30 247.32 250.35 253.37 256.39 

Baseflow 12.65 13.87 6.50 6.26 8.53 10.21 11.81 13.41 15.02 16.62 18.23 19.83 

 
 

m
3/

s 

1 2

Month 
m

3/
s 

1 2

Month 



 
 

FIG. 3.5. Baseflow calculation result of the Red River from Laocai to Yenbaiusing the hydrograph method 
(m3/s).  

 
3.2. Baseflow simulation using flow rate data of springs of geologic formations [5, 22] 

To improve the accuracy of the analysis of baseflow chart elements to the river, we can use 
monitoring of springs and calculate flow module of baseflow for each formation in the basin 
(equation 3.1). In this study, we have used the groundwater flow data of springs located in the 
different geologic formations (table 3.4) for calculating baselow in the Red River basin 
including Thao, Lo and Gam catchment (table 3.4 and figure 3.6). The geologic formations 
were categorised into three main categories such as limestone, sediment stone and deluvial 
and alluvial sediments (figure 3.7). 

Q(t) = Q0 Ad            (3.1) 

where: Q (t) is the baseflow of the geologic formation to river at the time t (l/s); 
            Q0(t) is the groundwater module at the time t (l/s/km2); 

       Ad  is the basin area (km2); 
       t is the time measurement (day) 

 
TABLE 3.4. THE GROUNDWATER FLOW OF THE THREE MAIN GEOLOGIC 
FORMATIONS IN THE RED RIVER BASIN (l/s/km2) 

Month 1 2 3 4 5 6 7 8 9 10 11 12 
Sandstone 1.63 0.74 0.34 0.22 0.38 1.19 1.56 5.96 6.17 8.13 7.36 4.16 
Limestone 0.59 0.29 0.20 0.13 0.20 0.48 0.99 2.07 2.14 2.80 2.54 1.57 
Alluvium 12.94 6.96 3.82 1.76 4.12 8.24 15.98 35.78 43.92 46.67 34.51 20.69 
Average 5.06 7.99 4.37 2.11 4.69 9.90 18.53 43.81 52.23 57.60 44.42 26.41 

 
TABLE 3.5. THE BASEFLOW OF THE THREE MAIN GEOLOGIC FORMATIONS 
IN THE RED RIVER BASIN (m3/s/km2) 

Month 1 2 3 4 5 6 7 8 9 10 11 12 
Sandstone 14.30 6.50 3.00 1.90 3.30 10.40 13.70 52.22 54.00 71.20 64.50 36.40 

Limestone 15.2 7.30 5.10 3.40 5.10 12.20 25.30 52.90 54.85 71.80 65.10 40.10 

Alluvium 13.2 7.1 3.9 1.8 4.2 8.4 16.3 36.5 44.8 47.6 35.2 21.1 
Average 14.23 6.97 4.00 2.37 4.20 10.33 18.43 47.21 51.22 63.53 54.93 32.53 

 
 

m
3/

s 
1 2

Month 

245



 
 
FIG. 3.6. Baseflow calculation result of the Red River from Laocai to Viettri; calculated from groundwater flow 

rate (m3/s).  
 

 
3.3. Models to estimate the contribution of baseflow to the total streamflow of the Red 
River using Isotope and CFC methods [1, 5, 10, 11, 12, 13, 14, 15, 17, 20, 21] 

3.3.1. Describe method 
 
Isotope: Let’s consider the streamflow of the Red River (QStr) in the study region to consist of 
two components:  
 
(a) Baseflow: QBsf = (1-x)*QStr   and   
 
(b) Surface run-off flow: QSro = x* QStr 
 
So   QStr = x* QStr  + (1-x)* QStr                                    (3.2) 
 
Based on the mixing model one can calculate “x” from data of constituents of respective 
flow, e.g. from the data of tritium/deuterium, as follows: 
 
              T(TU)Str  =  x TSro + (1-x) TBsf                               (3.3) 
or                                                  
               δ18OStr (‰)  = x δ18OSro + (1-x) δ18OBsf                                                             (3.4) 
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FIG. 3.7. Three mail geologic formations were separated for calculating baseflow(sandstone 8759 km2, 
limestone 25 610 km2, deluvial and alluvial sediment 1020 km2). 

 

CFCs: Groundwater samples from both Holocene and Pleistocene aquifers from 6 monitoring 
wells within the study area were collected into 100 ml capacity bottles by such a way that no 
air from the atmosphere could enter [IAEA, 2006]. All the samples collected were sent to the 
IAEA Isotope Hydrology Laboratory (Vienna) for the analyses of CFCs tracer gases, namely 
for CFC-11 (CFCl3), CFC-12 (CF2Cl2) and CFC-13 (C2F3Cl3).   

+ Residence time (age) of baseflow in the study region is estimated using the isotope model: 
 

]1)[(6 2/1 −=
r

p

A
A

T
π

                   (3.5) 

 
where T stands for the residence time of baseflow in months, Ap is the amplitude of δ18O in 
precipitation, i.e. the difference between the highest and lowest values of δ18O in 
precipitation, Ar is the same as for Ap but it stands for river’s water. 
 
From Table 1, one can deduce the values of Ap = –6.90 ‰, and Ar = –0.23 ‰. Substituting 
respective values to eq (4) the MRT obtained is: 
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3.3.2. Data and results  
 
Three types of water samples namely, precipitation, the Red River water and groundwater in 
the Red River delta, have consecutively been collected since 2004 to analyse for its isotopic 
composition. The precipitation samples were collected on the monthly basic using a device 
recommended by the IAEA. The samples were collected on the roof of the INST’s premises 
(21o02.721 N, 105o47.920 E). Each month on the predetermined day, the precipitation 
collected was poured out in a storage can then thoroughly mixed and 2 mL was pippeted into 
a special vial for the analysis of δ18O and δ2H. The rest amount was processed further to 
determine 3H. 
 
The Red River water was sampled along the river from Viet Tri city to Hanoi on the monthly 
basis, from the same places and on the same day when the precipitation was collected. 
Groundwater has taken from the Holocene aquifer, from wells of the national monitoring 
network in the west-northwest Hanoi. The samples were collected in the end of the dry 
season (Mar) and rainy season (Sep) each year. From each well 0.5 L groundwater has been 
taken following a standard procedure developed for the National programme of groundwater 
quality monitoring. Out of which 2 ml was pipetted off into a special vial for the stable 
isotopes analysis and the rest amount was processed further for 3H counting.  
 
The flow rate data of the Red River for the period from 2004 to 2008 was the result of the 
Hanoi Hydrological Monitoring Station that is consecutively monitoring the discharge of the 
River on the daily basic. Fig 3.8 depicts the hydrograph of the Red River (Hanoi) but the flow 
rate in the graph was averaged for each day in the year during the study period (5 years).  

 
FIG. 3.8.  Hydrograph of the Red River (Hanoi) for 2004–2008 (flow rate was averaged for each day of the five 

consecutive monitoring years). 
 

As it can be seen from Fig 3.8, during the years of the study (2004–2008), the rainy season 
starting from April (the day of 120) makes the flow rate of the River gradually increasing and 
the peak of the flow rate in July, on average, is of around 7000 m3/s. Fig 3.8 shows also that 
during the dry season (after Oct through April next year), the flow rate of the Red River at the 
Hanoi Station in the recent years could be down to as low as from 900 to 1000 m3/s. This data 
indicates that the Hoa Binh Dam constructed for hydroelectricity production since eighties 
last century, affects much on the streamflow of the Red River. During the 1970s, before the 
Dam was constructed, the flow rate of the River in the dry season was as high as 2000–2500 
m3s-1 and in July the value usually was 12 000 m3/s. 
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Fig 3.9 below depicts the seasonal variation of tritium activity in water of the Red River as 
recorded at the monitoring station (21001.837 N, 105o51.694E) during 5 consecutive years of 
2004– 2008. 
 
Fig 3.9 demonstrates that each year in July-August, tritium in the Red River water seems to 
be depleted so that its activity usually becomes lower compared to those in the dry season. 
The main source of tritium, nowadays is from the atmosphere as the residue of the bomb 
tritium during the early sixties, last century has decayed. Therefore, deposition (both wet and 
dry) contributes mainly tritium to water on the Earth. Thus, if there is light rain, then the 
content of tritium in the surface water could be enriched/high but if the rain is heavy, tritium 
in the atmosphere would be depleted and as a consequence surface water would contain lower 
tritium contents (Fig 3.10). Fig 3.9 shows that the 3H activity in the River’s water be as high 
as 5.5-5.0 TU in the early of the year but it decreases down to around 1.5-–2.0 TU during the 
rainy months making the average contents of tritium in the River water in the dry and rainy 
seasons during the study period and the study area to be 3.06 and 3.78 TU respectively.  
 

 
 
FIG. 3.9. The seasonal variation of tritium activity in water from the Red River at Hanoi station (21001.837N, 
105o51.694E) during the years 2004–2008. 

Figure 3.10 shows the variation of tritium activity in the precipitation collected 
consecutively in the Hanoi sampling station between 2004–2008. 
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FIG. 3.10. The variation of 3H in the precipitation collected in the Hanoi sampling station (2004–2008). 
 
 
The Fig 3.11 shows the seasonal variation of 18O composition (δ18O (‰) vs. VSMOW) in 
water of the Red River during three consecutive monitoring years (2004–2008) at the Hanoi 
station. 

 
   

FIG. 3.11. Variation of 18O isotope in water from the Red River between 2004–2008.  
 
Fig 3.12 depicts the Craig graph describing the relationship between δ2H and δ18O in 
precipitation, in the River water and groundwater in the Red River’s delta. 
 
As seen from Fig 11, the mean depletion of 18O in the River water in the dry season is -7‰, 
while in the rainy season, it is –9‰. This means that the sources of moisture causing 
precipitation in the region in two seasons are different. The variations of stable isotopic 
composition of the precipitation monitored in the Hanoi area also show highly enriched 
values of heavy isotopes. The δ18O composition in precipitation during the early part of a 
year varies from 0 to –2 ‰ vs. VSMOW (Fig 3.12) while in the rainy season, it depletes 
considerably (from –8 to –11‰, Fig 3.12). Aggarwal et al. [1] explained similar observation 
in the Southeast Asia due to different sources of moisture in two seasons.  
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FIG 3.12. The Craig graph (δD vs. δ18O) of precipitation, river water and groundwater in the Red River 
delta (2004 through 2008). 

 
 
Table 3.6 summarizes the data of tritium activity as well as δ18O for three types of water in 
the dry and rainy seasons as the input for the estimate of the contribution of baseflow in the 
study region  
 
TABLE 3.6. THE MEAN VALUES OF 3H AND δ18O OF WATER FROM THE RED 
RIVER, PRECIPITATION AND GROUNDWATER (HOLOCENE AQUIFER) IN THE 
RED RIVER DELTA, NORTH VIETNAM  
Monthly mean value of 3H activity (TU)  
a) Dry season (Oct through Apr next year) 
River water Precipitation Groundwater Surface run-off*, (x) Baseflow, (1-x) 
3.06 3.82 2.65 0.35 (35%) 0.65 (65%) 
b) Rainy season (May-Sep)     
River water Precipitation Groundwater   
3.78 4.25 2.73 0.69 (69%) 0.31(31%) 
Monthly mean value of δ18O, ‰   
a) Dry season (Oct through Apr next year) 
River water Precipitation Groundwater Surface run-off flow*, x Baseflow, (1-x) 
-8.41 -2.42 -11.02 0.31 (31%) 0.69 (69%) 
b) Rainy season (May-Sep)  
River water Precipitation Groundwater   
-8.18 -9.31 -6.03 0.66 (66%) 0.34 (34%) 
* Estimate was made based on the formula (3.3) and (3.4) 
+ The age of the baseflow estimated based on the CFCs data 
 
Table 3.7. presents CFC-11, CFC-12 and CFC-13 contents found in the water samples 
collected from the Red River delta. 
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TABLE 3.7. CONTENT OF CFC-11, CFC-12 AND CFC-13 IN WATER SAMPLES FROM 
THE RED RIVER DELTA, WITH WATER TEMPERATURE (of the recharge)   
Sample No Coordinates Elevation, 

(m) 
Temperature, 

(oC) 
Content of CFC, pmol kg-1 

CFC-11 CFC-12 CFC-13 

VNCFC 1 21° 4' 32.5"N 
105°49' 32.1" 10.0 26.9 0.13 0.10 0.02 

VNCFC 2 21° 6' 20.7" 
105° 50' 2.2" 8.0 27.5 0.30 0.25 0.03 

VNCFC 3 21° 10' 47.1" 
105° 29' 24.1" 12.6 26.9 0.14 0.11 0.03 

VNCFC 4 21° 11' 6.6" 
105° 29' 24.2" 12.6 26.1 0.83 0.65 0.07 

VNCFC 5 21° 17' 10.4" 
105° 26' 27.3" 10.0 25.6 0.19 0.23 0.02 

VNCFC 6 21° 9' 0.8" 
105° 37' 57.9" 6.0 26.6 0.01 0.44 0.02 

 
Based on the Henry’s Law for the solubility of a certain gas with the correction of KH, 
recharge temperature, total pressure, and recharge elevation, the dry air partial pressure of 
respective CFCs in groundwater could be derived, then by comparing it with the historical 
inventory of CFCs, one can know possible time of CFCs infiltrated into groundwater at the 
sampling location [10]. By this way, the average partial pressure of CFC-11, CFC-12 and 
CFC-13 has been calculated for all the 6 samples to be 7, 13 and 3 pptv respectively and the 
maximum values recorded for the CFCs are 37, 83 and 9 pptv respectively. This means, the 
groundwater should be resident from 1955 or 1965 (by the maximum values of partial 
pressure of CFCs) and the mean residence time of the water should be 43–53 years. It is 
almost 10 times older than the data derived from the 18O technique. The difference in the 
residence time of groundwater estimated by isotopic and gas tracer techniques could be due 
to the bio-degradation of CFCs within the unsaturated zone leading to reduce the tracer 
contents. The bio-degradation of CFCs was considered as one of possible reasons of 
overestimate of residence time of groundwater using the tracer technique as indicated by 
[15],[10],[15] have shown that the bio-degradation rate constant of CFC-11 and CFC-12 
could vary from 0.05 to 5.105 pmol l-1.yr-1. 

 
4. CONCLUSIONS 

 
(1) The baseflow to the Red River section from Laocai to Yenbai (133 km) varied from 

6.26 m3/s (April) to 19.83 m3/s (December) as calculated by using hydrograph method. 
(2) When calculated using groundwater flow rate data, the baseflow to the section from 

Laocai to Viettri (not included Da River catchment) varied from 2.37 to 63.53 m3/s. 
 

(3) The precipitation, Red River water and groundwater of the Holocene aquifer in the Red 
River plains interact with each other and the River always receives baseflow.   
 

(4) The baseflow in the section from Viettri to Danphuong, during the dry season contributes 
to  the River as much as 60–70% of the total flow while during the rainy season, this 
contribution reduces to be 30–35% only.  
 

(5) The residence time of the baseflow is found 57.3 months (almost 5 years) as estimated by 
isotopic (18O) technique while by the historical CFCs tracer technique it was almost 10 



times older. The overestimate for the residence time of the baseflow component of the 
River was thought due to the bio-degradation of the gases in the unsaturated zone.  
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