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Isotope analyses were carried out at INGEIS Laboratories. Deuterium (2H) in water samples 
was prepared using standard procedures [8] and for 18O, the methodology described in [9] was 
used. Isotope ratios were measured using a multicollector McKinney type mass spectrometer, 
Finnigan MAT Delta S. Results are expressed in δ (‰) and defined as:

1000 ‰S P

P

 - R R =  
R

δ

where:
δ	 is isotopic deviation in ‰;
S	 is sample;
P	 is international standard
R	 is isotope ratio (2H/1H, 18O/16O).
The standard is Vienna Standard Mean Ocean Water,V-SMOW [10]. The analytical uncertaini-
ties are ±0.1 ‰ and ±1.0 ‰ for δ18O and δ2H respectively.

Tritium samples were measured using liquid scintillation direct counting in the the Atucha Nu-
clear site laboratory, Argentina. Results are expressed in TU (1 TU = 13H : 1018 H). The detec-
tion limit is about 5 TU. Samples below this value are considered to be 1 to 3 TU. 

3. RESULTS AND DISCUSSION

3.1.	 Paraná River discharge

Fig. 4 shows a comparative picture of discharge over several years at Corrientes station, while, 
Fig. 5 and Fig. 6 present the daily discharge of Paraná River at the Corrientes and Santa Fe 
gauge stations [11].

FIG. 3. Scatter plot showing the distribution of δ18O vs δ2H values of daily grab samples, 
the monthly average and the grab sample collected on 15 Nov. 2004.
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FOREWORD 

River runoff plays a key role in human development in all societies through the provision of 
water for agriculture, industry and domestic use. Although the monitoring of water 
availability and our understanding of the main hydrological processes at the catchment scale 
are relatively good, many important aspects, especially those related to the interaction of 
runoff and groundwater, remain poorly understood. Additionally, the impact of human 
activities — such as the construction of large reservoirs and diversions, and the redirection of 
rivers to supply drinking water or water for irrigation or hydropower — are highly relevant 
and, together with the predicted impact of climate change, are likely to heavily impact local 
water cycles. The effects of such changes include: limited availability of water; changes in 
flood or drought frequency; changes in water quality, sediment load and groundwater 
recharge; and biodiversity loss in riparian environments. Additionally, political disputes may 
result as water resources become affected in terms of availability and/or quality. 

In most instances, stable isotopes and other water tracers provide a deeper insight into 
hydrological processes, especially in aspects related to water pathways, interconnections, 
transport of water and pollutants, and the transit time of water. To explore the contribution of 
these techniques in more detail, the IAEA has launched a monitoring programme, the Global 
Network of Isotopes in Rivers (GNIR), aimed at regular analysis of the isotope composition 
of runoff in large rivers. This isotope monitoring network complements an earlier 
precipitation network, the Global Network of Isotopes in Precipitation (GNIP). To prepare for 
GNIR, the IAEA launched a coordinated research project (CRP) called Design Criteria for a 
Network to Monitor Isotope Compositions of Runoff in Large Rivers. The main aim of the 
CRP was to develop a scientific rationale and a protocol for the operation of such a network, 
as well as to contribute to the enhancement of our understanding of hydrological processes at 
the catchment scale. 

This publication presents several isotope datasets compiled for major rivers covering all 
continents as well as preliminary conclusions obtained from available isotope results. All 
isotope data compiled as part of the CRP have been included in IAEA isotope databases and 
are available on-line. The principal outcome of the CRP was to show the importance of 
maintaining and strengthening GNIR operation under the auspices of the IAEA. Additionally, 
isotope information collected as part of the CRP provided evidence of the importance of 
groundwater contribution to the baseflow of rivers. As a result, a follow-up CRP was 
launched by the IAEA dealing with the use of isotope and tracer tools to better characterize 
the magnitude and transit time of groundwater contribution to the baseflow of rivers. 

The IAEA technical officers responsible for this publication were T. Vitvar and 
P.K. Aggarwal of the Division of Physical and Chemical Sciences. 
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SUMMARY

Following a set of preparatory activities (such as the IAEA/WMO/PAGES meeting on ‘Tracing 
Isotopic Composition of Past and Present Precipitation — Opportunities for Climate and Water 
Studies’, held in January 1995 near Bern, Switzerland), the IAEA launched a set of activities at 
the beginning of this millennium to establish a worldwide collection of isotope data in rivers. 
During the main preparatory phase in 2002–2006, the IAEA Coordinated Research Project CRP     
647 ‘Design criteria for a network to monitor isotope compositions of runoff in large rivers’ 
was undertaken as a preparatory activity for the creation of a global monitoring programme of 
isotope contents in rivers. The overall objectives of this CRP were to lay the groundwork and 
a scientifi c rationale for the future design of an operational ‘Global Network of Isotopes in 
Rivers’ (GNIR), to enhance the understanding of the water cycle of river basins and to assess 
impacts of environmental and climatic changes on the continental water cycle. The principal 
objectives of the CRP, as stated in the project description, were the following:

• To launch and coordinate a programme for isotope sampling of river discharge and 
related studies via a network of research institutes worldwide, establishing linkages 
where appropriate to existing research and monitoring activities undertaken by national 
counterparts, monitoring agencies, and international research programmes; 

• To contribute to the understanding of the water cycle of large river basins by developing, 
evaluating, and refi ning isotope methodologies for quantitative analysis of water balance 
and hydrological processes, and for tracing environmental changes;

• To develop an optimal protocol for operational river water sampling, and to design 
a comprehensive database to support isotope-based water balance studies and future 
monitoring of ongoing environmental changes.

The CRP was completed using 18 research groups, and covered research and monitoring in 
river basins accounting for approximately one third of mean annual runoff or about one fourth 
of the total land surface (Fig. 1). It included basins on all inhabited continents and a wide 
spectrum of geographical settings, previous experiences and possible applications. This 
TECDOC summarizes the achievements of the CRP, supported by 12 case studies.

The participating groups launched or continued existing isotope monitoring programmes, 
typically sampling 18O, 2H and sometimes 3H (for example, for the Danube, Parana, 
Mississippi and Colorado rivers) on a monthly interval. Additional stations have been included 
or re-activated. An exchange of results and adjustment of workplans was performed at three 
Research Coordination Meetings in 2002, 2004 and 2005, the last providing fi nal conclusions 
toward the operation of the GNIR.

Although the majority of studies focused on the multiple application of isotope records, 
four particular sub-topics have been addressed and elaborated in the respective studies: (a) 
tracing of seasonal fl owpath changes between permafrost, lakes and rivers, and their impact on 
the runoff regime in the Northern Russia and Canadian Rivers (Lena, MacKenzie); (b) tracing 
of the infl uence of precipitation induced by regional climate phenomena (El Niño, monsoons) 
on the spatial and temporal runoff regime of rivers (Parana, Ganges, Mekong); (c) tracing of 
multiple impacts, such as recharge in mountainous headwaters, nutrient input and exchange 
with wetlands, downstream regulations, or transitions from dominant groundwater discharge 
into rivers to infi ltration from rivers into aquifers, and their development along the river course 
(Danube, Sava, Rhine, Indus, Amazon, Yangtse, Mississippi); and (d) tracing of spatial and 
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temporal effects of irrigation or evaporative losses in dry and arid areas (Euphrates, Jordan, 
Rio Grande, Murray-Darling). Multiple impacts were typically assessed through a snapshot 
(synoptic) survey or monitoring at several points between headwaters and outlets.

For example in the Lena basin (Russian Federation), contributions of lakes and permafrost to 
runoff can be traced by using stable isotopes. Isotopically light water from the lower unfrozen 
layers in the Siberian Plain taiga is the dominant runoff component over the winter. The rapid 
decrease of δ18O values in early summer indicates the discharge of melting snow, while summer 
increases of δ18O in the Lena are attributed to summer precipitation, and do not indicate any 
signifi cant impact of evaporated water from taiga lakes. These processes impact the recently 
identifi ed reduction in the rate of transport of cold North Atlantic water to the deep waters of 
southern latitudes. This reduction is due partly to higher discharges from Siberian rivers over 
the past decade and can induce dramatic changes in ocean circulation. Monitoring the isotopic 
composition of these rivers will allow identifi cation of the sources of increased discharge.

Monitoring the isotopic composition of the Paraná River in South America highlights 
the potential of stable water isotopes for tracing the infl uence of precipitation and other 
hydrological processes on runoff in tropical rivers, which contribute a large fraction of 
the world’s surface runoff. The precipitation regime in southern Brazil is infl uenced strongly 
by seasonal changes in the Inter-Tropical Convergence Zone (ITCZ). Periodical pronounced 
southward infl exion of the ITCZ over the Amazon plain in the austral summer, known as El 
Niño Southern Oscillation (ENSO), causes intense precipitation depleted in 2H and 18O at 
the headwaters of the Paraná. Values of δ 2H and δ 18O and particularly of deuterium excess 
(d-excess = δ2H – 8δ18O) in the Paraná at Buenos Aires are found to be correlated with 
the multivariate ENSO-index with a lag of several months. The d-excess value is a function 
of water vapour source and the degree of hydrological recycling in the basin. Increases in 
the d-e    xcess paralleling increases in the ENSO-index are a result of additional contributions 

FIG. 1. Map of catchments monitored during the CRP.
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of recycled water vapor from evaporation of surface water and water captured through canopy 
interception during El Niño events.

Three longitudinal profi les along the Rio Grande in southwest USA show a large enrichment 
in 18O refl ecting typical evaporative water losses in arid catchments. The 2002/2003 winter 
profi le from the upper two-thirds of the basin (up river from the Elephant Butte Reservoir) 
represents baseline conditions in the river. In the lower third of the basin, the river is dominated 
by irrigation return fl ow (enriched in δ18O) of water applied during the preceding dry summer 
of 2002. The summer trends show reservoir releases at 350 km from the headwaters (reservoirs 
are upstream on the Rio Chama) and at 800 km (Elephant Butte Reservoir) which reset 
the isotopic signal. The difference between wet and dry summers downstream of the 800 km 
point (a major agricultural region) refl ects the release of reservoir waters that have experienced 
signifi cant evaporative enrichment in δ18O during a dry year (2002) versus those which have 
been released during a wet year (2005). This example highlights the importance of ad hoc 
synoptic studies during high and low discharge periods, yielding important information about 
water losses and subsurface inputs that are diffi cult to obtain through conventional gauging.

Attention has been paid to the spatial distribution of water isotopes in streams and their relation 
to basin size and topography. Previous isotope monitoring studies stated that for catchments of 
up to about 130 000 km2, the headwater precipitation isotope signal is largely conserved in 
the streamfl ow. A revisited analysis of the Danube isotope snapshot from 1988 through this 
CRP revealed similar information, demonstrating that the Danube river carries the Alpine 
depleted stable isotope input signal up to the passage through the Hungarian Plain. From 
this zone downwards the river mostly recharges the adjacent aquifers, maintains a relatively 
stable isotope content and does not show any impact from isotopically distinct contributions. 
The results from snapshot isotope surveys conducted or interpreted during this CRP were 
used to formulate recommendations for the Joint Danube Survey conducted in 2007, in which 
water stable isotopes and tritium were analysed along the entire river course, including major 
tributaries and the zones below the confl uences.

The CRP also addressed the question of type of sampling for streamfl ow isotope analyses (grab 
versus composited fl ow weighted samples) and stated that, based on two detailed studies in 
the Danube and Parana, a grab sample suffi ciently represents the mean monthly composition. 
However, every sample should be accompanied by a discharge value and all isotope data 
should be interpreted with respect to fl ow conditions. 

Although the overall objective of the CRP focused primarily on monitoring of isotopes in large 
river basins for continental water balance, considerable effort has been made in case studies to 
explore the role of systematic monitoring at smaller scales up to headwaters, with isotope values 
in streamfl ow often representing an end member of the adjacent stream-aquifer system. It has 
been stated that many studies, particularly in tropical countries, contain a considerable number 
of groundwater samples, but only a few samples from streams. The reasons are typically either 
logistical (regular access to rivers) or conceptual, the latter based on the premature conclusion 
that an often periodical streamfl ow is not an important part of the local groundwater system. 
The results of the CRP include, therefore, a consensus that the isotope monitoring of rivers 
should be scale fl exible, allowing not only for large scale water balance, but also for assessment 
of patterns (‘isoscapes’) in smaller hydrogeological systems in watersheds. 
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1. INTRODUCTION

1.1. Background 

The question as to what extent and why the water isotope (18O, 2H and 3H) content in streams 
differs from the content in precipitation has been one of the crucial questions in the development 
of isotope hydrology. Isotope data from rivers and surface waters were fi rst collected in 
the 1950s and addressed primarily the variability of stable water isotopes in some large rivers 
such as the Mississippi, Colorado [1], Thames [2] and in smaller Scandinavian watersheds [3] 
and New Zealand. Kaufmann and Libby [4] and Eriksson [5] reported the fi rst tritium values 
in the Mississippi River and analyzed the mixing of fallout tritium from the bomb tests in 
the 1950s in the river and adjacent aquifers. The fi rst thorough compilation of isotope contents 
in freshwaters on a global scale was provided by Craig [6]. Also this year, the International 
Atomic Energy Agency (IAEA), in cooperation with the World Meteorological Organization 
(WMO) launched a worldwide survey to measure the isotope composition of precipitation that 
culminated in the Global Network of Isotopes in Precipitation (GNIP), which became the main 
source of isotope data in atmospheric waters [7]. 

Whereas the GNIP rapidly became a worldwide operating network, a systematic collection 
of isotope data from rivers and surface waters in the 1960s remained limited to some major 
rivers, such as the Mississippi, Columbia, Yukon or Ottawa [8]. In Europe, the longest major 
river isotope records are for the Danube at Vienna and the Rhine at Mainz. These records 
became instrumental in tracing the hydrological response of large rivers to isotope input in 
precipitation, including the input of tritium due to the nuclear bomb tests in early 1960s. For 
example, Ref. [9] synthesized several years of 18O data in rivers in the Netherlands and showed 
that the major fraction of water in the Rhine is snowmelt dominated, while the Meuse is rainfall 
dominated. In another application, Gat and Dansgaard [10] presented the use of stable water 
isotopes in tracing freshwater losses through evaporation in semi-arid areas. 

In the late 1960s and early 1970s, streamfl ow isotope and related hydrochemical data were 
used to quantify the portion of streamfl ow discharged from adjacent aquifers (also referred 
to as groundwater runoff or basefl ow) during stormfl ow events. The fi rst isotopic hydrograph 
separation approaches using isotopes employed tritium [11] and stable isotopes of 18O and 2H 
[12] in two-component mixing models [13], where event water was represented by the distinct 
isotopic composition of rainfall/throughfall and pre-event water was represented by the distinct 
isotopic composition of pre-storm stream water or adjacent groundwater. These early studies 
opened the way for an expansion of studies on runoff generation and runoff components (event 
vs pre-event water) on experimental hillslopes and in catchments. The paper by Sklash et al. 
[14] is a benchmark study that documented the dominant role of the subsurface pre-event 
water in runoff generation. In general, these studies have revealed a much greater basefl ow 
proportion in the stream discharge hydrograph [15], compared to the expected proportions 
derived from the early conceptual models of streamfl ow generation and graphical hydrograph-
separation analysis [16]. In almost all cases the mobilized pre-event water accounts for over 
half, and usually about three-quarters of the runoff and/or peakfl ow associated with rainstorms 
[17]. These results contradicted the traditional engineering assumption of Hortonian overland 
fl ow generation [18] as the dominant component of streamfl ow and therefore caused 
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a substantial shift in the runoff generation theory. Nevertheless, these mechanisms are much 
less straightforward as a watershed area increases and groundwater discharge to a stream 
channel is replaced by river bank infi ltration. The assessment of runoff generation processes 
through spatially more detailed isotope and hydrochemical monitoring across watershed scales 
thus became a motivation for a global river isotope database. 

In the 1980s, the fi rst compilation of systematic measurements of isotope contents of 
river waters from several continents was carried out by Mook [19], extending the study of 
the European rivers [9] by tracing the depleted snowmelt signal and its seasonal occurrence in 
the lower reaches of some tropical rivers such as the Indus or Amazon. The adaptation of lumped 
parameter fl ow models for estimation of water residence times in rivers and aquifers [20, 21] led 
to the application of these approaches to a variety of American basins [22], the Danube basin, 
and basins in Switzerland [23]. Available isotope data records in those basins were already at 
least one decade long and therefore also provided the possibility for seasonal or decadal trend 
analysis and comparison of precipitation isotope records with their response in rivers. It became 
a consensus of the hydrological community that isotopes are unique tracers of the rainfall-runoff 
response across catchment scales. On the other hand, the conceptualization of large basins 
using isotope data from only one station in some cases appeared to oversimplify catchment 
structure and bias the specifi c impact of particular subcatchments or particular hydrological 
processes. A need was therefore identifi ed for a thorough compilation of available isotope data 
from both larger and smaller rivers, their coordination with hydrological and hydrochemical 
data and a fl exible setup of monitoring points, including headwaters, mesoscale catchments 
and large basins. A need for synoptic surveys along the river stems was also articulated for 
estimating the subsequent contributions of tributaries, aquifers, irrigation or industrial waters. 
Addressing such needs substantially supports efforts toward a comprehensive database which 
allows for multiple analysis and comparison of the runoff response in catchments in different 
environments and at different scales [24]. 

There is consensus that the isotope composition of rivers is determined by the composition 
of rainfall and modifi ed by processes in the vadose zone, tributaries and aquifers. These 
modifi cations are different in various climate settings and result in different pathways of water 
between rainfall and runoff. Recent studies (e.g. Vörösmarty and Meybeck [25]), however, 
suggest that the impact of storage sheds, diversions and redirection of streamfl ow for water 
supply, hydropower, and irrigation could overcome the impact of recent and anticipated 
future climate changes on river runoff. Consequences include changes in the frequency and 
extent of fl ooding, increased sediment load, altered groundwater recharge, and degradation 
of water quality and riparian ecosystems, often resulting in political disputes or upstream-
downstream inequities. Reference [26] synthesizes the natural and anthropogenic origin of 
runoff contributions in a ‘River Continuum Model’, and highlights spatially distributed isotope 
monitoring as input for an ‘Isotope River Continuum Model’, which, as documented by 
some recent studies [27] has the potential to better partition natural and anthropogenic runoff 
components.

Since the 1990s, geostatistical methods and geographic information system (GIS) tools are 
being used to map spatial and temporal variability of isotope contents. A pioneering study on 
mapping of stable water isotope concentrations in rainfall and streams in the conterminous 
USA was performed by Kendall and Coplen [28] and several approaches have been developed, 
particularly for mapping and interpolation of GNIP data [29–32]. A number of atmospheric 
global circulation models [33–34] incorporate water isotopes in precipitation for the 
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validation of numerical models of atmospheric dynamics. This sophisticated understanding 
of global isotope patterns in precipitation has led to efforts to couple the isotopic balance of 
the atmosphere with runoff models and to validate gridded runoff simulation via simulation 
of stable water isotope partitioning during all post-precipitation hydrological processes [35–
36]. This scientifi c frontier can be further supported by the systematic worldwide isotopic 
monitoring of rivers as well as by current new developments in the isotope analysis and 
monitoring of atmospheric moisture.

In the last years, isotope maps have been produced [37], mapping waters isotopically 
different from local precipitation (tapwater, irrigation return water, crops, etc.). It is of utmost 
importance that this research is supported through creation and maintenance of dedicated 
global isotope databases in more components of the water cycle than just precipitation. 
Reference [37] particularly highlights the role of ‘post-precipitation’ processes in the formation 
of the geographical patterns (isoscapes) of isotope distribution in water, nutrients and materials 
used in forensic applications.

1.2. Objectives  

This document has been created to relay the outcome of a CRP called Design Criteria for a 
Network to Monitor Isotope Compositions of Runoff in Large Rivers, which was launched in 
order to prove the value of the GNIR concept and thus establish the monitoring system. The 
main aim of the CRP was to develop a scientifi c rationale and a protocol for the operation 
of such a network, as well as to contribute to the enhancement of our understanding of 
hydrological processes at the catchment scale. The document includes case studies of large 
rivers, the results of which supported the creation of the GNIR programme, which will remain 
a regular feature of the Isotope Hydrology Section in the future. 

1.3. Scope of the report

This report covers studies undertaken for major rivers worldwide, and preliminary interpretation 
of the data collected. These individual studies led to the creation of a database, and represent 
the starting point of contributions to the GNIR network. The contribution of individual studies 
undertaken in several countries, each highlighted here, has been invaluable in creating a 
framework for the establishment of the GNIR network and for supporting the theory that such 
a network is both possible and highly useful.

1.4. Structure

The foreword of this publication describes the importance of river runoff, and the role it plays 
in human development in all societies. It discusses the reason for this document: that the 
interaction between groundwater and runoff is poorly understood, as well as the impact of 
manmade activities. It goes on to outline the role of stable isotopes and other water tracers in 
providing information about the movement, origins and patterns of water.

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 launching and coordinating a 
programme for isotope sampling of river discharge and related studies; contributing to the 
understanding of the water cycle of large river basins by developing, evaluating and refi ning 
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isotope methodologies for the quantitative analysis of water balance and hydrological processes 
and for tracing environmental changes; and developing an optimal protocol for operational 
river water sampling and design of a comprehensive database.

The background leading up to the CRP and the establishment of GNIR is outlined in the 
introduction, including the need for such a monitoring network and developments to date 
in river monitoring. Achievements and results are also discussed in Section 1, including the 
important conclusion that the GNI  programme is worth maintaining on a long term basis. The 
CRP discussed in this document led to two new CRPs, which will provide further information 
on groundwater recharge to rivers and the effects of snow and glaciermelt on stream fl ow. The 
work undertaken through this CRP also led to the creation of several valuable datasets, with 
the projection that many more will be created in the future and made available through the 
IAEA’s online application, WISER.

The remaining sections document a series of case studies, providing detail about work 
undertaken with the Danube, Sava, Lena, Parana, Barwon-Darlington, Rio, Euphrates, Indus, 
Mekong, Yangtze, and Amazon rivers and their basins, as well as some South African rivers.

1.5. Achievements and results

The principal outcome of the CRP was the conclusion to maintain the Global Network of 
Isotopes in Rivers (GNIR) under the auspices of the IAEA, complementary to the GNIP and 
other envisaged isotope hydrology databases [38]. The main rationale for the operational phase 
of GNIR was summarized in Ref. [39]. Several river isotopic datasets collected and analyzed 
during this CRP (e.g. Danube, Indus, Mackenzie, Lena, etc.) led to follow-up activities related 
to two new IAEA CRPs aimed at application of isotopes for the assessment of groundwater 
recharge to rivers (‘Isotopic Age and Composition of Streamfl ow as Indicators of Groundwater 

TABLE 1. SAMPLING PROTOCOL OF GNIR 

Recommended data Additional data

River basin
Name

Upstream area
Land use

Other relevant information on the basin

Sampling site

Name
Coordinates
Elevation

Map and photo

Closest stations of GRDC, GEMS/Wa-
ter, GNIP

Isotopic data at sampling site 
δ18O
δ2H

Analytical uncertainties 

3H

All other isotopes

Other data at sampling site
Discharge

Electrical conductivity
Temperature

Hydrochemistry

Hydrobiology

Meteorology
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Sustainability,’ 2004–2010), as well as the assessment of the snow and glaciermelt component 
in streamfl ow (‘Use of Environmental Isotopes in Assessing Water Resources in Snow, Glacier, 
and Permafrost Dominated Areas under Changing Climatic Conditions’, 2010–2013). 

The protocol for collection of river isotope data grants participants freedom according to 
their conditions, resources and research needs. However, for consistency the following 
approach is recommended: the default grab sampling interval should be monthly, and where 
possible, samples should be collected at gauge stations. Analytical responsibility remains 
with the countries, but the IAEA may provide analytical support and/or technical assistance 
on an individual basis. Special attention must be paid to simultaneous collection of runoff 
data at sampling sites, at least the mean daily runoff of the sampling day and the respective 
mean monthly runoff. Runoff values allow a proper interpretation of the isotope value in 
streamfl ow, indicating under which runoff conditions the sample was taken. Table 1 describes 
the information that is included in GNIR.

Based on evaluation of the results and conclusions of the CRP, the GNIR currently consists 
of more than 25 000 data records from more than 600 sampling points worldwide. Three 
types of data are included: fi rst, regularly monitored river stations with a sampling interval of 
one month or less and a sampling period of at least two years; second, instantaneous spatial 
or profi le-longitudinal surveys, and third, all remaining ad-hoc data from IAEA Technical 
Cooperation Projects, IAEA Coordinated Research Projects and other scientifi c studies 
worldwide. Examples of regular GNIR monitoring are a set of stations established around the 
year 2000, that were maintained and thoroughly interpreted in this CRP, such as the La Plata, 
Indus, Zambezi, Murray-Darling or Sava (Slovenia). Other examples are the stable isotope 
monitoring of US rivers performed in the 1990s, or isotope datasets from rivers in Switzerland, 
maintained for decades, but not involved in the CRP. Data from the transboundary Pan-
Arctic river database (http://www.r-arcticnet.sr.unh.edu) have been added recently, extending 
knowledge of the isotope fi ngerprinting of streamfl ow in rivers such as the Lena, Yenisey, 
Kolyma, Yukon and MacKenzie. Examples of instantaneous longitudinal surveys include two 
surveys along the Danube river course, performed in 1988 and 2007.

The IAEA is carrying out a continuous compilation of available river isotope data through 
past IAEA projects, scientifi c papers, and, above all, identifi cation of and the search for 
existing river isotope data from national organizations and universities. All data are being 
compiled and checked and made available through the online application WISER at the IAEA 
web page www.iaea.org/water. A two year embargo is maintained on newly received data at 
the submitters request, which allows the contributors to publish their data before it is publicly 
available. A fi rst thorough statistical treatment of the GNIR data conducted by the IAEA is in 
preparation. 

Finally, the GNIR is open to new scientifi c frontiers in the monitoring of solute isotopes (carbon, 
nitrogen, strontium, sulphur) in streamfl ow for a more routine labelling of contamination 
sources and pathways. Although this CRP has focused primarily on water isotopes and labelling 
of hydrological processes, the database also contains several datasets of isotope composition of 
carbonates and nitrates in streamfl ow (Sava, Danube).

The continuous successful development of the GNIR underlines its role as an established 
element of the global hydrologic databases and networks [40] and demonstrates the usefulness 
of the preparatory groundwork conducted in the CRP. 
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Abstract. The objectives of the Danube study were documentation of existing data and completion of long term 
data sets (2H, 3H, 18O), continuation of monthly sampling of river water, investigation of short term infl uences, 
and preliminary interpretation of long term isotope records of river water with respect to hydrological processes, 
meteorological conditions and environmental changes. Furthermore, this report includes the complete 3H and 
18O data set for the Danube at Vienna (1963–2005) and a summary of the results from the Joint Danube Survey 
2 (2007). δ18O values of JDS2 river water samples ranged from –13.1 ‰ (Inn, alpine river) up to –6.4‰ (River 
Sio, evap  oration infl uence). The δ18O value of the Danube increased from –10.8 ‰ after the con  fl uence of the Inn 
River with the upper Danube up to –9.6 ‰ at the mouth, with a major change after the infl ow of Tisa and Sava. 
The isotopic composition of river water in the Danube Basin is mainly governed by the isotopic composition of 
precipitation in the catchment area, while evaporation effects play only a minor role. Short term and long term 
isotope signals from precipitation are thus transmitted through the whole catchment. Tritium concentrations in 
most parts of the Danube river system lay around 10 TU during the JDS2 period and refl ected the actual 3H 
content of precipitation in Central Europe, but 3H values up to 40 TU in the Danube and up to 250 TU in some 
tributaries are clear evi    dence for discontinuous releases of 3H from local sources (nuclear power plants) into 
the rivers.

1. INTRODUCTION

Isotope ratios of hydrogen and oxygen in river water are indicators for hydrological processes 
in the catchment (e.g. formation of base fl ow), for interactions between river water and ground -
water, for mixing processes in a river, for travel time and dispersion of short term pulses (e.g. 
pollution pulses) as well as for hydrological/climatic changes in the drainage area of a river. 
The investigation of such topics requires good knowledge of the ‘isotopic environment’. 

The isotopic composition of hydrogen and oxygen in river water is mainly determined by 
the isotopic composition in precipitation water in the drainage area (altitude effect, continental 
effect, seasonal variations, storms; see e.g. [1, 2]). Several hydrological parameters and 
processes are modifying this isotopic signature and its temporal variation: delayed runoff 
of winter precipitation (snow cover), residence time of groundwater discharged to the river, 
confl uence with tributaries, evaporation from lakes in the river system, climatic changes 
(change in environmental temperature, spatial and temporal change of precipitation distribution 
in the drainage area, etc.) as well as anthropogenic infl uences on the hydrological regime (e.g. 
reservoirs, irrigation).

The Danube is the second largest river in Europe, spanning a total of 2857 km between 
its source and its mouth in the Black Sea and covering an overall catchment area of 
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817 000 km2 with an average discharge of about 6500 m3/s at its mouth (Fig. 1). On a rough 
catchment scale, Lászlóffy [3] sectioned the Danube River into four general units (Upper, 
Middle, Lower Danube and the Danube Delta) based on geo-morphological and hydrological 
features. The Upper Danube covers a length of 900 km and is strongly infl uenced by 
the discharges of the alpine tributaries Isar, Inn, Traun, and Enns. The Middle Danube 
starts where the Danube enters the Carpatian Basin (‘Porta Hungarica’, river 1880 km) and 
stretches over 925 km. The major tributaries infl uencing the hydrology of the Danube within 
this section include Drava, Tisza, Sava, and Velika Morava. The Lower Danube section 
stretches over 885 km from the point where the Danube breaks through the Carpatian and 
Balkan Mountains (Iron Gate, around river km 1000) and passes through the Walachian 
Lowlands. Its major tributaries in this section include the Siret and Prut. The last section is 
represented by the arms of the Danu  be Delta.

2. SURVEY OF ISOTOPIC COMPOSITION OF RIVER WATER 
IN THE DANUBE BASIN

The Joint Danube Survey 2 (JDS2) in 2007, which was organized by the International 
Commission for the Protection of the Danube River (ICPDR), was a welcome opportunity 
to improve the database for environmental isotopes in the Danube Basin [4, 5]. At that time 
there were several regional isotope studies e.g. [6–8] and a more extensive one on the Danube 
between Vienna and the Black Sea [9]. There was especially a lack of isotope data from 
the lower part of the Danube Basin.

The core activity of the JDS2 focused on the Danube River and on the mouths of the main 
tributaries. Ninety-six sampling points were selected, starting near Ulm (river km 2600) on 
13 August 2007 and reaching the Black Sea (river km 0) on 27 September 2007. In parallel 
with the core activity on the Danube River, longitudinal surveys on some major tributaries 
were performed at the national/regional level: Morava, Drava, Tisa, Sava, Velika Morava, 
Arges, Olt, Jantra, Iskar, Russenski Lom, and Prut. Also samples from the Austrian network for 
isotopes in rivers were included from the same time period (Fig. 1). 

FIG. 1. The Danube Basin river system with indication of the sampling points of the Austrian network 
for isotopes in river water (based on ESRI ArcGIS 9.3).
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One liter PET bottles were fi lled with river water from the middle of the stream at the sampling 
points of the JDS2 and the national sampling campaigns and brought to the isotope laboratories 
of the Austrian Research Centers (ARC) in Seibersdorf. Stable isotope measurements were 
performed using isotope mass spectrometers Finnigan MAT 251 and DeltaPlusXL equipped 
with automatic equilibration lines. All results were reported as relative abundance (δ2H and 
δ18O, respectively) of the isotopes 2H and 18O in permil (‰) with respect to the international 
standard VSMOW (Vienna Standard Mean Ocean Water). The accuracy of δ2H and δ18O 
measurements is better than ±1.0‰ and ±0.1‰, respectively. Samples for 3H measurement 
were electrolytically enriched and analyzed using low level liquid scintillation counting 
(precision ±5%, 1 TU = 0.119 Bq/kg for water). The same analytical characteristics apply to all 
data presented in this paper. 

Low water conditions prevailed in the Danube during the fi rst half of the JDS2 sampling 
period, from Ulm (river km 2600) down to the Iron Gate (about river km 1000) and also during 
sampling campaigns on the largest tributaries, the Inn, Drava, Tisa, and Sava (Fig. 2). Heavy 
storms in the upper Danube Basin on 5–7 September led to a high water situation on the upper 
Danube. The discharge at Vienna (rkm 1491) increased from about 1500 m3/s to more than 
7000 m3/s (yearly mean about 1920 m3/s) [5]. The high water wave reached the sampling 
ships in the region of the Iron Gate. Since the storms did not affect the lower Danube Basin, 
the Danube discharge downstream of the Iron Gate increased only by a factor slightly more 
than two and values of 6000–7000 m3/s were in the order of the yearly mean. The high water 
wave was probably also damped to a certain extent when it passed the Iron Gate Danube 
section with its two reservoirs.

2.1. Stable isotopes (2H, 18O) in river water

The spatial distribution of δ18O in river water in the Danube Basin is shown in Fig. 3, with 
lower values in mountainous regions and higher values in lowland tributaries. The δ18O 
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value of the Danube increases from –10.8 ‰ after the confl uence of upper Danube (generally 
low-lying drainage areas have higher δ18O values) and the Inn River (mainly an alpine 
drainage area, thus with lower δ18O values) up to –9.6 ‰ at the mouth (Figs. 3 and 4). This 
increase (1.2 ‰) is due to the decreasing infl uence of runoff contributions from the alpine part 
of the drainage area and the corresponding increase of lower elevation contributions. The Inn 
River with its alpine catchment has the lowest δ18O value (–13.1 ‰) in the whole Danube 
Basin. The highest value (–6.4 ‰) was found for the River Sio with discharge from Lake 
Balaton. This enrichment in heavy isotopes is due to a strong evaporation infl uence on the lake 
water. 

The δ18O record exhibits three signifi cant changes along the river (Fig. 4): The fi rst is at 
the confl uence of upper Danube and Inn; the second is caused by infl ow from the tributaries 
Tisa and Sava with their higher 18O content; the third signifi cant change in stable isotope ratios 
in the region of the Iron Gate cannot be attributed to the infl ow of tributaries. It is obviously 
caused by the extreme precipitation event in Central Europe during 5–7 September, resulting 
in slightly higher δ18O values for the Danube between the Iron Gate and the river mouth. A 
comparison of the δ18O values of event water (–9.8 ‰, precipitation water 5–7 September) and 
the yearly mean values of precipitation at Vienna (2006: –9.7 ‰, 2007: –9.6 ‰) showed that 
the δ18O value of the event water lay close to the yearly mean values. Without a prominent 
differential 18O signal in the rain water, there should also be only a minor infl uence of the high 
water wave on the δ18O values of the lower Danube. From Fig. 3, a maximum increase of 
0.2–0.3 ‰ in δ18O can be assessed for the JDS2 water samples downstream of the Iron Gate 
where the high water wave had reached the sampling ships. Approaching the Danube delta, this 
amount had probably become even lower because all (relatively small) tributaries of the lower 
Danube had signifi cantly higher δ18O values than the Danube, and their infl uence on the δ18O 
values of the Danube was reduced by the high water wave. 

The δ2H-δ18O diagram (Fig. 5) shows that most of the values lie close to the Global Meteoric 
Water Line (δ2H = 8 × δ18O + 10), which suggests that surface water evaporation along 
the Danube river course is minor and may be neglected for the Danube and the majority of 
tributaries. Only River Sio carries water signifi cantly infl uenced by evaporation — with an 

FIG. 3. δ18O of river water in the Danube Basin (13 August –27  September 2007).
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isotopic signal below the meteoric water line — because it contains discharge water from Lake 
Balaton. The tributaries Ipoly, Morava and Prut also show slightly pronounced evaporation 
effects, probably due to the existence of reservoirs in the river course. The higher deuterium 
excess values (d = δ2H – 8 × δ18O) in the upper sections of the rivers Iskar, Jantra and Arges 
— with isotopic signal above the meteoric water line — are probably due to local orographic 
(moun  tainous) conditions. Such a dependence of the deuterium excess on the orographic 
situation was found in the Austrian Alps, where mountain and valley precipitation differed 
signifi cantly in deuterium excess as a consequence of re-evaporation processes (higher 
d-excess values on the mountains, lower d-excess values in the valleys; [2, 10], see Section 7).

FIG. 4. Longitudinal δ18O profi le of the Danube (river km 2600, Ulm–river km 0, Black Sea) 
and δ18O values of tributaries at confl uence (13 August –27 September, 2007).
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The fi rst longitudinal isotope record for the Danube originates from a ship based scientifi c 
excursion organized by the ‘Internationale Arbeitsgemeinschaft Donauforschung’ (IAD, 
International Association of Danube Research) in March 1988 [9]. Although the surveys 
in 1988 and 2007 were performed in different seasons (March and August/September, 
respectively), the δ18O values from both surveys seem to be comparable with each other. 
Regarding the seasonal δ18O variation in Danube water, both sampling periods lie outside 
the typical summer minimum caused by snowmelt in the high alpine parts of the catchment 
(Fig. 6). Therefore, we could expect δ18O values close to the yearly means in both cases.
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A comparison of the 1988 data with the data from JDS2 highlights a signifi cant increase in 
heavy isotope content during the last 20 years (Fig. 7). Even if we take into account that part of 
this dif  ference is due to seasonal effects and the infl uence of precipitation events, the remaining 
part of the increase is clear evidence of hydrological/climatic changes in the drainage area of 
the Danube. It is probably mainly the increase in environmental temperature during the last 
decades which led to an increase in heavy isotope concentrations in precipitation in Central 
Europe as a consequence of the strong temperature dependence of isotope fractionation during 
evaporation and condensation processes [2, 11]. This isotopic trend in precipitation is refl ected 
in the long term δ18O record of the Danube (signifi cant δ18O increase during the 1980s; see 
Section 4, Fig. 11).

2.1.1. Tritium (3H) Content of River Water

The 3H distribution resulting from the JDS2 water samples (Figs 8 and 9) can be regarded as 
representative only for those parts of the river system where local 3H releases to the rivers 
do not play a signifi cant role. Since such releases — mainly from nuclear power plants — 
are usually in the form of short term pulses, the 3H content measured in river water depends 
very much on the moment the sample is collected. The 3H content of actual precipitation in 
Central Europe would lead to 3H concentrations of about 10 TU in river water and slightly 
lower concentrations in tributaries, the drainage area of which is infl uenced by Mediterranean 
air masses [2]. The samples from JDS2 showed 3H values of up to 40 TU in the Danube and up 
to 250 TU in the tributaries (Figs 8 and 9).

River water in most parts of the Danube Basin refl ects the actual environmental 3H level of 
about 10 TU with precipitation as input. Yearly mean 3H contents of precipitation at Vienna, 
for instance, were 10.2 TU and 9.5 TU for 2006 and 2007, respectively. All river water values 
exceeding about 12 TU are believed to be the consequence of human activities. In most cases 
such contamination is of a short term character. This can clearly be seen, for instance, from 3H 
distribution in the Sava River (Fig. 8) or from the long term 3H record of the Danube at Vienna 
(see Section 4, Fig. 12). An example of such a short term contamination peak is shown in 
Fig. 13 (Section 6, [12]). The source of this 3H peak was probably a nuclear power plant (NPP 

FIG. 8. 3H content of river water in the Danube Basin (13 August –27 September 2007).
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FIG. 9. Longitudinal 3H profi le of the Danube (rkm 2600, Ulm – rkm 0, Black Sea) and 3H content of 
tributaries at confl uence (13 August –27 September 2007).

Isar 2) some 400 km upstream of the sampling point. Although the 3H pulse passed several 
dams, the half width of the 3H peak was only about two days. On the Rhine River, such 3H 
peaks originating from NPP releases were used for determining travel time and dispersion of 
contamination pulses [13].

In some cases it is easy to identify the source of the 3H contamination pulses, like at the NPP 
Dukovany for Morava, NPP Bohunice for Vah, NPP Mohovce for Hron, NPP Krško for Sava 
and NPP Isar 2 for the upper Danube. For the lower sections of the Danube, it is more diffi cult 
to identify the source because all NPPs upstream of the sampling point are possible candidates. 
The highest 3H content in the Danube during the JDS2 period, for instance, was found at 
Braila (40 TU), a single signifi cant higher value between lower concentrations upstream and 
downstream. The nearest NPP is Cernavodă, some 120 km upstream, but one cannot be sure 
if this was the source. In such cases, the identifi cation of the 3H source requires sampling with 
good temporal and spatial resolution.

The storm event of 5–7 September 2007 with 3H concentrations near the yearly mean values 
— 11.2 TU in precipitation water from 5–7 September at Vienna — led to some dilution of 
the 3H concentration in the lower Danube. A 3H content of about 60–70 TU can be assessed for 
the 3H maximum at Braila (40 TU, Fig. 9) without the additional water event.

Tritium concentrations of river water in 2007 were generally lower than in 1988 (Fig. 10). 
This refl ects a general decrease in environmental 3H levels (see Section 4, Fig. 12). While 
in the 1988 record, only infl ow from the Tisa and Sava, as well as higher 3H concentrations 
in the NPP Kozloduj wastewater plume caused signifi cant changes in the 3H concentration 
profi le of the Danube, the 2007 record exhibits much quicker changes in 3H concentrations in 
the Danube stream, probably due to the operation of several NPPs along the Danube (such as 
Isar 2, Dukovany, Bohunice, Mohovce, Paks, Krško, Kozloduj, and Cernavodă).
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3. CHARACTERISTICS OF THE UPPER DANUBE BASIN 

The catchment area around Vienna (the Upper Danube Basin) is about 103 000 km2. The mean 
annual fl ow rate is around 1920 m3/s, with a seasonal variation typical of alpine rivers 
(a minimum of about 1300 m3/s in November and a maximum of about 2700 m3/s in July). 

The catchment upstream of Vienna can be divided into three sectors: 

(1) The sector upstream of Passau: This sector represents about one half of the study area. 
The mean annual fl ow rate at Passau is around 670 m3/s (35% of the fl ow rate at Vienna), 
with a maximum in March (880 m3/s) and a minimum in October (520 m3/s). The mean 
altitude of this sector is relatively low compared to the Alpine regions. Groundwater 
discharge is the main mechanism forming base fl ow in this part of the river. The period of 
high water is mainly controlled by precipitation and melting during late winter and early 
spring.

(2) The catchment area of the Inn River: The Inn, which enters the Danube at Passau, has 
a hydrological regime typical of alpine rivers. It is the most important tributary in this 
sector, contributing 725 m3/s on average (38 % of the fl ow rate at Vienna), thus doubling 
the fl ow rate when it merges with the Danube. Maximum fl ow rates are observed in June/
July (1200 m3/s) and the minimum occurs in January (400 m3/s).

(3) The sector between Passau and Vienna. Along this stretch other alpine rivers, with a mean 
annual fl ow rate of about 505 m3/s (27 % of the fl ow rate at Vienna), enter the Danube. 
These rivers are characterized by a hydrological regime similar to that of the Inn, with 
maximum fl ow rates in May/June (800 m3/s) and a minimum in January (270 m3/s).

FIG. 10. Longitudinal 3H profi le of the Danube: surveys 1988 and 2007 (rkm 2600, Ulm–rkm 0, 
Black Sea).
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The amount of precipitation in the Upper Danube Basin shows a distinct gradient with 
altitude. It rises from 650–900 mm/a in the lowland areas up to about 3000 mm/a in the high 
mountain ranges exposed to the west and north. For stations located in lowland areas, summer 
precipitation represents more than 60 % of annual precipitation. For high altitude stations, 
winter precipitation is more important, although it is stored on the surface as snow cover until 
spring and summer, when melting takes place.

4. LONG TERM ISOTOPE RECORDS OF 
PRECIPITATION AND RIVER WATER IN AUSTRIA

Monthly surface water samples (grab samples) were taken at about 20 locations in Austria 
(about 15 on rivers, Fig.1, Table 1) since 1976 (from the Danube at Vienna since the 1960s). 
The river samples were taken mainly at locations where the rivers cross the Austrian border. 
These samples are stored at the Arsenal water sample bank in Vienna. Only some of them were 
analyzed, but the sample material was still available for investigations within the framework 
of the CRP. Although the goal was to complete a long term isotope record for rivers during 
the CRP period, this work is not yet fi nished.

The updated long term isotope patterns of Austrian rivers are shown in Figs 11, 12, and 13 
[8, 11]. No major changes in trends could be observed during the CRP period (2002–2005).

Isotope ratios in river water refl ect the isotopic composition of precipitation in the catchment 
area depending on the residence time of the water in the catchment (short term and long 
term components), provided that evaporation infl uence does not signifi cantly alter isotopic 

TABLE 1. RIVER WATER SAMPLING SITES IN AUSTRIA (MONTHLY GRAB 
SAMPLES) WITH MEAN ANNUAL DISCHARGE (MQ), LONG TERM AVERAGE 
δ18O VALUES (1976–1985 AND 1996–2005) AND AVERAGE 3H CONTENT 2005 OF 
RIVER WATER

River Sampling location Latitude/longitude
(degrees)

Drainage 
area (km2)

MQ
(m3/s)

18O (‰)
1976–1985

18O (‰)
1996–2005

3H (TU)
2005

Danube Engelhartszell ( O-1) 48.5046/13.7361 77 090     1400 –11.82 –11.24 21.9

Wien (O-5) 78.2662/16.3695 101 731 1915 –11.75 –11.22 16.3

Hainburg (O-9) 48.1507/16.9407 104 178 – – – 13.9

Drau Lavamünd (O-10) 46.6211/14.5481 11 052 – –11.86 –11.08   8.6

Inn Kirchbichl (O-13) 47.5233/12.0939 9 319 289 –14.01 –13.33   9.6

Schärding (O-12) 48.4361/13.4417 25 664 729 –12.84 –12.09 10.0

Leitha D.-Brodersdorf (O-14) 47.9384/16.4784 1 599 10 –10.74 –10.99 10.0

March Angern (O-15) 48.3840/16.8356 25 624 107   –9.88   –9.33 46.9

Mur Spielfeld (O-16) 46.7106/15.6361 9 480 140 –11.49 –10.59   9.7

Salzach Salzburg (O-18) 47.8169/13.0375 4 426 176 –13.12 – 10.0

Ill Gisingen (O-11) 47.2609/9.5790 1 281 65 –13.46 –   10.9*

Rhine Lustenau (O-17) 47.4482/9.6590 6 110 232 –13.58 –12.74  9.3

*) average value 2004.
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composition. Isotope time series from different stations within the Austrian precipitation 
network show signifi cant but not uniform long term trends. While the 10 year running means 
of some mountain stations exhibit a pronounced increase in δ18O of about 1 ‰ since 1975, 
the change in δ18O at valley stations is much lower (Fig. 14). There are also differences in 
temporal patterns. Differences in δ18O values of sampling stations at similar altitudes can be 

FIG. 11. δ18O time series for the Danube at Vienna (monthly grab samples, 12 month running mean 
for δ18O).
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FIG. 12. Tritium time series of precipitation (monthly mean values) and Danube (monthly grab 
samples) at Vienna. The sometimes higher 3H content in Danube water during the last years is due to 
releases from a nuclear power plant some 400 km upstream from Vienna.
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explained by air moisture origins. An Atlantic infl uence (moisture from NW) creates lower 
δ18O values (e.g. Patscherkofel and Bregenz) than a Mediterranean one (e.g. Villacher Alpe 
and Graz). The main reason for differing δ18O values is that Atlantic air masses have a longer 
way to travel over the continent, and during the trip successive rainout (continental effect) 
depletes moisture stepwise of heavy isotopes.

Stable isotope variations in precipitation are a consequence of isotope effects accompanying 
each step of the water cycle. Temperature is the most infl uencing parameter, but there are also 
other infl uences, such as changes in the origin of air masses or in rain formation mechanisms 
[14–16]. Fluctuations in δ18O values of precipitation also correlate to a large extent with those 
of the North Atlantic Oscillation (NAO) index, except during some years when the infl uence of 
the amount of precipitation probably dominates in rain formation mechanisms [17]. 

Comparisons of long term trends of stable isotope ratios in precipitation and river water (such 
as in Figs. 13 and 14) reveal that, in the case of the Upper Danube Basin, river water quite 
accurately refl ects isotope trends of precipitation, such as the signifi cant increase in δ18O 
values during the 1980s. The different sources of air moisture (Atlantic, Mediterranean) are 
also clearly represented isotopically in the river system. The alpine rivers Drau (Mediterranean 
infl uence) and Inn (Atlantic infl uence) differ signifi cantly in their δ18O values (Fig. 13).

It became evident from long term trend curves for river water and precipitation at Vienna 
(Fig. 15) that the δ18O signal is delayed in the Danube by approximately one year with respect 
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to precipitation [8]. The agreement of trend curves is partly very good, though there are 
discrepancies, most probably in the specifi c distribution of precipitation amounts for low and 
high altitude portions of the catchment during this period.

Figure 6 illustrates typical seasonal isotope patterns in Austrian rivers. The Inn River represents 
a typical alpine river, while the March River mainly drains lowland areas. The Danube 
represents a mixture of these different infl uences, also displaying the signifi cant alpine melting 
minimum in summer [8].

The 3H background concentration in Danube water at Vienna has decreased to about 10 TU in 
the last years (Fig. 12) and remains more or less constant at the moment. These 10 TU are very 
similar to the mean 3H content of precipitation in the catchment area during the last years and 
close to the natural 3H level. The sometimes higher 3H values in river water are due to releases 
from nuclear installations as discussed in Section 2.2.

The time series of 3H in the Danube were modeled using the lumped parameter approach [8]. 
But the comparison between measured and modeled 3H contents in the river water revealed 
that the best fi t which could be obtained (for a mean residence time of three years) was still not 
satisfactory.

5. LONG TERM ISOTOPE DATA SET (2H, 3H, 18O) 
FOR THE DANUBE AT VIENNA (1963 – 2005)

Table A–2 (annex) presents the actual status of the Danube isotope data set, partially published 
in several papers, see for example Ref. [11] and yearly reports of the BVFA Arsenal [18]. 
The data set is based on monthly grab samples of Danube water at Vienna. The measurements 
were completed as far as samples were available at the Arsenal water sample bank in Vienna 
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(except δ2H, measurements, which only go back to 1988). Thus the data set is now ready for 
evaluations and model calculations. Discharge data can be seen in Ref. [19].

6. SHORT TERM HYDROLOGICAL EVENTS 
AND REPRESENTATIVENESS OF MONTHLY GRAB SAMPLES 

Isotope data of daily grab samples and monthly average samples were compared to assess 
the representativeness of monthly grab samples. A set of daily Danube water samples taken 
at Hainburg between March 1996 and February 1997 was used for this investigation. Samples 
from each third day were measured (10 samples per month) and in addition there was a monthly 
average sample. Results of the isotope analyses (Fig. 16, Table 2) revealed that the yearly 
mean δ18O value calculated from monthly average samples and monthly grab samples (from 
the middle of the month) differed by only 0.08 ‰. Therefore, at least in the case of the Danube, 
monthly grab samples seem to be a reasonable instrument for tracing long term trends 
on the basis of 12 month running means. Daily sampling is necessary to investigate single 
hydrological events (e.g. high waters, snow melting processes) and short term contaminations 
(Fig. 17).

A detailed interpretation of the isotope data from April to June 1996 in Fig. 16 is provided in 
Fig. 18. During this period, quick changes were taking place in the isotopic composition of 
river water, either due to snow melting processes in the mountains (warm periods), causing 
low δ18O values, or to heavy spring rains, mostly causing high δ18O values.

7. DEUTERIUM EXCESS IN THE ALPINE PART OF THE DRAINAGE AREA 

The deuterium excess in precipitation and river water in the Danube Basin lies at around 10 ‰ 
(Fig. 5). Detailed investigations were performed to gain more insight into the behaviour of 
deuterium excesses in precipitation over the Eastern Alps within the framework of the CRP 
on Isotopic Composition of Precipitation in the Mediterranean Basin in Relation to Air 
Circulation Patterns and Climate [2]. The evaluation of long term isotope records had shown 
a completely different seasonal pattern of deuterium excess at both mountain and valley 
stations. While valley stations exhibited the expected minimum in summer, mountain stations 
showed a distinct maximum between June and October. These differences occured even if 
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the horizontal distance between mountain and valley station was only a few kilometers. From 
this we concluded that the reason for lower d-excess values at the valley station is obviously 
evaporation and/or isotopic exchange with air moisture during the falling of rain drops.

Further, an investigation was undertaken to examine whether Mediterranean infl uence could be 
the reason for higher d-excess values in the mountains. This could be excluded from trajectory 
studies for two mountain stations [17]. The last step was to look for the response in surface and 
groundwaters. For this, mountain lakes (‘Salzkammergut’ and the Traun River system) seemed 
to be good objects of investigation (Fig. 19). They are relatively deep and cold, and have a high 
throughfl ow (with a mean residence time of a few years), thus evaporation infl uences on the 
water’s isotopic composition is negligible in most cases. These lakes become well mixed in late 
winter, so samples of outfl ow from the lakes taken at this time deliver more or less yearly mean 
isotopic values. Measured data show a clear correlation between δ18O values and deuterium 
excess (between 7 and 13‰). From this, an altitude effect of about 0.43‰ per 100 m can be 
calculated regarding the deuterium excess (taking into account an altitude effect of –0.25‰ per 
100 m for δ18O). 
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TABLE 2: COMPARISON OF δ18O 
VALUES OF MONTHLY AVERAGE AND 
MONTHLY GRAB SAMPLES (DANUBE 
AT HAINBURG)

18O [‰]

Month Monthly 
average sample

Monthly 
grab sample ∆

Mar 1996 –11.22 –11.12 –0.10

Apr 1996 –11.60 –11.69 0.09

May 1996 –11.70 –11.62 –0.08

Jun 1996 –11.64 –12.07 0.43

Jul 1996 –11.34 –11.34 0.00

Aug 1996 –11.25 –11.31 0.06

Sep 1996 –11.07 –11.25 0.18

Oct 1996 –11.24 –11.38 0.14

Nov 1996 –10.91 –10.94 0.03

Dec 1996 –11.03 –11.13 0.10

Jan 1997 –11.10 –11.12 0.02

Feb 1997 –11.02 –11.14 0.12

12 month 
average –11.26 –11.34 0.08

FIG. 17. Example of a 3H contamination pulse 
in the Danube at Hainburg (river km 1884), 
probably the result of a release from a nuclear 
power plant some 400 km upstream [12].

FIG. 18: Short term infl uences caused by snow 
melting processes in the mountains (warm 
periods) and spring rains.–12,5
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The results of these investigations lead to the conclusion that the relatively big variations of 
deuterium excess in Alps precipitation (with higher values in the mountains and lower values 
in valleys and forelands) are mainly ‘homemade’ and not the result of different origins of air 
masses transported into mountainous regions. Therefore, in the Alps, deuterium excess is 
probably no reliable tool to trace the origin of air masses and moisture coming from far away. 
For this purpose — to distinguish between Atlantic and Mediterranean origin — δ18O (or δ2H) 
values and especially 3H data are suitable instruments. River water coming from mountainous 
regions is a mixture of mountain and valley precipitation, so that the resulting deuterium excess 
is more or less ‘normal’ (around 10 ‰), when the river leaves the mountainous region.

Some questions still remain. The mechanism behind the higher deuterium excess in mountain 
precipitation is not yet clear (perhaps the infl uence of re-evaporation?). More detailed 
investigation of single precipitation events — sequential sampling — may provide more 
insight. The second question is, of course, can these fi ndings in the Eastern Alps be transferred 
to other mountainous regions?

FIG. 19. Deuterium excess (red numbers) in alpine lakes of the River Traun system (Upper Austria, 
diagram area about 150 km × 110 km). Black numbers: elevation asl, blue: elevation of lake surface. 
Insert: correlation between deuterium excess and δ18O.
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8. CONCLUSIONS AND OUTLOOK 

Isotope ratios in Danube water refl ect the isotopic composition of precipitation in the Danube 
Basin depending on the residence time of water in the catchment area (short term and long term 
components). Evaporation infl uences on the isotopic composition of river water play a minor 
role and can be neglected in most parts of the Danube Basin, including the main stream. 

The 3H and 18O high resolution time series of the Danube at Vienna is one of the longest in the 
world for a large river (it starts from 1963). It demonstrates that not only short term signals 
(e. g. seasonal δ18O variations or 3H releases from nuclear facilities) but also long term changes 
of isotope ratios in precipitation are transmitted through the catchment and can be detected 
in river water. Thus also stable isotopes — such as 2H and 18O — can be used as independent 
tracers to simulate transport processes in river systems. Because of the relatively low amplitude 
of long term δ18O (δ2H) changes in precipitation and in river water, this approach is useful to 
assess the mean transit time of the fl ow’s fast component. For the Danube, the mean transit 
time derived from comparisons of δ18O trend curves for precipitation and river water at Vienna 
is around 1 a.

The different isotopic behaviour of tributaries from different parts of the catchment area 
refl ects differences in geographical and hydro-meteorological parameters, such as the altitude 
of drainage areas, spatial and temporal precipitation distribution, sources of air moisture, 
infi ltration characteristics, residence times of ground or lake waters in drainage areas, 
evaporation processes and others. Long term changes in isotopic records (such as increases 
of δ18O during the 1980s) may help to trace hydro-climatic changes in these areas which 
would otherwise be diffi cult to detect. The main reason for a δ18O increase during the 1980s 
is probably an increase in environmental temperature. But poor snow cover in the drainage 
areas during some winters and changes in the spatial and in the winter/summer distribution of 
precipitation also play a certain role in long term isotope record changes.

The time series of tritium in the Danube were modeled using the lumped parameter approach. 
The comparison of measured and modelled 3H contents in the river revealed that the best fi t 
which could be obtained (with a mean residence time of 3 a) is still not satisfactory. The time 
series was completed during the CRP period and is now ready to undergo new modeling 
attempts.

The isotope data set generated from JDS2 river water samples is a useful basis for isotope 
hydrological applications. An important actual research trend is the tracing of hydrological 
processes in the catchment of rivers through isotope investigations of river water. The main 
topic thereby is the formation and age structure of the base fl ow (groundwater contribution to 
river discharge). 

A classical application is the investigation of interactions between river water and groundwater, 
for example, in assessing the portion of bank fi ltration water in pumping wells supplying water. 
The prerequisite for such applications is a signifi cant differential isotope signal between river 
and groundwater. Since the Danube stream carries a substantial portion of water from high 
elevations, this prerequisite is fulfi lled for δ2H and δ18O values along the whole river course. 
The distinct difference between δ18O values for the Danube and tributaries in the lower parts of 
the catchment area is proof of this.
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Different isotope signatures — stable isotope ratios as well as 3H concentrations — in the main 
stream and in tributaries enable the investigation of mixing processes of tributary and main 
stream water. Inn River and the upper Danube, for instance, would be ideal candidates for such 
an investigation, as they differ by more than 2‰ in δ18O at their confl uence. Smaller tributaries 
which bear 3H pulses from nuclear power plant releases also offer good possibilities for mixing 
studies (Morava, Vah, Hron).

Tritium releases from nuclear power plants can also be used to study travel time and dispersion 
of contamination pulses in the Danube. This could be a basis for the development of emergency 
measures to deal with pollution accidents in the catchment area.

Besides its use for hydrological investigations, the JDS2 isotope data set can serve as a base 
line of isotope data for assessing future impacts within the Danube Basin. This includes 
hydrological/climatic changes (such as temperature changes and changes in precipitation 
distribution) as well as anthropogenic impacts on the hydrological regime (for example 
reservoirs and changes in land use). All these changes will more or less be refl ected in 
the isotopic composition of river water.

The isotope data set also seems to be applicable to a certain extent in biological studies. Due to 
different isotopic signatures in main streams and tributaries, it should be possible to distinguish 
between organisms which have developed in a tributary and those which have developed in 
the Danube stream.
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STUDY ON HYDROLOGICAL PROCESSES IN LENA RIVER BASIN 
USING STABLE ISOTOPE RATIOS OF RIVER WATER
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Abstract. Lena river water was sampled at Yakutsk and its isotope ratios were observed. The isotopic composition 
of river water showed a clear seasonality, with a pulse of low  values due to runoff of snow meltwater, and 
following an increase in  values during summer, which may be caused by a recession of snow meltwater and 
runoff originating from summer precipitation with more positive  values. The isotope ratios of river water 
slightly decreased again during the freezing period, when there was low discharge. As the freezing process of 
the ground progresses from the surface down, the soil layers producing runoff may become deeper. This may 
cause the gradual decrease in  values observed in winter. It has been pointed out that winter discharge showed 
an increasing trend in eastern Siberia. An increasing trend is most obvious in the area covered by permafrost. 
Monitoring of isotope ratios of river water may improve our understanding of the source and process of increasing 
winter discharge.

1. INTRODUCTION

The Lena river is one of the largest rivers in the world, bringing freshwater to the Arctic Sea 
throughout the year. Recently, Yang et al. [1] pointed out that Lena discharge, especially during 
winter, has been on the rise since the 1960s. The Northern part of the Eurasian continent 
is one of the regions where the largest increase in air temperature has been observed [2]. 
The degradation of permafrost is one of the possible reasons for an increase in winter discharge, 
though the reason for it has not yet been clarifi ed. An increase in river discharge to the Arctic 
Ocean may affect sea ice dynamics, thus creating a global climate impact through changes in 
ocean circulation and atmospheric patterns such as the NAO [3, 4]. The infl ux of freshwater 
from the Lena to the Laptev Sea thus may affect water dynamics of the Arctic Ocean.

The Lena river runs through the permafrost area in eastern Siberia, thus it is likely that its water 
isotope signal is considerably different from other rivers without permafrost in the watershed. 
The Lena river basin consists of three parts from a hydrological point of view; the mountain 
taiga area in the south, the central plain taiga area, and the tundra area near the river mouth. It 
is expected that each area contributes differently to runoff. The mountain taiga in the southern 
part of the river basin is expected to make the largest contribution to discharge, because 
the amount of precipitation in this area (~ 500 mm) is much larger than that in the plain taiga 
area (~ 200 mm) [5]. We also expect each area to have a characteristic isotope signature, thus 
refl ecting the unique and characteristic water regime in each area. 

The isotopic composition of river water may be a potentially powerful tool for investigation 
of the source region of discharge and detection of a water cycle change, through monitoring of 
the isotopic signature of river water and observation of the isotopic composition of ground ice 
which may thaw, resulting in additional runoff. River water isotopes are expected to give us 
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useful information on the cause of increasing river discharge. For this purpose, Lena river water 
was sampled and its water isotopic composition was analyzed under an IAEA Coordinated 
Research Programme entitled, “Isotope Tracing of Hydrological Processes in Large River 
Basins” [6]. 

2. OBSERVATION AND ISOTOPE ANALYSIS

Lena river water was sampled monthly or weekly at Yakutsk, which is located in the plain 
Taiga area (Fig. 1). During the summer (non-freezing season) river water was taken from land 
(river bank) at a Ferry terminal (62°0’N, 129°50’E), and during the freezing season, water was 
taken by making a hole in the ice. There is no way to take reliable river samples during ice 
breaking (usually May) and ice formation periods, because it is impossible to step on the ice, 
and river water near land may be isolated from the stream due to freezing. 

Nine gauging stations are in operation along the main stream of Lena. The nearest station 
is Tabaga, 25 km south of Yakutsk. Since there is no large tributary between the two sites, 
discharge at Yakutsk seems to be identical to that observed at Tabaga. Discharge data observed 
at Tabaga, Zmeinova (near Kirensk) Tommot and Ust-Mil along the Aldan river were obtained 
from the State Hydrology Institute. Locations for these stations are shown in Fig. 1. 

Water samples were brought to Japan for isotope measurement. Oxygen and hydrogen isotope 
ratios were analyzed using a MAT 252 mass spectrometer with CO2/H2/H2O equilibration 
device at the Center for Ecological Research, Kyoto University, and using Delta V with Gas 
Bench at Faculty of Environmental Earth Science, Hokkaido University. Analytical errors were 
less than ± 0.2 and 2 ‰ for δ18O and δD respectively.

Yakutsk/Tabaga

Zmeinova
Ust-Mil

Kyusur

Lena

Aldan

Vilyuy

Vitim
Olekma

Lena

FIG. 1. Lena river basin. River water was sampled at Yakutsk.  
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FIG. 2. Monthly mean discharge in 1959, 1987, 1988, 1989, and 1999 observed at Tagaba (a), and 
inter-annual variations in winter (March and April) and summer (August and September); discharges 
from 1936 to 1999 at Tabaga (b). 

3. RESULTS AND DISCUSSION

3.1. River discharge

Figure 2 shows river discharge (monthly mean) observed at Tabaga, located 25 km south of 
Yakutsk. River discharge usually reached a maximum value in June due to the runoff of snow 
meltwater from the watershed, and decreased rapidly during summer (Figure 2a). Discharge 
typically decreased during summer, however, patterns differ from year to year. For example, 
discharge decreased from June to November with only one peak in June in 1989, whereas two 
peaks were seen in June and September of 1959 and in June and August of 1999. These were 
probably stemming from summer precipitation and consequent runoff from the watershed. 
During the river’s freezing period (from November to April), river discharge decreased 
gradually, but never froze completely up.
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FIG. 3. Monthly mean discharges in 1959, 1987, 1988 observed at Zmeinova (a) and Ust-Mil (b), and 
interannual variations in winter and summer discharges from 1950 to 1988 at Zmeinova (c) and Ust-
Mil (d). February and March, and March and April are shown for Zmeinova and Ust-Mil, respectively.

The upper Lena showed a similar pattern to that observed at Tabaga. Figures 3a and 3b present 
discharge observed at Zmeinova (near Kirensk, Fig. 1). The maximum value was observed in 
June, decreasing rapidly over summer rapidly and gradually during the river’s freezing period 
(Fig. 3a). Similar seasonal variations were also observed at Ust-Mil in Aldan (Figs 3c and 3d).

Rapid decrease in discharge during the summer can be explained by receeding snowmelt 
water, while the gradual decrease during the river’s freezing period should be elucidated with 
the source area of the water discharge. Since most of the area around middle and lower Lena is 
affected by permafrost, no groundwater exists generally. As a rule, winter discharge can only 
be produced in the upper Lena, where no or discontinuous permafrost exists. As described 
later, the isotope ratio of river water during winter is an indicator of water source.

There are large interannual variations in winter and summer discharge (Figs. 2 and 3). As 
pointed out by Yang et al. [1], different trends in long term variation can be seen in winter 
discharge between the upper Lena and Aldan rivers. Figures 2b, 3b and 3d show a long year to 
year variation in winter discharge (March and April, or February and March) and late summer 
(August and September) at Tabaga (middle Lena), Zmeinova (upper Lena), and Ust-Mil (upper 
Aldan). Winter discharge increased after 1970 in the upper Aldan and middle Lena, where both 
receive runoff from the eastern part of the southern mountain taiga. The upper Lena is located 
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in the western part of the southern mountain taiga in the Lena river basin, where little area is 
covered by permafrost, and no signifi cant increase in winter discharge was observed (Fig. 3b). 
On the other hand, Zmeinova in the upper Aldan and Tabaga in the middle Lena, where large 
parts of the watershed is covered by permafrost, showed increase in winter discharge. One 
of the possible reasons for the difference is degradation of permafrost in the eastern part of 
southern mountain taiga, however, this has not yet been confi rmed. 

3.2. River water δ18O and d-excess observed at Yakutsk

River water δ18O and d-excess obtained at Yakutsk are shown in Fig. 4. Clear seasonal 
variation was found in the δ value, with a minimum peak (–23 to –24‰) in May or 
June and a maximum peak (–18 to –17‰) in August or September. The δ18O of river water 
decreased in fall, and during the river’s freezing period it remained almost constant or slightly 
decreased. Observed d-excess values are rather scattered, however, slightly higher d-excess 
values were accompanied by a spike of low δ values due to the runoff of snowmelt water 
greater than that of summer discharge, with slightly low d-excess values. Unlike observational 
results in tributaries of the Mackenzie river basin, where river water isotopes are affected by 
the evaporation of surface water [7], there was no signifi cant indication of the evaporative 

FIG. 4. The δ18O (a) and d-excess (b) of Lena river water, obtained at Yakutsk.
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FIG. 5. Seasonal variation in the daily δ18O of precipitation observed at Yakutsk or Spasskaya Pad, 
an experimental forest located 30 km northeast of Yakutsk.
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and ice) content (b) observed in April in 2000 at Spasskaya Pad experimental forest, located 30 km 
northeast of Yakutsk. 

signal observed in Lena river water. This difference may be attributed to dry surface conditions 
in the plain taiga in midstream Lena. 

A decrease in the δ of river water in May and June corresponds to an increase in discharge 
due to the runoff of snowmelt water. Snow cover δ at Yakutsk showed very low values 
(–30‰), since winter snowfall at Yakutsk has extremely low δ values (–45 to –25‰), as 
seen in Fig. 5. Snowfall δO in the upstream area is also expected to be low because of the 
high altitude. Actually, the observed δ of snow at Tynda in the southern mountain taiga was 
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as low as that at Yakutsk. Therefore, runoff with snowmelt water having a low δ causes 
clear seasonality with a strong spike of low δ in river water isotope data. 

An increase in δ18O during summer is primarily explained by the recession of snowmelt 
water. In addition, the runoff of summer precipitation with high δ18O can be a main factor 
for the increase. However, the contribution of summer precipitation runoff from the plain 
taiga area near Yakutsk is not signifi cant. This is expected, not only because of the amount of 
precipitation but also from the results of water isotope data. As explained below, the maximum 
value observed in August or September (–18 to –17‰) suggests that runoff from the southern 
mountain taiga area is the main component of discharge at Yakutsk. 

Soil moisture observed at Yakutsk at a depth of 45–90 cm showed a δ18O of around –24 to 
–22‰ [8], indicating mixing between summer precipitation and snowmelt water in the soil. 
It is also expected that runoff from this area (the plain taiga area) has a similar value (–24 
to –22‰) if it exists, except for surface runoff during snow thaw. Fig. 6 shows the vertical 
profi le of δ18O and soil moisture content (water and ice) observed in April 2000. Due to heavy 
rainfall in the summer of 1999, soil moisture content was extremely high during the winter of 
1999–2000, then some parts of soil moisture carried over without freezing. As seen in Fig. 6, 
tentative groundwater with a δ18O of –22‰ was observed during the winter of 1999–2000 [9]. 
It is expected that excess soil water with a δ18O of –24 to –22‰ runs off from the area, although 
runoff from the plain taiga area is usually insignifi cant, except for surface runoff during 
snowmelt. Actually, Ichiyanagi et al. [10] estimated that excess soil water with a δ18O value of 
–23‰ fl owed into a small water reservoir called alas during the summer of 2000, through the 
use of the isotope mass balance calculation for alas water. It is thus expected that runoff water 
from this area has a δ18O as low as that of excess soil water. If runoff from the plain taiga area 
contributes signifi cantly to the discharge observed at the Yakutsk, river water δ18O would not 
be as high as the value observed here (–18 to –17‰). Observed results therefore indicate that 
the source area of discharged water is in the upper stream, where soil water δ18O is higher than 
that in the plain taiga because of the larger contribution of summer precipitation. 

The decrease in δ18O in fall and winter is quite an interesting phenomenon. A relatively 
rapid decrease during the period of September – November suggests a change in the source 
of runoff water. One of the possible causes of this decrease is a change in the depth of soil 
layer producing runoff water, schematically shown in Fig. 7. As temperature decreases, the 
shallow soil layer freezes down, and the generation depth of runoff water moves down. Water 

Summer

runoff with 

high δ18O

Winter runoff 

with low δ18O

FIG. 7. Schematic fi gure to explain the difference in  the δ18O of runoff water during summer and 
winter in the area without permafrost. As the shallow soil layer freezes down during fall, contribution 
of runoff from shallow soil layer decreases. As a result, contribution of runoff from deeper soil layer 
with more negative δ18O increases.
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in the deeper soil layer is expected to have more negative δ18O values, because of a smaller 
contribution of summer rainfall than in the shallow soil layer. An increase in the contribution 
of runoff from deeper soil layers may cause a decrease in δ18O values during the fall.

During the mid-winter to spring period, observed river water δ18O values were constant or 
slightly more negative. Winter discharge means runoff water generation from a non-freezing 
area (or site), and it generally occurs in the area of the site without permafrost in the southern 
mountain taiga. Runoff water, however, may also be generated at plain taiga during winter, as 
described later, causing a different δ18O signal for river water. If permafrost degrades, runoff 
water generation may be enhanced. Since the observed δ18O value refl ects that of groundwater 
in the source area, it can be a potential indicator of permafrost degradation. 

3.3. Interannual variation in river water δ18O

Large interannual variation was also found in the δ18O values of river water. Maximum values  
are found in August or September and the δ18O value in mid winter differs from year to year. 
Variation in the amount of precipitation in the upstream and plain taiga areas may also be 
a large factor controlling these interannual variations.

As seen in the hydrograph at Tabaga (Fig. 2a), after a maximum peak in June, a second peak of 
discharge in August or September was also observed in some years. These peaks are attributed 
to runoff after summer rainfall. Runoff generated after summer rainfall is a factor controlling 
year to year variations in summer discharge as shown in Fig. 2b, therefore, it can also be 
a factor controlling interannual variations in river water δ18O during summer. 

As described before, the summer of 1999 was extremely wet because of heavy rainfall in the 
taiga plain area. Extremely wet soil, the water water of which had δ18O values ranging from 
–24 to –22‰ could generate runoff water with the same δ18O value, which was much lower 
than that of runoff water in the upstream area (the mountainous taiga area). A maximum value 
of δ18O in September 1999 was lower than that in dry years (2001 – 2003). One of the possible 
causes for lower maximum values of δ18O in September of 1999 and lower minimum values 
of δ18O in the winter of 1999–2000 is runoff after heavy rainfall in the summer of 1999 in the 
Plain taiga area. 

4. CONCLUDING REMARKS

Lena river water stable isotope ratios obtained at Yakutsk in the plain taiga area showed a 
clear and characteristic seasonal variation with strong spike of low δ18O values related to the 
runoff of snowmelt water and an increase in the δ18O during summer caused by the following 
recession and runoff of summer rainfall from the southern mountain taiga in upstream area. 
During winter, a gradual decrease was followed by a rapid decrease in δ18O values during fall. 

Observed constant δ18O values in river water during mid-winter may elucidate the source 
area and depth of runoff water generation, because soil water and groundwater are expected 
to show characteristic isotope ratios depending on geographical region. For example, runoff 
water originating from the mountain taiga area is expected to have more positive δ18O values 
higher than those from the plain taiga area. 
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Isotope ratios of river water can be a potential tool for detecting change in a water cycle such 
as permafrost degradation in a river basin, through further investigation on the isotope ratios of 
water and ice in permafrost as well as those in river water and precipitation.
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Abstract. The Río de la Plata estuary is the collector of a vast drainage basin of about 3.1×106 km2 . There are 
many tributaries to the estuary but the Paraná and Uruguay rivers directly discharge more than 99% of the average 
discharge (24 000 m3/s). The stable isotope composition of water in this estuary has been monitored since 1997. 
From 120 isotopic pairs, it could be established that 18O and 2H exhibit a cyclical pattern with a maximum 
in November and a minimum in May. Values correspond to the ITCZ position. When it is located near 8ºN, 
the amount of precipitation over the basin decreases and hence the isotopic composition of both elements is 
more positive. Conversely, when the ITCZ moves southward, the pluviosity increases, leading to more negative 
δ18O and δ2H values. This isotopic signal is recordered with a delay of ca 4 month in the estuary. The derivate 
magnitude, deuterium excess, showed important variations, from 1 to δ18 ‰, with the higher values being related 
to positive ENSO (El Niño) phases and lower values to negative ENSO (La Niña). Despite the interactions with 
groundwater and physical processes along ca. 2800 km, the Paraná River still refl ects at its mouth all these 
climatic phenomena that control the δ2H and δ18O contents at its catchment areas.

1. INTRODUCTION

The Río de la Plata estuary is the collecting area of a vast drainage basin of about 
3.1×106 km2 known as the ‘Cuenca del Plata’ (Fig. 1, Table 1). Its major tributaries are 
the Paraná and Uruguay rivers. The main course of the Paraná River starts at the ‘Planalto do 
Brasil’, located in central-eastern Brazil. The Pilcomayo and Bermejo rivers contribute to the 
Paraná with water from the high Andes range. Paraguay River releases into the Paraná water 
coming from the Mato Grosso, forming the largest wetland in the world named ‘El Pantanal’ 
[1] which behaves as a buffer. The Uruguay River, and the Iguazú River through the Paraná 
River, also contribute to the estuary. Less signifi cant are other rivers such as the Salado del 
Norte, Negro, etc., although between April and May, 2003 the Salado del Norte River produced 

TABLE 1. AREAS COVERED IN 
SOUTH AMERICA BY THE CUENCA DEL PLATA

Country Covered area
 × 103 km2 % of total area

Argentina 890 32

Bolivia 200 19 

Brasil 1.410 17 

Paraguay 410 95

Uruguay 150 80 

Total area 3.209 100
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catastrophic fl ooding in Santa Fe City, Argentina, with water levels reaching more than 7 m 
over the normal level [2].

The Paraná River discharges an average of 17 300 m3/s with peak values of up to 54 000 m3/s 

(1958), causing major fl oods in nearby cities. High river discharges and subsequent fl oods 
in its last 1000 km towards the Río de la Plata estuary were related to the El Niño South 
Oscillation Phenomena (ENSO) [3, 4]. Isotopic studies carried out with data from the Global 
Network for Isotopes in Precipitation (GNIP-IAEA-WMO) and our National Network account 
for an increase in rainfall and yearly enlargement of the zone of South America affected by 
the Intertropical Convergence Zone (ITCZ) [5, 6]. As was preliminarily demonstrated in [7], it 
is possible to relate stable isotope compositions of hydrogen and oxygen to the ITCZ winter–
summer movement and to the ENSO. The deuterium excess is associated to variations in 
kinetic fractionation factors during evaporation produced by ENSO related phenomena, and 
to the capture of recycled moisture from the Amazon rainforest during enhanced ITCZ shifts. 
In addition, ENSO signals and the ITCZ movements reach the estuary in ca. 4 months, due to 
the mean transit time from catchment areas to the sampling point.

The Instituto de Geocronología y Geología Isotópica (INGEIS) started to measure the isotopic 
composition of the Río de la Plata Estuary at the coast near Buenos Aires city in 1997 (Fig. 1). 
Studies carried out on the zone and satellite images demonstrated that the Uruguay River has 
no infl uence on the Buenos Aires coast, thus isotopic values obtained up to today only refl ect 

FIG. 1. Map of the del Plata basin showing the main contributors.
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the composition of the Paraná River (Fig. 2), allowing us to compare river composition at 
different localities, i.e. Corrientes and Santa Fe.

2. MATERIALS AND METHODS

A two liter sample has been collected every 15 days at a sampling point near the water works 
of Buenos Aires city in front of the Ciudad Universitaria. Since November, 2004 samples 
were taken daily. Composite 30 days grab samples and day by day samples were analyzed 
for November 2004 – May 2005, in most cases representing the lowest and highest values 
respectively. Another aliquot was used for tritium analysis. In addition, monthly cumulative 
humidity samples were collected during the year in the tank of the main engine of the central air 
compressed service of the INGEIS. Humidity in the air of the INGEIS building is considered 
to be in isotopic equilibrium with river water given its proximity (ca. 300 m) to the river. 

In order to check the reliability of grab samples, daily samples from May and November were 
analyzed for deuterium and oxygen-18. Figure 3 shows the distribution of daily samples and 
the value of the grab sample taken on 15 November (which had been taken as representative 
for the 30 days). In this case,δ2H valued are the same for monthly averaged daily samples and 
the grab sample of 15 November but the compositeδ18O value is sligthly different (Fig. 3). 
As a data quality check, a sample obtained for the mixture of 30 subsamples of 1 mL was also 
analyzed, and its isotopic values were identical to the arithmetic mean of the 30 individual 
analyses. 

At the time of completion of this report not all May samples were measured (only deuterium 
is available), but it is probable that daily samples averaged on a monthly basis more accurately 
represent the mean isotopic composition of the river for the period of a month. In addition 
individual samples are available for further studies to be carried out when it is possible for 
the laboratory to measure such a set of samples. 

FIG. 2. Landsat image of the Rio de la Plata showing that the Uruguay river has no infl uence on 
the Buenos Aires coast.
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Isotope analyses were carried out at INGEIS Laboratories. Deuterium (2H) in water samples 
was prepared using standard procedures [8] and for 18O, the methodology described in [9] was 
used. Isotope ratios were measured using a multicollector McKinney type mass spectrometer, 
Finnigan MAT Delta S. Results are expressed in δ (‰) and defined as:

1000 ‰S P

P

 - R R =  
R

δ

where:
δ	 is isotopic deviation in ‰;
S	 is sample;
P	 is international standard
R	 is isotope ratio (2H/1H, 18O/16O).
The standard is Vienna Standard Mean Ocean Water,V-SMOW [10]. The analytical uncertaini-
ties are ±0.1 ‰ and ±1.0 ‰ for δ18O and δ2H respectively.

Tritium samples were measured using liquid scintillation direct counting in the the Atucha Nu-
clear site laboratory, Argentina. Results are expressed in TU (1 TU = 13H : 1018 H). The detec-
tion limit is about 5 TU. Samples below this value are considered to be 1 to 3 TU. 

3. RESULTS AND DISCUSSION

3.1.	 Paraná River discharge

Fig. 4 shows a comparative picture of discharge over several years at Corrientes station, while, 
Fig. 5 and Fig. 6 present the daily discharge of Paraná River at the Corrientes and Santa Fe 
gauge stations [11].

FIG. 3. Scatter plot showing the distribution of δ18O vs δ2H values of daily grab samples, 
the monthly average and the grab sample collected on 15 Nov. 2004.
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FIG. 4. Discharge of the Paraná River at the Corrientes station. Note the increased volumes during 
‘El Niño’ years (See Fig. 18).

FIG. 5. Daily discharge of the Paraná River at the Corrientes station period 01/1996–08/2006 [11].

As previously mentioned, a delay of about 4–5 months was observed between the time of 
the meteorological event and its signal in the estuary. It was assumed that this is related 
to the mean transit time from the catchments to the sampling point. An estimation of 
the feasibility of this number was made during a seven year study of the time required by 
the Paraná river to cover the trajectory between the Corrientes and Santa Fé stations (about 
600 km) (Fig. 7). Calculations were made characterizing maximum and minimum peaks in 
Corrientes and their homologues in Santa Fe (Fig. 8). 
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FIG. 6. Daily discharge of the Paraná River at Santa Fe station period 01/1996–08/2007 [11].

If we consider the time span between the occurrence of a peak (valley) in Corrientes and 
the same peak (valley) in Santa Fe and plot them versus discharge in the Corrientes, we obtain 
the graph in Fig. 8. A weak correlation is shown, suggesting that transit time increases with 
discharge, ranging from 3 to 24 days, and averaging a medium speed of 38 km/day. Taking 
into account basin dimensions, catchment signals would be refl ected in the sampling point 
delayed by about three months, and an observed time of four months is considered reasonable 
taking into account the dams and natural fl ooding that hold back the fl ow in zones occurring 
along the river course. Figure 9 shows a transit time simulation between the Corrientes and 
Santa Fe stations (Fig. 7). It consists of a shift in the discharge corresponding to the Santa Fe 

FIG. 7. Location of Santa Fe and Corrientes stations. The distance between the cities is marked in red.
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FIG. 8. Correlation between discharge at Corrientes and the transit time Corrientes–Santa Fe 
(570 km).
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FIG. 10. δ18O time series for the period 1997–2007 at Ciudad University Station.

FIG. 11. δ2H time series for the period 1997–2007 at Ciudad University Station.

station keeping that of the Corrientes constant. The best fi t corresponds to τ = 17 days, which is 
the average span time that best explains the correspondence between peaks and valleys.

3.2. Stable Isotopes

Figures 10, 11 and 12 show the time series for δ18O, δ2H and deuterium excess at the Ciudad 
University Station in Bueno Aires. In Fig. 10, the isotope concentration of 18O is presented. It 
follows a well defi ned cyclic pattern with time. The δ2H values exhibit a similar scheme for 
the fi rst two periods, but the third and fourth periods present more negative isotope values 
in comparison to the others (Fig. 11). This fact can also be observed in the time series for 
the d-excess parameter, produced by the depletion of deuterium, which is not associated to a 
parallel 18O decrease (Fig. 12).
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4. BACKGROUND

4.1. The amount effect

As was fi rst noted by [12] and proven in later works, the so-called ‘amount effect’ governs 
stable isotopic composition in tropical zones, where temperature dependence is less signifi cant 
than in middle and high latitudes. Albero and Panarello [13] observed the existence of this effect 
in Belem, Brazil, where temperature variations are negligible throughout the year. Figure 13 
shows clustered samples in months with heavy rain of around –5 ‰ in δ18O. Conversely 
the ‘dry’ season exhibits enriched values similar of those of ocean. Also in Río de Janeiro, 
Brazil (Fig. 14), a correlation between amount and isotope depletion was found, indicating 
corresponding regression lines for both to more than one source of water vapour [14].

The amount effect is considered to be the consequence of a Rayleigh condensation of vapour 
and rainout. As condensation proceeds, the isotopic composition of raindrops decreases as 
a function of the remaining vapour fraction of the cloud, thus as precipitation progresses, 
the isotopic composition of rain becomes lighter. This effect can be expressed as follows:

δ = δι – ε lnf 

Where f is the remaining fraction of vapour in the cloud W/W0, and δι is the starting isotope 
composition of the cloud.

4.2. Hadley cells and the ITCZ 

At low latitudes, air columns rise and move poleward on either side of the Equator. At higher 
latitudes, cooling air causes the columns to descend. This results in the development of large 
convective wind cells, called Hadley cells, with low pressure centres along the equator and 
high pressure belts at around 30º latitude (Fig. 15).

FIG. 12. Deuterium excess time series for the period 1997–2007 at Ciudad University Station.
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The Earth’s rotation causes separation of the high pressure belt into divergent spiraling 
anticyclone cells. The compensating back fl owing air produces northeasterly and southeasterly 
trade winds, which converge in the equatorial area, and is therefore also known as 
the Intertropical Convergence Zone (ITCZ) [15]. As these winds converge, moist air is forced 
upward. This causes water vapour to condense, or be ‘squeezed’ out as air cools and rises, 
resulting in a band of heavy precipitation around the globe. This band is not stationary and 
shows a strong seasonal behaviour, always being drawn toward the area of most intense solar 
heating, or warmest surface temperatures. 

FIG. 13. Amount effect in Belem, after [13].

FIG. 14. Amount effect in Rio de Janeiro, after [13].
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FIG. 15. Sketch of the Hadley Cells.

During the austral winter (July) it is displaced lightly to the North (parallel to the Equator) 
up to 8ºN. During the Austral summer (January) the ITCZ shifts southwards, making a strong 
infl exion over the continent reaching up to 30ºS, between 50ºW and 60ºW. (Fig.16) [5].

When it shifts southwards, it provides the synoptic conditions for a great increase in 
precipitation. These conditions produce an amount effect that is recorded with some delay 
in the stable isotope composition of the Río de la Plata. Therefore, more negative δ18O and 
δ2H values are observed in the months of May–June, overdue ca. 4 months with respect to 
the southern movement of the ITCZ due to an average transit time of the river water from 
its head to its mouth.

FIG. 16. Seasonal displacement of the Intertropical Convergence Zone, cited in [5].
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A more detailed distribution of precipitation amount and ITCZ position is given in Fig. 17 
[16]. These plots evidence dry periods for July–August (refl ected in the November values) and 
humid periods in December–January, producing the isotopic composition observed in May.

FIG. 17. ITCZ and rain distribution at the catchment areas [16].
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4.3. El Niño Southern Oscillation (ENSO)

ENSO is a generic name for oceanic-atmospheric coupled cyclic phenomena which signifi cantly 
change meteorological conditions around the globe. When associated to an ocean temperature 
increase, we refer to it as ‘El Niño’, conversely when ENSO is linked to an ocean temperature 
decrease, we refer to it as ‘La Niña’. In addition, neutral (or normal) events are referred as 
‘Non Niño-Non Niña’ episodes. ENSO phenomena are defi ned for the Pacifi c Ocean at 30ºS 
but they have induced consequences at the global scale known as ‘teleconnections’.

The El Niño episode of 1997–1998 was associated with a dramatic alteration in the global 
pattern of tropical rainfall and deep tropical convection, as indicated by above normal rainfall 
across the eastern half of the tropical Pacifi c and by signifi cantly below normal convection 
across Indonesia and the western equatorial Pacifi c. The combined zonal extent of these rainfall 
anomalies covered a distance of more than one half the circumference of the earth. 

Selected impacts associated with these warm episode conditions included:

(1) Excessive rainfall across the eastern half of the tropical Pacifi c;

(2) Signifi cantly below normal rainfall and drought across Indonesia and the western tropical 
Pacifi c; 

(3) Below normal hurricane activity over the North Atlantic during August–October, with 
a simultaneously expanded region of conditions favourable for tropical cyclone formation 
over the eastern subtropical North Pacifi c;

(4) Excessive rainfall and fl ooding in equatorial eastern Africa during October–December;

(5) A dramatic eastward extension of the South Pacifi c jet stream to well east of the date line 
during June–December, which resulted in enhanced storminess across south-eastern South 
America and central Chile;

(6) Abnormally dry conditions across the Amazon Basin, Central America and the Caribbean 
Sea. Both phenomena are coupled with atmospheric circulation producing anomalies in 
the trade winds. 

When a warm ENSO (El Niño) take place, southward movement of the ITCZ is pronounced 
and reaches lower latitudes than in normal or cold episodes (enhanced ITCZ). Under these 
conditions, winds capture more recycled vapour from the Amazon. On the other hand, when 
a cold ENSO (La Niña) occurs, southward movement of the ITCZ is limited or interrupted, 
leading to a decrease in the amount of precipitation, which can produce drought in many cases. 
The climate over large parts of South America is strongly infl uenced by the El Niño/Southern 
Oscillation. During warm episodes, drier than normal conditions are generally observed 
across north-eastern South America during July–March, while enhanced precipitation tends 
to be observed throughout south-eastern South America during November–February [17], and 
throughout central Chile during the austral winter [18]. Also, above average temperatures are 
typically observed along the west coast of South America from May to April [17]. During 
the very strong 1997 warming episode, all of these conditions were prominent aspects of 
the South American climate. 
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The Global Sea Surface Temperature ENSO Index (Global SST ENSO Index) is used to 
measure the state of the ocean during ENSO phenomena. This ENSO index is the average SST 
anomaly equatorward of 20 degrees latitude (north and south) minus the average SST poleward 
of 20 degrees, and it captures the low frequency part of the El Niño/Southern Oscillation 
phenomenon (Fig.18) [19].

In an early work [3], good correlation was found between El Niño episodes and an increase in 
Paraná River discharge. Flooding events produced by the Paraná River in May 1998 occurred 
in response to the strongest El Niño phase of the twentieth century [4].

5. DEUTERIUM EXCESS AND THE ENSO

Changes in the ratio between 18O and 2H are caused by the different diffusion rates of water 
species 2H1H16O (mass 19) and 1H2

18O (mass 20) during evaporation. The differential diffusion 
rate for the above molecular species produces kinetic fractionation. The kinetic factor for this 
process is related to ocean temperature, moisture and wind strength, among other causes [20]. 

Figure 19 shows the correlation between the ENSO index and d-excess. During El Niño 
episodes, river waters show high d values, reaching up to 18‰ in 1997–1998. Conversely, 
during La Niña, lower d-excess values were observed, reaching up to 1‰ in 2006. 

The warmer ocean surface during El Niño increases the kinetic factor and thus evaporation 
occurs far away from equilibrium conditions. In this case, d-excess values are larger than those 
in which the process takes place under equilibrium conditions. A colder ocean surface can lead 

FIG. 18. ENSO index for the period 1996–2007 [19]. 
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to a decrease in the kinetic factor; evaporation occurs close to equilibrium and thus d-values 
approximate zero. However, changes in temperature are not enough to explain the entire 
variation of d-excess values, although changes in air moisture and wind velocity could also 
occur. When El Niño forces an enhanced-ITCZ, a large area of Amazon moisture, which is 
already tagged with exceptionally high d-excess values, is captured. In this way, the ENSO and 
ITCZ synergise, yielding very high values of deuterium excess.

6. TRITIUM

Tritium concentrations from the Río de la Plata and the Ciudad Universitaria rain collection 
station have been monitored since 2001 (Fig. 20). It is believed that the most probable source 
of technogenic tritium in the estuary is water discharge from the cooling system of the Atucha 
nuclear site. The tritium content of the river reaches peaks of up to 1400 T.U. Rainwater has 
also tritium concentrations more elevated than expected.

7. CONCLUSIONS 

The amount of precipitation defi nes the isotope composition of precipitation in tropical zones 
of central South America. 

FIG. 19. Twelve month moving average for (1) deuterium excess and (2) the ENSO Global Index 
(SST). Both signals show a similar general pattern shifted by about 4 months despite all the potential 
factors that could modify isotopic composition along the river path (≈ 2800 km). Most differences 
are probably due to variations in transit time from the catchments to the mouth and also to the large 
number of tributaries whose contribution to the Paraná River change with time. See text for more 
details.
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FIG. 20. Tritium values on Río de la Plata in the Ciudad Universitaria station during 1997–2003. 
Concentrations have been measured by direct counting. 

The ITCZ is the main factor controlling the amount of precipitation and thus the isotope 
composition of the Paraná River, whose catchment area extends over a large portion of South 
America.

The ENSO phenomena infl uences the southwards shift of the ITCZ enhancing it (El Niño) or 
preventing it (La Niña). The ENSO enhanced ITCZ captures Amazon deuterium rich moisture 
thogether with marine vapour also deuterium rich lead to deuterium excess values up to 18‰ 
during El Niño 1997–1998. 

This pattern reverts during La Niña onset, i.e. a more reduced zone creating captured Amazon 
deuterium rich moisture and less signifi cant kinetic fractionation during evaporation under 
cool conditions. This fact is shown in a dramatic drop after the warm episode of 1997–1998. 
During 2006 under La Niña conditions, d-excess values reached up to 1‰.

Despite all the interactions with groundwater and physical processes undergone along ca. 2800 
km, the Paraná River still refl ects all these climatic phenomena at its mouth.
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SOUTH AFRICAN CONTRIBUTION TO THE RIVERS CRP

S. Talma a, S. Lorentz b, S. Woodborne a

a Natural Resources and the Environment, CSIR, Pretoria, South Africa

b School of Bioresources, Engineering and Environmental Hydrology,
University of Kwazulu–Natal, Pietermaritzburg, South Africa

Abstract. This report summarizes activities undertaken by the South African participants of the IAEA Cooperative 
Research Project ‘Design criteria for a network to monitor isotope compositions of runoff in large rivers’. 
The project was led by Siep Talma of the CSIR in Pretoria. Simon Lorentz from the University of KwaZulu–Natal 
in Pietermaritzburg provided the hydrological input. River fl ow and stable isotope data that were collected during 
1968–1974 by the CSIR were digitised and are now available electronically. Nine sampling stations were set up 
and operated between 2002 and 2006 in the Orange, Thukela and Zambezi catchments. Three sampling surveys 
were undertaken along the main stretches of the Vaal and Orange Rivers, to illustrate the isotope and chemical 
variations that were found during monitoring. Data are presented and preliminary conclusions drawn. In the river 
catchments there is an inverse relation between fl ow and 18O content, even on a weekly basis. The presence 
of reservoirs in these rivers disturbs this relation since water is accumulated in reservoirs and isotope patterns 
become integrated. The controlled release of water from reservoirs breaks the relation between fl ow and 18O. The 
relationship between 18O and deuterium indicates some evaporation causing displacement from the local meteoric 
water line as well as evaporation effects that are generally found for δ18O > –2‰. The isotope and hydrological 
data that have been obtained provide information on which the utility and possibility of future monitoring and 
investigative projects can be based.

1. PROJECT BACKGROUND

The South African contribution to this CRP originates from early activities of the CSIR 
environmental isotope group. Between 1968 and 1974, regular sampling and isotope analysis 
was undertaken on samples from 12 river stations in southern Africa. It was therefore natural 
that this earlier work from the region contributed to this CRP, which commenced in 2002.

The participation of CSIR in the present CRP was undertaken in order to
• Capture historical data in a database;
• Set up and operate new isotope sampling stations in line with the needs for a future GNIR 

programme concentrating on larger catchments;
• Evaluate the two sets of data on a sound hydrological basis.

The collaboration of Prof. Simon Lorentz from the University of Natal in the present project 
was crucial, since he represents the foremost centre of hydrological research in the country and 
brought in hydrological expertise that was lacking in the past.

2. HISTORICAL RIVER DATA

During the period 1968–1969, Dr Wolfgang Roether, then at Heidelberg University, spent 
a sabbatical in Pretoria at what was then the Natural Isotopes Division of the National Physical 
Research Laboratory of the CSIR. During this year, he commissioned a facility for 18O analysis 
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in water and established a network of individuals who collected river water on a weekly basis 
from South African river stations representing major drainages in South Africa (Fig. 1). After 
Roether’s departure, this activity was continued by Siep Talma [1]. Some stations were later 
closed, and a few new ones opened, but towards 1973–1974 this activity was shut down.

2.1. Sampling in 1968–1974

River water samples were initially collected on a weekly basis from eight stations in South 
Africa (Table 1). Water samples of 250 ml were collected and forwarded to the CSIR laboratory 
in Pretoria. The collectors were individuals who also regularly measured fl ow at these rivers 
on behalf of the South African (governmental) Department of Water Affairs and Forestry 
(DWAF) (Table 1). From 1971 onward three stations (Orange at Oranjedraai, Caledon River 
and Kornetspruit) in the highlands of Lesotho (the upper reaches of the Orange catchment) 
were added to the network to amplify details of the rainfall/runoff response. At some time 
during this time, samples were also obtained for three years from the Zambezi river at Tete in 
Mozambique, just below the Cahora Bassa dam, which was then under construction. The entire 
sampling network was discontinued in 1974 because the analytical load became too large.

The 18O analyses were done on weekly samples for the fi rst two years and occasionally for 
deuterium and tritium (see Table 1 for details). Later in the project, analyses were done less 
frequently and usually then on monthly composite samples. River fl ow data were originally 
obtained from DWAF reports, but are now available online [2].

FIG. 1. South African map with catchment boundaries of the areas for which samples were taken 
during 1968–1974. The catchment numbers refer to the DWAF reference numbers used in Table 1.
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2.2. Results from 1968–1974 sampling

The 18O data show considerable variation on a short term basis and the availability of these 
historic isotopic data in electronic format enables a comparison with recent data (Fig. 2). 
General features of the stable isotope pattern are:
• Low 18O values during the rainy season, more positive during the dry periods;
• Steady 18O increase with decreasing fl ow in the dry period;
• Rapid 18O and fl ow response to rainfall: all stations are in summer rainfall areas, except 

Breede River at Swellendam;
• Not all 18O and D variations (Fig. 3) are due to evaporation; there is also quite some variation 

along the GMWL;
• Smoothing out of these variations due to the collection of water in reservoirs and release of 

water due to water demand requirements.

The infl uence of reservoirs on 18O patterns can be quite clearly seen in the Orange Bethuli 
data (Fig. 2). In the winter of 1970, the Gariep dam wall had been completed just downstream 
from Bethuli and the reservoir started fi lling up when the rainy season began in September. By 
December the reservoir must have reached Bethuli (50 km above the dam wall) and from that 
time onward the stable 18O plot steadied and became indicative of water mixing that occurred 
in the reservoir, thereby smoothing out isotope variability from the infl owing water. The same 
pattern was observed at the Orange at Upington station, located downstream. The Zambezi 
and Great Fish Rivers, similarly, show a very constant 18O value throughout the year except 
for a small lowering during the highfl ow seasons. This is the same in the Vaal River. All of 
these rivers contain large reservoirs and the fl ow in rivers is regulated by demands placed on 
the water sources.

TABLE 1. SUMMARY OF RIVER DETAILS AND DATA AVAILABILITY OF SAMPLES 
OBTAINED IN 1968–1974

Catchment River Location Station
ref # Dates Size

 km2
MAR
Mm3/a

Frequency
18O Deut Trit

Orange Kornetspruit Maghalleen D1H006 1971–72 3 014 627 wk

Orange Orange Oranjedraai D1H009 1971–72 24 870 3 951 wk

Orange Caledon Jammerdrif D2H001 1971–72 13 315 1 109 wk

Orange Orange Bethuli D3H002 1968–70 65 380 8 142 wk occ occ

Vaal Vaal Douglas C9H007 1968–72 193 765  3 008 wk

Orange Orange Upington D7H007 1968–72 260 400  12 301 wk

Olifants Olifants Mica B7H007 1968–72 47 100  2 596 wk

Thukela Thukela Mandini V5H002 1968–72 28 910 3 804 wk mon mon

Thukela Kl Boesmans Estcourt V7H012 1973–74 196 30 wk

Great Fish Great Fish Cookhouse Q7H004 1968–71 18 490  280

Breede Breede Swellendam H7H006 1968–72 9 829  2 050 wk

Zambezi Zambezi Tete 1970–73 900 000  81 360 mon mon

wk — weekly, mon — monthly, occ — occasionally.
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FIG. 2. The 18O and fl ow plots with time for rivers sampled in 1968–1974. 
River fl ows (in cumecs = m3/sec) are plotted on log scales.
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Orange @ Upington
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Fig. 2. The 18O and fl ow plots with time for the rivers sampled in 1968–1974. 
River fl ows (in cumecs = m3/sec) are plotted on log scales (cont.).

73



Following this observation, correlation coeffi cients between fl ow and 18O were calculated 
(Table 2) and showed better (negative) correlation for unregulated rivers. To quantify 
the infl uence of reservoirs, a ‘reservoir index (RI)’ was calculated as the ratio between the total 
reservoir size upstream of the sampling station and the mean annual runoff at the station. There 
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FIG. 2. The 18O and fl ow plots with time for the rivers sampled in 1968–1974. River fl ows (in cumecs 
= m3/sec) are plotted on log scales (cont.).

FIG. 3. Deuterium–18O plot of samples from Thukela and Orange rivers in 1968–1972.
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is some indication that the lower correlation coeffi cient is associated with increased storage 
capacity in the catchment (Fig. 4).

2.3. SCOPE/UNEP sampling 1981–1983

An additional sampling run of the Orange River at van der Kloof dam was undertaken between 
August 1981 and May 1985 as part of a SCOPE/UNEP project to study the transport of carbon 
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Fig. 4. Plot of the correlation coeffi cient between log–fl ow and 18O against the ‘reservoir index’ above 
each station.

TABLE 2. CALCULATION OF THE RESERVOIR INDEX AND CORRELATION 
COEFFICIENT BETWEEN LOG–FLOW AND 18O FOR THE 1968/72 STATIONS

River Locality Dates Catchment area 
(km2)

MAR
Mm3/a

Reservoir 
Index R2

Kornetspruit Maghalleen 1971–72 3 014 627 0 0.78

Orange Oranjedraai 1971–72 24 870 3951 0 0.73

Caledon Jammerdrif 1971–72 13 315 1109 0 0.77

Orange Bethuli 1968–70 65 380 8141 0.004 0.83

Vaal Douglas 1968–72 193 765 3031 1.33 0.21

Orange Upington 1968–70 260 400 12392 0.59 0.70

Orange Upington 1970–72 12392 1.18 0.69

Olifants Mica 1968–72 47 100 2615 0.15 0.71

Thukela Mandini 1968–72 28 910 3804 0.035 0.78

Great Fish Cookhouse 1968–71 18 490 282 0.7 0.47

Breede Swellendam 1968–72 9 829 2065 0.073 0.78

Zambesi Tete 1970–73 900 000 81 360 2 0.60

MAR — mean anuual runoff at the station
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and minerals in the world’s major rivers. Sampling was arranged by Prof. Rob Hart, then at 
Rhodes University in Grahamstown, and the isotope analyses were done at the University of 
Groningen in the Netherlands [3,4]. The actual data have been made available by Prof. Mook, 
and the 18O time series is presented in Fig. 5. These data showed very constant 18O content 
over most of the sampling period with little fl ow variation. This was a generally dry period and 
water releases by authorities were minimal. The few deuterium determinations that were made 
on a representative few samples indicate an exceptionally low D/18O slope of 2.2 (Fig. 6).

3. CURRENT PROJECT MONITORING

The routine sampling of rivers under the auspices of the present CRP commenced in 
the beginning of 2002. Given the mandate of the CRP, stations were selected to sample only 
the larger catchments of the subcontinent (Fig. 7). In addition, it was intended that sampling 
stations would be arranged along the same river in order to observe downstream variations 
(Table 3).

FIG. 6. Deuterium–Oxygen-18 plot of samples from the Orange River at van der Kloof dam during 
1981–1984 (Mook pers.comm.). The slope of the evaporation line is 2.2.
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 FIG. 5. Oxygen-18 plot with time for the Orange at the outlet of the van der Kloof dam during 
1981–1984. (Mook, pers. comm.). Infl ow (from the Gariep dam) and outfl ow values are plotted 
on log scales.
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3.1. Orange River

The Orange River drains the central part of South Africa (Fig. 8) and is an important 
water supply source for urban areas [5]. The river originates in the Lesotho highlands 
(at 2000+ m altitude). This area is characterised by low evaporation (1200 mm/a), high 
rainfall (>1000 mm/a), shallow soil cover and steep mountain slopes. Some water is retained 
in the Khatse and Mohale Dams in Lesotho. Flowing towards the Atlantic ocean in the west 
for nearly two thousand kilometres, the climate is gradually transformed into harsh desert areas 
where rainfall is less than 50 mm/a, annual potential evaporation is in excess of 3000 mm/a and 
only occasional fl oods occur. Other reservoirs in the river downstream are the Gariep Dam and 
the Van der Kloof Dam, which are used to supply water to meet agricultural needs.

TABLE 3. DETAILS OF THE RIVER ISOTOPE SAMPLING STATIONS 
THAT WERE ESTABLISHED FOR THE CRP IN 2002/3. BASIN DATA FROM [5–7] 

Catchment River Location Lat
South

Long
East

Station
ref #

Catchment
area km2

MAR
Mm3 /a

Orange Orange Oranjedraai 30 20 10 27 21 34 D1H009 24 870 4 000

Orange Orange Gariep Dam 30 37 23 25 30 26 D3R002 70 749 8 000

Orange Orange Doornkuilen 29 59 28 24 43 28 D3H001 90 209 9 000

Orange Orange Upington 29 04 15 23 38 00 D7H007 295 105 12 000

Thukela Kl Boesmans Estcourt 29 00 08 29 52 54 V7H012 196 30

Thukela Thukela Spioenkop Dam 28 40 52 29 31 00 V1H057 2 452 1 000?

Thukela Thukela Mandini 29 08 26 31 23 31 V5H002 28 910 4 000

Zambezi Zambezi Victoria Falls 17 55 12 25 47 54 ZGP 26 507 200 33 500

Zambezi Zambezi Kariba 16 30 58 28 47 00

MAR — mean annuual runoff at the station.

FIG. 7. Map of Southern Africa showing catchments and sampling sites used for the CRP project 
during 2002–2006.
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There has been substantial development along the course of the river during the last 40 years  
[5]. The fi rst dam that was built on the Orange River, the Gariep dam, was completed in 1970 
and fi lled during the 1968–1972 sampling period (Table 4). Subsequently dams were built 
downstream (Van der Kloof: also for agricultural water) and upstream (Khatse and Mohale: 
part of the Lesotho Highlands water scheme, [8]). The Vaal River is an important tributary of 
the Orange River (Fig. 8) and drains the heavily populated Gauteng province. The Vaaldam 
was completed in 1938 for urban water supply and since the last decade also receives water by 
interbasin transfer from the Khatse and Mohale reservoirs [8]. Lower down in the Vaal River, 
the Bloemhof dam has since been built. The middle and lower Orange is therefore a highly 
regulated river system and water managers have to strike a balance between the demand of 
water supplies, ecological sustainability and fl ood control.

Sampling for isotopes in the orange River was arranged at four existing DWAF fl owstations 
(Table 4). Monthly (or fortnightly) samples were collected in 200 ml plastic bottles and 
sent to CSIR in Pretoria. 18O was analysed routinely and deuterium and chloride analysed 
selectively (every two months or whenever the 18O content changed markedly). Logistical and 
staff problems caused some samples to be lost, part of which could be made up from samples 
collected for the DWAF water quality network.

3.2. Thukela River

In terms of world size, the Thukela (formerly called Tugela) catchment is not large (29 000 km2), 
yet its water resources are signifi cant in the South African context. The catchment is at present 
a site of intensive study [9] as well as a new IAEA technical cooperation project. An inter-basin 
transfer and pumped storage scheme is in operation on the escarpment and further options are 
presently being studied [10]. 

The Thukela catchment is bound by the Drakensberg escarpment in the west, where peaks rise 
up to over 3000 m and rainfall can be as high as 2000 mm/a. The river has a large number of 

FIG. 8. Map of the Vaal and Orange River catchments. The synoptic sampling trips were undertaken 
along the Orange River from the Lesotho highlands to Prieska and then along the Vaal River 
to the Vaal Dam.
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tributaries (Little Thukela, Klip, Bushman’s, Sundays, Mooi and Buffalo Rivers) which all 
fl ow eastward, join the Thukela and discharge into the Indian Ocean at Mandini, some 250 km 
east of the escarpment (Fig. 9). 

Although there are a few large reservoirs (Table 5) and numerous smaller ones in the Thukela 
River system, these are mainly located in the upper reaches of the Thukela River and its 
tributaries. The total reservoir capacity available in the catchment is 1.0 km3 which represents 
only 25% of the mean annual runoff. For the most part, the Thukela River remains comparatively 
unregulated. Apart from the pumped storage system right below the escarpment, other water 
uses are limited to small town water supplies.

The sampling stations in this catchment were selected to cover a range of situations 
(Table 6). The station on the Klein Boesmans River at Estcourt is located at the confl uence 
with the Boesmans River and represents typical runoff from a small (196 km2) catchment. 
The Klein Boesmans River drains important headwater wetlands as well as rural settlements 
and agriculture. The headwater wetlands were identifi ed in the 1960s as typical of the discharge 
generating zones of the eastern escarpment and have been the focus of signifi cant hydrological 
research [9].

Another sampling station is located at the outfl ow of Spioenkop Dam (completed in 1968) 
in the foothills of the Drakensberg escarpment. The dam collects water from the escarpment 
and provides minimum hold-up of water. It is not part of the pumped storage scheme located 
upstream, but may collect some overfl ow water from this scheme.

The fi nal sampling station is Mandini, at the river mouth. This station represents the cumulative 
effects of the entire catchment and was also sampled in 1968/73. The re-sampling undertaken 
during this CRP has provided an opportunity to compare isotope effects over 35 years.

Samples were collected by personnel from DWAF and forwarded to the Pretoria lab at six 
monthly intervals.

TABLE 4. DETAILS OF PROJECT SAMPLING STATIONS AND RESERVOIRS 
IN THE ORANGE CATCHMENT

DWAF 
station number

Station
locality

km down
stream Dams Capacity

(km3) Date MAR
Mm3/a RI

Mohale 0.95 2005 310 3.1

0 Khatse 1.95 1997 560 3.5

D1H009 Oranjedraai 330 4 000 0.73

610 Gariep 5.5 1970 8 000 0.68

D3R002 Gariep Dam 614 1.1

736 van der Kloof 3.2 1977 9 000 0.36

D3H001 Van der Kloof 737 1.3

Vaal 2.54 1938 1 950 1.3

Bloemhof 1.27 1970

925 Vaal/Orange confl 

D7H007 Upington 1300 12 000 1.3

MAR — mean annuual runoff at the station.
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3.3. Zambezi River

The Zambezi catchment (area 1 351 000 km2) is a major feature in central Africa, draining 
large parts of Zambia and Malawi and smaller parts of Zimbabwe, Mozambique and Angola 
(Fig. 10). The bulk of the water is derived from the wetlands of Eastern Angola and Western 

FIG. 9. Map of the Thukela catchment. See Fig. 7 for the regional positioning of this catchment. 

TABLE 5. DETAILS OF RESERVOIRS IN THE THUKELA CATCHMENT

Reservoir Completion
 date Capacity (km3)

Chelmsford 0.20

Craigieburn 0.024

Spioenkop 1968 0.27

Wagendrift Pre-1965 0.058

Kilburn 1982 0.036*

Woodstock 1982 0.38*

* Part of a pumped storage scheme

TABLE 6. SAMPLING STATIONS IN THE THUKELA 
THAT WERE SAMPLED BETWEEN 2002 AND 2006 

River Locality Station reference MAR
Mm3/a

Catchment area 
km2

Kl Boesmans Estcourt V7H012 30 196

Thukela Spioenkop dam outfl ow V1H057 1000? 2452

Thukela Mandini V5H002 4000 28910

MAR — mean annuual runoff at the station.
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Zambia, with lesser contributions from the drier areas to the east (Table 7). The catchment 
consists of grasslands (74%), croplands (20%) and wetlands (8%) [13]. The mean annual 
runoff from the entire catchment amounts to 106 000 M·m3/a, as set against the cumulative 
capacity of reservoirs in the catchment of 240 000 M·m3.

The location of sampling stations was determined by access and identifying reliable samplers. 
In Zimbabwe, two stations were established in the Zambezi River basin: at Victoria Falls (above 
Lake Kariba) and at the Kariba dam wall, 400 km downstream. Monthly samples from these 
two stations (Table 7) were collected and forwarded to Pretoria every six months. The Victoria 
Falls site (ZGP 26) is regularly monitored and fl ow values are available from 1908 (Fig. 11) 
showing decadal variations.

Lake Kariba is a large reservoir: It has a capacity of 185 km3, area of 5000 km2 and dam 
wall height of 128 m. During the fi rst visit to the station, samples were collected at Kariba 
town from dam water at two localities along the wall and at Chirundu 50 km downstream, 
which is the fi rst publicly accessible point to the river and which represents dam outfl ow water. 
The three samples showed the same 18O content (within  ± 0.1‰) and samples from the Kariba 
dam wall were henceforth taken to represent the outfl ow value of the reservoir.

We have also managed to obtain a few Zambezi River samples from occasional travellers who 
crossed the Zambezi river further downstream, below Cahora Bassa dam in Mozambique (at 
Caia) (Fig. 10). At this station water from the north bank displayed the more enriched 18O signal 
of Lake Malawi, draining through the Shire river which enters the Zambezi 12 km upstream 
from the sampling point. Only samples collected from the south bank at Caia were used.

3.4. Results

Each river station produces a characteristic 18O and fl ow pattern that is infl uenced by conditions 
and situations upstream. In general, there are 18O increases towards downstream stations in 

FIG. 10. Map of the Zambezi catchment. 
The sampling stations Victoria Falls, Kariba and Caia are encircled.
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each river (Figs 12). Stations may be quite similar with only enrichment occurring downstream, 
and the presence of reservoirs in-between can change the 18O and fl ow pattern signifi cantly 
(Fig. 13).

In the Orange River, mean 18O clearly increases from the upstream Oranjedraai station to the 
Gariep Dam to van der Kloof Dam, with the highest values at Upington (Fig. 12), located 
in the arid Northern Cape Province. The latter also contains a contribution from the over-
regulated and polluted Vaal River (see Section 4 below). The Oranjedraai station shows 

TABLE 7. LOCATIONS OF THE ZAMBEZI SAMPLING SITES RELATIVE TO 
THE MAJOR TRIBUTARIES OF THE RIVER [6]

River location Tributary fl ow
(km3/a)

Zambezi fl ow
(km3/a) Remarks

Zambesi Chavuma Falls 18

Chobe 4.1 33

Zambesi Victoria Falls 33 Sampling site

Zambesi Lake Kariba (cap 185 km3) Sampling site at outfl ow

Kafue 10

Luangwa 22

Zambesi Cahorra Bassa Lake
(cap. 52 km3) 78

Zambesi Tete Sampling site in 1971/3

Shire 16

Zambesi Caia Sampling site, 
intermittent

Zambesi Ocean discharge 106

FIG. 11. Zambezi fl ow variations during the 20th century [11, 12].
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the most variability with lower and more variable 18O during late summer (January–April), 
when most rains are received in the upper parts of the catchment. This is emphasized in the 18O 
comparison, and fl ow for these stations shows the linkage between fl ow and 18O content 
(Fig. 13). It can be observed that larger fl ows in the late summer of 2006 fl ushed through 
the entire river system and caused the steady buildup of high-18O from previous years to be 
washed out to sea. 

In the Thukela catchment, the upstream station in the Klein Boesmans River (upstream) and 
at Mandini (downstream) show the similar patterns of an inverse relation between 18O and 
fl ow that is characteristic of an ‘undisturbed’ river (Figs 12 and 13). Oxygen-18 at Mandini is 
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however somewhat more positive. The station Spioenkop is right up in the catchment and is 
fed by transfer from an adjacent catchment, which produces a distorted picture with a fairly 
smoothed out pattern (Figs 12 and 13). 

The various stations along the Zambezi River show the 18O features of a highly regulated river 
that were also evident thirty years ago. At the Victoria Falls site there is only a dip during 
the period of maximum fl ow from January to March (Figs 12 and 13). There is no storage 
capacity above this site. It is proposed that the very smooth 18O pattern here is due to drainage 
from the fl oodplains upstream, which also produce evaporative signals (18O–D variations 
well below the GMWL, Fig. 14). In contrast to the pattern found in the Thukela and Orange 
Rivers, the fl ow peak follows the 18O trough by a few months (Fig. 13). A likely explanation 
could be that increased rainfall fi rst has to displace a large quantity of evaporated water before 
the 18O trough reaches the sampling point. An alternative explanation would be that rainfall in 
the catchment commences at different times. Lake Kariba water shows an extremely smoothed–
out pattern, as could be expected from a reservoir three times the size of the mean annual infl ow 
(Table 7). There is a discrepancy, however, in that the 18O content of the Kariba is higher than 
the mean infl ow (Vic Falls) seems to indicate (Fig. 12), yet the 18O–D plot of Lake Kariba 
water does not show more evaporation enrichment than the infl ow water. The limited number 
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of samples from Caia (below Lake Cahora Bassa) seem stable but lower that those of Lake 
Kariba upstream (Fig. 12). There are, however, too many additional water sources in-between 
(Table 7) to be able to establish any sort of progression. Obviously analyses from other stations 
need to become available from this vast catchment to explain even the basic patterns found. In 
particular the upper Zambezi catchment should be a promising research area.

4. SYNOPTIC SURVEYS OF THE ORANGE AND VAAL RIVERS

4.1. Sampling

Three surveys were undertaken along the Orange River for the entire length, from the Lesotho 
highlands to beyond the confl uence of the Orange River with the Vaal. The object of these 
surveys was to get more information on the development of isotopic patterns by seeing how 
these change along the course of river fl ow. Similar sampling was undertaken along the Vaal 
River at the same time, since the route was more or less on the main road from the base 

FIG. 14. Deuterium vs. oxygen-18 plots of samples from Thukela, Zambezi and Orange catchments 
both in 2003–2006 and earlier for comparison. Some possible evaporation lines for the Orange River 
are indicated.
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(Pretoria). Previous work had shown signifi cant isotope and chemical variations downstream 
along the river [1]. Sampling was undertaken in August 2004 (winter), March 2005 (dry 
summer) and April 2006 (wet summer). In each of the trips 8 to 15 samples were collected 
along each river within two days. Some tributaries were also sampled. Sampling points were 
selected to identify the effects of tributaries and reservoirs along the way. Usually sampling 
was done at the outfl ows of reservoirs or at road bridges across the river.

Synoptic river samples were analysed for 18O, deuterium, Cl, SO4 and EC.

4.2. Results of the synoptic surveys

The general pattern that can be seen (Figs 15 and 16) is that there is a gradual isotope enrichment 
and salt increase along the stretches of both rivers: more so in the Vaal River than the Orange 
River. In the Vaal River, these increases are enhanced, since this is a highly utilized river and 
subject to considerable pollution loads. Winter 2004 and summer 2005 show more enriched 
effects than summer 2006. Summer 2006 was a high rainfall summer, which explains why both 
rivers lost the isotope evaporation effects of the previous two years.

Figures 15 and 16 also indicate the location of reservoirs (locally called ‘dams’) along the river 
stretches. It can be seen that in some, though not all, reservoirs there is 18O enrichment (van 
der Kloof, Bloemhof and Gariep dams) due to evaporation. In winter 2004 and summer 2006 
,the 18O input to Gariep dam was higher than its output (Fig. 15). This is because sampling was 
done at a period when infl ow was momentarily higher than the reservoir due to the reservoir’s 
capacity to store input water integrated over a longer period. It should conceivably be possible 
to calculate the net evaporation enrichment from the time series of inputs and the water balance 
of the reservoir. It does not appear that water balance data is suffi ciently known for any of 
these reservoirs.

The 18O–deuterium pattern along the rivers (Fig. 17) is similar to that found in the Orange 
River at monitoring sites (Fig. 14): all are along the global meteoric water line until δ18O>–2‰ 
above which evaporation occurs.

The behaviour in the Vaal River at its confl uence with the Orange indicates that there was 
some backfl ow from the (stronger) Orange River into the (weakly fl owing) Vaal River. This is 
indicated by decreasing values during the last few kilometers of the Vaal River (Fig. 16).

The salinity of the Vaal River at its confl uence with the Orange is considerably higher than 
that of the Orange River alone. This is because the Vaal effectively drains the heartland of 
the country (Gauteng Province) and the water resource is heavily exploited. A sample taken 
at Prieska in the winter of 2004, 170 km below the confl uence confi rmed the high salinity. 
The same high salinity (Cl 16–60 mg/l) has been found on the Orange River at the Upington 
sampling station.

River data do not, at this stage, indicate the source of gradual 18O and Cl enrichment of the water 
fl owing along its way in those stretches where there are no tributaries adding enriched water. 
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5. DISCUSSION

5.1. Patterns of isotope variations

There is a consistent saw tooth pattern of 18O (and D) negatively correlated with the fl ow that 
is very evident in all unregulated rivers in the region. In 1968–1974, these were the Thukela 
and Breede Rivers and the Orange River at Bethuli (only until 1970). At present, the Thukela 
still shows this pattern, but additional minor rivers have not been sampled recently. In most of 
the rivers that have been sampled the 18O pattern is very stable and mainly infl uenced by water 
release practises at any time. It is only during a period of major rainfall (as in Jan–March 2006) 
that the rivers are purged of the accumulated evaporated water and 18O levels approach that of 
rain again. In that sense, the mean 18O content of downstream river stations is a refl ection of 
water balance in the catchment. The exception is the Zambezi River, where the 18O and fl ow 
variations are slow and the 18O minimum precedes the fl ow maximum. This suggests some sort 
of mixing of different water sources in the upper catchment.

5.2.  Oxygen-18 vs. deuterium patterns

The 18O–D relation of river water provides a fairly consistent pattern of values more or less 
along the Global Meteoric Water Line for the lower 18O and D values and an evaporated 
signal for higher values (Figs 3, 6, 14 and 17). All of the seven African GNIP rainfall stations 
south of the equator have values of Dxs (=δD – 8*δ18O) between +9 and +15‰ (IAEA 1992). 
Evaporative enrichment in all of the catchments (except the Zambezi) is therefore small.

For most stations along the Orange River, the starting point for evaporation is at δ18O = –2‰ 
and the slope of the evaporation line is close to 4.6: a value usually found in other evaporating 
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waters in the region. There is, however, a subset of Orange River data from different stations 
that would suggest a starting point of around –5‰ (Figs 3, 14 and 17). The fl ow model is 
therefore one of rainfall having a δ18O value of between –6 and –2‰ fl owing downriver, 
where it is subjected to isotope enrichment due to evaporation. The exception to this pattern in 
the Orange River is the 1981–1983 data set from van der Kloof dam, for which a slope of 2.2 
was found, based mainly on very high 18O/D levels during the summer of 1981–1982 (Fig. 6). 
This was an exceptionally dry summer with rainfalls and river fl ows below normal [2]. 

In the Thukela River, the same pattern exists as in the Orange, with points along the GMWL 
and an evaporation line of slope 4.7 originating at δ18O = –2‰. 

In the Zambezi River, the pattern is not all that clear. Low 18O/D waters are located on a line 
parallel to the GMWL and the departure point of the evaporation line is not well defi ned 
(Fig. 14). In contrast to the Orange and Thukela Rivers, the Dxs of low 18O/D waters is around 
+2‰ which suggests some modifi cation after rainfall recharge. This is likely to be evaporation 
in the upper catchment of the Zambezi (Angola and Zambia), where marshes and fl atlands 
are common. This could also explain the high (6.5) slope of the high 18O/D water (Zambezi). 
Mixing of water with different characteristics could explain the variation found.

5.3. Data comparison over 35 years

A comparison of isotope data across the time divide between 1968–1973 and 2003–2006 
is mainly infl uenced by infrastructure developments during that period, different sample 
frequencies and annual differences in fl ow rates. Stations for which longer comparison time 
series are available include the Orange at Upington and the Thukela at Mandini (Fig. 18). 
Shorter time series are available from the Klein Boesmans at Estcourt and the Orange at 
Oranjedraai. A comparison can be made between the Orange at Bethuli in 1968–1970 and the 
Oranjedraai at present. Both sample the river more or less soon after it leaves the Lesotho 
highlands (Fig. 1).

For the Thukela at Mandini, time series comparison shows qualitatively that the ranges and 
variations of both fl ow and 18O have not changed signifi cantly over 35 years (Fig. 18). Even 
though no hydrological year is the same, overall patterns have not changed in a meaningful 
way. The Orange at Upington shows that the steady pattern set in at this location after 
the completion of the Gariep Dam in 1970 (see also Fig. 2) is still basically the same at present.

The response of stable isotope content to fl ow changes has similarly not changed signifi cantly 
since that time for the Thukela as well as for the infl ow to the Gariep dam (be it the station 
at Bethuli or at Oranjedraai) (Fig. 19). It may be that some of the extreme (high and low) 
fl ow occurrences from the period 1968–1972 have not been repeated recently. A more detailed 
evaluation of the differences should be done at the level of hydrological modelling.
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6. RECOMMENDATIONS

6.1. Proposals for future research 

Data obtained, both now and in the past, have shown strong variations of stable isotope content 
with time and fl ow rate. This implies that using isotope values in rivers as proxy for the isotope 
composition of rainfall would be invalid here. By the same token, establishing relationships 
between the isotope composition of rainfall and runoff is likely to yield important hydrological 
information for each catchment. It was not possible to do this within the present project 
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because no catchment rainfall isotope data are available. This is a path that needs following 
and emphasis would have to placed on stations close to catchment areas.

Much work has been done in South Africa about the effect of forestry on rainfall–runoff 
relations in small catchments (see review by [14]). No such studies have included isotopes (at 
least locally) and it would interesting to establish whether isotope effects in the rainfall–runoff 
relation are vegetation infl uenced. If this were the case, then isotope monitoring in or close to 
headwater catchments can be useful for monitoring land use or environmental change.

Since the residence times of water in the various reservoirs along river traverses can be up 
to a few years, and the local atmosphere is dry, it might be feasible to do isotope enrichment 
modelling for those reservoirs that are shallow enough. Study reservoirs would have to be 
chosen with care to ensure that reliable water balance data are available and will remain 
available during the course of the experiment. The upper Zambezi catchment would also be 
a promising research area for evaporation studies. If the shift of the 18O–D line at Victoria Falls 
is indeed evaporation induced (see Fig. 14 and Section 3.4) then these effects would become 
visible during synoptic sampling in the right part of the catchment.

Synoptic river data obtained in the present project have shown that isotope and chemical 
enrichment does not only occur in reservoirs, but also along river stretches with no other 
apparent infl ow (for example the stretch between 500 and 700 km along the Vaal River: 
Fig. 16). The effect of salinization of rivers due to irrigation practices and the interaction 
between surface and groundwater have become important questions in this dry region and need 
to be studied more carefully [15]. GNIR data can be helpful here.

Comparisons of tritium in rainfall and runoff in the Thukela during 1970–1972 [15] show 
that half the Thukela River water at Mandini consists of water from earlier rainfall seasons. 
These earlier water contributions can be up to a decade old. This would suggest a very large 
storage availability within the catchment and much more limited overland fl ow than is usually 
assumed. While it is probably no longer possible to use tritium for this purpose, more localised 
studies can be done using other techniques.

6.2. Proposals for GNIR in southern Africa 

The isotope information obtained from sampling stations in the lower reaches of the rivers 
is very much determined by evaporation and cumulation effects, as well as water release 
practices in upstream reservoirs. The amount of scientifi c information that can be derived from 
monitoring at these stations is probably limited and continuation of these stations should be 
reconsidered.

The monitoring of streams and rivers above the infl uence of dams and reservoirs is likely to 
produce information that can be used for hydrological interpretation. This suggests looking 
at observations on a longer timescale than the days or week used for standard hydrograph 
separation. Stations that could be useful here would be those located in the upper Thukela 
river, as well as in the uplands and lowlands of Lesotho. Similar stations might be found in 
the headwaters of the Olifants and Breede Rivers in Western Cape. These observations need to 
be supplemented with rainfall collection within the same catchments.
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Abstract. The Murray–Darling Basin is the largest river basin in Australia and is host to agriculture, recreation, 
water supply reservoirs and signifi cant biodiversity. Through land use practices and climate change there is the 
potential for signifi cant disruption to the natural hydrological system of the basin. The Barwon–Darling River, in 
the upper part of the Murray Darling Basin, is primarily in a semi-arid landscape which is subject to signifi cant 
evaporation, yet evaporative losses from the river remain poorly described. The stable isotope composition of 
groundwaters has become widely used over the past several decades as an indicator of the circumstances and 
geographical locations of aquifer recharge, though applications to surface water budgets have been far less 
extensive. A global isotopic observation initiative, the Global Network for Isotopes in Rivers (GNIR), focussed 
in Australia on the dryland Barwon–Darling River system. We report on drought driven isotopic signatures in 
the Barwon–Darling River during 2002–2007 and estimate that the amount of water lost by the Barwon–Darling 
River system due to evaporation may be up to 80% during severe drought periods. Runoff ratios have been 
commonly estimated to be between 0.1 and 1% and there is evidence of groundwater exchange with the river. 
This work highlights the role of stable water isotopes in assessing the amount of water lost from the river by direct 
evaporation, and in quantifying groundwater inputs and ungauged losses from the river.

1. INTRODUCTION

Australian inland water resources are especially vulnerable to climatic change and degradation 
due to a semi-arid climate and a high level of water development and utilization for irrigation 
and urban water supply. As described in [1], the International Atomic Energy Agency (IAEA) 
launched a new global isotopic observation initiative for the period 2002–2005, the IAEA 
Coordinated Research Project ‘Design criteria for a network to monitor isotope composition 
of runoff in large rivers’ (known as the Global Network for Isotopes in Rivers, ‘GNIR’). In 
Australia, data collection for the GNIR project is focussed on the Barwon–Darling River in 
the upper part of the Murray Darling basin (Fig. 1), and involves the application of stable 
isotope techniques to refi ne the water balance within the Murray–Darling Basin (MDB) system. 
This basin is the country’s most important agricultural area, containing about three quarters of 
Australia’s irrigated crop and pasture land.

ANSTO’s research on the Barwon–Darling River is conducted within the Isotopes for Water 
Project and has focused on using 18O and 2H to quantify both natural and development related 
impacts on the river water balance and water quality. In addition to the GNIR project, outlined 
by Gibson et al. [1], ANSTO’s work contributes to a number of projects including the IAEA 
Global Network for Isotopes in Precipitation, the Murray–Darling Basin GEWEX Project, and 
more recently the IAEA/RCA Coordinated Research Project RAS/8/104 Assessment of Trends 
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in Freshwater Quality Using Environmental Isotopes and Chemical Techniques for Improved 
Resource Management. This effort includes include the organisation of cooperative networks 
for monitoring 18O and 2H of groundwater, precipitation, and evaporation pans as well as river 
discharge.

Measurement of the stable isotope composition of groundwater has become widespread over 
the past several decades as indicative of the circumstances and geographical locations of 
aquifer recharge when compared with the stable isotopes in precipitation of the local area. 
However, applications to surface water budgets at regional, continental or global scales have 
only recently been tackled [2–4]. Such regional and continental scale modelling efforts not 
only require precipitation and groundwater isotope data for validation, but are limited by 
the availability of surface water isotope data in their ability to model runoff generation.

The stable isotope composition of surface water refl ects the integrated effects of rain 
compositions, modifi ed by the infl ux of groundwater and enrichment of heavy isotopes (δ2H 
and δ18O) in surface waters by evaporation. These isotopes exhibit systematic variations in 

FIG. 1. Location   map of the Murray–Darling Basin and the Barwon–Darling River showing position 
of major weirs and control structures, and location of water gauging and water sampling locations 
referred to in this report.
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the water cycle as a result of phase change and diffusion derived isotopic fractionation 
(e.g. [5]). Precipitation variability is related mainly to the sources of air masses and their 
evolution, including temperature dependent equilibrium fractionation. Evaporation increases 
the proportion of heavy isotope species in surface waters due to additional kinetic isotope 
effects during diffusion, producing enrichment along so-called ‘evaporation lines’ of slopes 
less than the meteoric water line (MWL) [6, 7].

Water transpired by vegetation has approximately the same isotopic composition as root zone 
soil water and groundwaters [8]. Therefore, this form of return to the atmosphere does not affect 
the isotopic composition of residual water [9]. Optimal use of irrigation water involves, among 
other issues, maximising the proportion of water which is transpired rather than evaporated or 
lost through seepage. Since stable isotope compositions are extremely sensitive to evaporation 
losses, they offer new insights into this aspect of the catchment water balance and the process 
of management of water in irrigation areas.

2. BARWON–DARLING RIVER SYSTEM

2.1. Catchment description

The Murray River and its longest tributary, the Darling River, drain about 14% of the Australian 
continent. Surface runoff, primarily along the Murray River, is controlled by storage reservoirs, 
weirs, and irrigation canals which contribute to the exploitation of water from the basin. 
The Barwon–Darling River system is the longest river in Australia with a total length of 
2740 km including the MacIntyre and Barwon Rivers [10]. The Darling River Basin area is 
650 000 km2, about 61% of total basin area, but the river contributes only 17% of fl ow to 
the Murray River. The Barwon–Darling River meanders through a dryland plain, with between 
typically 200 and 500 mm of annual precipitation and 2000 mm of potential evaporation 
along the main stem of the river. The Murray Darling Basin is fairly fl at with elevations to 
only a few hundred metres above sea level except for at the southeast mountains of the Great 
Dividing Range, which are the source for a large fraction of water delivered to the catchment. 
Murray River discharge to the ocean is only about 21% of the basin’s average runoff [10] with 
the Darling River contributing less than a third of this. Simpson and Herczeg [11] estimated 
that the Darling River discharges less than 1% of precipitation over the catchment, placing it 
amongst the lowest discharging major rivers (in terms of length) in the world.

Flow along the main Barwon–Darling River stem below Mungindi is highly dependant on 
episodic rainfall events in higher elevation and rainfall headwater catchments in the north and 
east of the basin and retains only a very muted natural seasonal maximum fl ow in summer. 
Flow variability is very high with the river running dry in some reaches during droughts. 
Under natural fl ow conditions the average annual fl ow at Wilcannia is 3.59 × 109 m3, however 
diversions and regulatory alterations have reduced annual fl ows by an average of 40% to 
2.15 × 109 m3 [10]. Thoms and Sheldon [12] estimated that for 1997–1998, water diversions 
constituted 87% of the long term mean annual fl ow. The headwater catchments of the Barwon–
Darling River system contain 11 headwater dams with a full storage capacity of 4.6 × 109 m3. 
At least 16 main channel weirs control fl ow along the main Barwon–Darling River channel 
which has ~120 licensed water extractors, the majority of whom are situated along the Walgett 
to Bourke reaches of the river (NSW State Water, M. Allen, pers comm. 2007). Water licensees 
also include a signifi cant number of diversion schemes to irrigate water intensive crops, 
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primarily cotton. In general, cotton growers and other agricultural users abstract and impound 
water opportunistically during times of fl ood, which has had a notable effect on the overall fl ux 
and timing of water discharge down the main stem of the river. Storage dams are generally 
shallow (<5 m deep) and between Mungindi and Wilcannia the total storage capacity is 
approximately 3 × 108 m3 (NSW State Water, M Allen pers comm.). At Menindee, 490 km 
upstream of the Murray River confl uence, fl ood waters from the Barwon–Darling River 
are diverted into a series of shallow lakes, which are used for irrigation storage. Although 
impacts of diversions have been generally described, more detailed temporal records of 
water diversions and water demand during hydrological events are desirable for improving 
sustainable management of the altered river ecosystem.

For this project, research in the Darling River Basin has focused on a series of nine gauging 
stations situated along the Barwon–Darling River system from Mungindi to Burtundy (Fig. 1), 
crossing a distance of over 1000 km, and stretching from the Queensland border to the Darling 
River’s confl uence with the Murray River.

2.2. Previous river isotope data from the Murray Darling Basin

The Commonwealth Science and Industrial Research Organisation (CSIRO) provided all of 
the data on stable water isotopes for the Barwon–Darling River prior to this project. Herczeg 
et al. [13] provided data for both discharge and deuterium concentrations in the Darling River 
at Burtundy Weir (1984–1990), showing a strong positive correlation between deuterium and 
chloride and an inverse correlation with discharge.

Simpson and Herczeg [11, 14] established that the observed enrichment of stable isotopes 
during summer months (Oct.–March) in the surface waters of the Murray River basin offers 
the potential to deduce approximate magnitudes of water loss to the atmosphere through 
evaporation. In run-of-river data, they observed increases in δ2H between the Murray River 
headwaters (Jingellic) and the mouth of the Murray River channel (Milang) of 31.5‰ in 
Dec. 1988, 39‰ in March 1989 and 44‰ increase in June 1989. They attributed the increase 
primarily to evaporation, since transpiration does not cause signifi cant enrichment of δ2H in 
residual water. They calculated the expected heavy isotope enrichment trend with a model 
formulation [15] that includes the effects of both exchange fl ux of vapour and evaporation, using 
input parameters representative of conditions in the Murray River Basin during the summer. 
Three sets of calculations were made, for effective mean humidities of 45, 55 and 65%. An 
approximation was made using the linear part of those curves (less than 50% evaporation), 
which yielded an enrichment slope for 50% effective mean humidity, of nearly 1‰ change in 
δ2H for every percent change in the amount of residual water. They suggested that integrated 
evaporation losses from river surfaces and irrigation diversions in the basin during the months 
of intensive irrigation from waters contributing runoff to the Murray River represent a major 
(40 ± 15%) component of water loss to the atmosphere, similar in magnitude to that transpired 
through plants.

The El Niño Southern Oscillation (ENSO)   phenomenon is crucially important for the climate 
in the east of Australia. The period 1 January 1979 through 1 March 2008, for example, 
includes seven El Niño periods covering 10 years (1982–1983, 1986–1987, 1991–1995, 
1997–1998, 2002–2003, 2004–2005 and 2006–2007) and fi ve La Niña years (1984–1985, 
1988–1989, 1996–1997, 1998–1999, 2000–2001). The δ2H data for Burtundy presented by 
Herczeg at al (1992) revealed that there was an enrichment of ~75‰ in river water from late 
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1984 to early 1988 during the El Niño, while there was little enrichment due to repeated high 
fl ows through much of the periods 1984 and 1988–1990, coinciding with two of the La Niña 
events. The earlier work of Simpson and Herczeg [11] predicted that at least 70% of the water 
had evaporated during this particular drying period along the Darling River, though this was 
regarded as an approximation. Run-of-river data for the Barwon–Darling River [1] for early 
1991 at the beginning of an extended El Niño period showed that river waters fell along an 
evaporation line of slope 5.5 with progressive enrichment downstream and clear isotopic 
impacts from infl owing tributaries.

Analyses based on the current dataset for the Barwon–Darling River have been presented 
in [17] focusing on the use of monthly isotope data to constrain evaporative enrichment for 
isotopic water balance calculations and Meredith et al. [18, 19] who use stable water isotopes 
and major ion chemistry to identify and quantify groundwater–surface water interactions 
between Bourke and Wilcannia. Clearly stable isotopic enrichment has been shown to have 
the potential to play an important role in determining the seasonal and geographical variations 
in evaporation across the basin.

2.3. Previous rainfall isotope data for the Darling River catchment

Hughes and Allison [20] and Hartley [21] published the only rainfall isotope data available for 
the Darling River catchment. The rainfall isotopic signatures of the main headwater catchment 
inputs to the Barwon–Darling River system are summarised in Table 1. Rainfall isotope data 
for Broken Hill to the west of the catchment is also included as it is closest climatically and 
geographically to the drier SW corner of the catchment. Using the weighted average of the δ2H 
data for the northernmost three stations and assuming a deuterium excess of 12, as measured 
for Narrabri and Broken Hill, it can be inferred that the mean stable isotopic composition of 
precipitation entering the upper Barwon–Darling River system is approximately δ2H = –30.6 ‰ 
and δ18O = –5.3 ‰.

2.4. Methods

Surface water samples were collected from nine stations along the Barwon–Darling River 
approximately monthly from July 2002 to January 2006 (Table 2). At Burtundy, for which 
weekly samples were collected, there were also a couple of samples collected in January 2002. 
A number of further samples were collected from other sites during run-of-river campaigns 
in August 2003, January 2004, January 2006 and January 2007 as well as some additional 
tributary and reservoir samples.

Rou  tine monthly surface water samples at the 11 sites were collected by the NSW Department 
of Water and Energy (DWE) as part of their water quality programme and were analysed for EC 
and major ion chemistry at the DWE Wolli Creek Laboratory. Frozen residual samples obtained 
by ANSTO were analysed for δ2H and δ18O by IRMS at the CSIRO Adelaide Laboratory or 
INSTAAR at the University of Colorado. In addition, run of river campaigns were conducted 
on four occasions and for 2006 and 2007 these samples were analysed by the Environmental 
Isotope Laboratory at the University of Waterloo, Canada.

Disc  harge, stage and electrical conductivity (EC) data were extracted from PINEENA (2006) 
which is a database of archived hydrological data published by DWE. Climate data were 
obtained from the Australian Bureau of Meteorology.
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3. RESULTS AND DISCUSSION

Surface water isotope data for the Barwon–Darling, Namoi, Murray and Murrumbidgee Rivers 
are plotted in Fig. 2. The Barwon–Darling River data reveal a drying trend in time through 
2002 and again through 2003, with every station recording a steady increase in the amount 
of evaporative enrichment as each summer advances. The low fl ow and rainfall periods of 
2002–2003 and late 2004–2005 correspond to El Niño periods with the period 2002–2007 
having consistently below average rainfall and above average temperatures for the region. 
Enrichment of the isotopic composition of rivers can be caused in many basins by infl ow 
from tributaries with much heavier isotope compositions, though this leads to an evolution 
of the river water along a mixing line which will be close to the local meteoric water line 
(LMWL) of the basin, and may show little evidence of evaporation. The extent of evaporation 

TABLE 1. RAINFALL ISOTOPE DATA 
FROM O  R NEAR THE MURRAY–DARLING BASIN [20]

Station No of 
samples

δ18O
(‰)

δ2H
(‰)

Annual rain-
fall (mm) Latitude Longitude Elevation 

(mAHD)*

Charleville 31 - –28.0 605 –26.4139 146.2558 301.5

Toowomba 35 - –29.9 1158 –27.5425 151.9134 640.9

Narrabri 27 –5.8 –34.2 679 –30.3154 149.8302 229

Broken Hill 23 –4.71 –25.9 257 –32.0012 141.4694 281.3

* Elevation with respect to the Australian Height Datum.

TABLE 2. BARWON–DARLING RIVER SAMPLE SITES

Sample Site DWE** 
Site No. Frequency No of 

samples
Km to 
mouth Latitude Longitude Elevation 

mAHD)*

Barwon R at Mungindi 416001 Monthly 33 2020 28.9786ºS 148.9899ºE 152.93

Barwon R at Collarenebri 422003 Monthly 35 1896 29.5470ºS 148.5771ºE 135.53

Namoi R at Gunnedah 419007 Monthly 25 2169 30.9736ºS 150.2544ºE 254.88

Darling R at Walgett 
(Dangar Br) 422001 Monthly 28 1778 30.0122ºS 148.0620ºE 118.55

Namoi R at U/S Walgett 419091 Monthly 36 1793 30.0284ºS 148.1532ºE -

Barwon R at Brewarrina 422002 Monthly 31 1538 29.9481ºS 146.8642ºE 106.702

Darling R at Bourke 425003 Monthly 35 1352 30.0537ºS 145.9529ºE 91.848

Darling R at Louth 425004 Monthly 34 1163 30.5351ºS 145.1140ºE 83.97

Darling R at Wilcannia 
Main Channel 425008 Monthly 45 747 31.5601ºS 143.3852ºE 63.415

Darling R at U/S Weir 32 
(Menindee) 425012 Monthly 47 454 32.4372ºS 142.3801ºE 51.825

Darling R at Burtundy 425007 Fortnightly-
monthly 68 124 33.7488ºS 142.2633ºE 32.404

* Elevation with respect to the Australian Height Datum.
** Department of Water and Energy.
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is revealed by plotting the isotopic data in a stable isotope diagram (such as Fig. 2), and 
observing whether the data plot on a slope is signifi cantly less than the slope of the LMWL, 
such as a slope of 4–5. Thus, it is important to understand the contribution that variations in 
the isotopic input of precipitation from various parts of the basin makes to any observed trends 
in river isotopes. The rivers waters fall predominantly along an evaporation line with a slope 
of 4.88 with a noticeable increase in enrichment (see run-of-river data in Fig. 3) for successive 
samples moving downstream for most of the dataset.

3.1. Isotopic trends in relation to fl ow

Over the four year drought dominated period 2002–2005, fi ve fl ow events came through 
the system. The fl ow volumes of these events estimated at Bourke were: Mar–Apr 2003 
(~1.3 × 108 m3); Jan–Feb 2004 (~3.85 × 108 m3); Mar–Apr 2004 (~2 × 108 m3); Dec 2004–
Jan 2005 (~4.8 × 108 m3); Jul–Aug 2005 (~2.2 × 108 m3). During the period 2002–2005, fl ow 
at Wilcannia averaged 3.4 × 108 m3/y, only 16% of the average fl ow. Only 35% of the fl ow 
at Wilcannia during the period made it past the Menindee Lakes system to the mouth of 
the Darling River at Burtundy to discharge into the Murray River.

Samples collected from the Menindee Lakes, primarily Lake Copi Hollow, during the drought 
of 2003–2004 show the most extreme enrichment (δ2H = +84.4‰; δ18O = +  16.19‰ in April 
2004) along a local evaporation line with a slope of 6. This is due to long residence time in 

FIG. 2. Plot of stable water isotope data and Local Evaporation Line (LEL) in comparison to 
the Global Meteoric Water Line (GMWL, [6]) for the Barwon–Darling River system, and other 
catchment water bodies from 2002 to 2006.
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a shallow lake environment. The most enriched Barwon–Darling River waters were seen during 
the same drought period at Burtundy in February 2004 (δ2H = +67.4‰; δ18O = +16.22‰). 
This extreme enrichment is because the effect of the minor fl ow of 2003 did not extend past 
the Menindee Lakes to the downstream sites. This is demonstrated by run-of-river data plotted 
in Fig. 3, where the August 2003 dataset shows the river isotope values ‘reset’ by earlier fl ows 
up until the start of the Menindee Lakes at 550 km upstream. In fact only the fl ow event of 
Jan–Feb 2004 passed through the lakes system to have a signifi cant impact downstream.

Tributary river waters are more likely to lie along a meteoric water line and during fl ow events 
tributaries may contribute waters with signifi cantly different isotopic signatures. An example 
of this is the fl ow event of January 2004 (see run-of-river data in Fig. 3) where the isotope 
signature at Bourke (δ2H = –62.9‰; δ18O = –8.32‰) was signifi cantly more depleted than 
that of Brewarrina upstream (δ2H = –28.7‰; δ18O = –3.23‰) due to an input of depleted 
water from the normally dry Culgoa River. However, many tributary data still show signifi cant 
evaporative enrichment. In contrast, the small number of lower Murray–Darling Basin samples 
collected from the Murray and Murrumbidgee Rivers lie close to the GMWL.

FIG. 3. EC and δ18O for run-of-river sam  ples from Mungindi to Burtundy. Red circles indicate high 
EC and a slight dip in δ18O for the Glen Villa site towards the local groundwater value [18, 19]. 
The distance scale is upstream from the Murray River.
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3.2. Enrichment as an indicator of evaporative   losses from the system

These data clearly show the cycles of drought driven enrichment between fl ood events in 
the Barwon–Darling River system and can be used to establish the degree of evaporation 
affecting individual reaches of the river. As noted above, an approximation of the amount of 
evaporation occurring has been made previously by [14] who used δ2H for both the Murray 
River (covering the entire length over a period of several months in 1989) and the Darling 
River (data from Burtundy over seven years 1984–1991).

For the dataset from 2002–2005, the stable isotope composition of the Barwon–Darling River 
during evaporation was estimated based on the methods outlined by [15] using equilibrium 
fractionation factor coeffi cients from [22], neglecting salinity and using average values for 
the period. Relative humidity (45%) and temperature (20ºC) were calculated from the daily 
average BOM data for Walgett, Bourke and Wilcannia for 2002–2005. The composition of 
atmospheric water vapour δA is assumed to be δ18O = –13.55‰ [16] and δ2H = –81.25 and 
the initial isotopic composition is assumed to be in the intersection of the GMWL with the LEL 
(Fig. 2) δ2H = –28.79‰, δ18O = –4.85‰. Initial composition is assumed to be very close to 
the average precipitation composition estimated above. The δ18O and δ2H values as a function 
of fraction of water remaining are shown in Fig. 4 and the fraction of water remaining shown 
relative to the stable isotope data for the study in Fig. 5.

Fig. 5 indicates that the majority of sites are subject to a signifi cant degree of evaporation with 
the fraction remaining being between 0.6 and 0.9 for most samples. At the most extreme at 
Burtundy in February 2004 the fraction remaining was less than 0.25 and the most enriched 
sample at the Menindee Lakes had a remaining fraction of only 0.2. Under these extreme 
conditions this represents a cumulative evaporative loss of 75% from runoff to the fi nal 
discharge point of the river, and losses of up to 80% during impoundment in the Menindee 
Lakes.

FIG. 4. The δ18O and δ2H composition of the Bar    won–Darling River as a function of the fraction of 
remaining water.
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3.3. Evidence of groundwater input to the river

The Barwon–Darling River fl ow is characterized by high fl ow periods following rainfall in 
the headwaters followed by gradual drying of the river channel between fl ow events when 
the fl ow is controlled by a series of weirs along its length. During these drying periods 
groundwater input is suspected along a number of reaches. The most obvious of these is 
the Glen Villa area below Bourke (EC and stage data shown in Fig. 6), where highly saline 
groundwater discharge is evident from EC data at zero or low fl ow. This is most clearly seen in 
the January 2007 run-of-river δ18O and EC data plotted in Fig. 3 which show a signifi cant rise 
in EC from 398 μS/cm above Weir 19A (above Glen Villa) to 35752 μS/cm below the weir. 
The corresponding δ18O dropped from +5.36‰ to +1.36‰ confi rming a strong groundwater 
infl uence. Groundwater in the Glen Villa area has an average δ18O value of –3.5‰ [19] 
and the hydrogeochemical and isotopic mixing processes occurring in this area are further 
discussed in [19]. Whilst signifi cant, evaporative enrichment of the water is not suffi cient to 
explain the high conductivity levels and there is isotopic and hydrogeochemical evidence of 
mixing with groundwater at this site (Fig. 3, [19]). There is evidence [19] that at zero fl ow 
the groundwater input into the river remains localised and at higher fl ows the saline waters 
are diluted and fl ushed downstream. So the impact on river water quality, which is strongly 
evident in stagnant reaches at low or zero fl ow, is also observed in the fi rst fl ush of a fl ow event 
following those periods. Evidence of saline fi rst fl ush events can also be seen at Bourke, Louth 
and Wilcannia as well as the Glen Villa study site (Fig. 6).

3.4. Water balance modelling

Further modelling of evaporative isotope enrichment has been carried out as part of this study 
by [16]. A steady state isotope mass balance using δ2H and δ18O was conducted on a monthly 

FIG. 5. Fraction remaining along the Local E  vaporation Line for the Barwon-Darling River system 
and tributaries 2002–2005.
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time step from July 2002 to December 2003 on a reach basis with eight reaches between 
the nine Barwon–Darling River stations shown in Fig. 1 and listed in Table 2. This represents 
a drying period with one minor fl ow event.

Modelled evaporation/infl ow ratios (Fig. 7) show the progressive evaporation trend prior to 
the fl ow event of March 2003. The results also show the potential of the dataset to quantify 
ungauged gains and losses from the river in terms of groundwater inputs, bank storage losses 
and irrigation abstraction during fl ow events. The study estimated that runoff ratios for 
the period were less than 5.7% and mostly in the range 0.1–1%.

4. CONCLUSION AND ONGOING WORK

The present work has used data from the recent drought in the Murray–Darling Basin to 
calculate that the amount of water lost by the Barwon–Darling River system due to evaporation 
may be up to 80% during severe drought periods. This study has also estimated runoff ratios 
to be commonly between 0.1 and 1% and has shown evidence for groundwater exchange with 
the river. This dataset shows great potential for assisting in quantifi cation of water balances for 
the Barwon–Darling River and the Menindee Lakes system, in particular determining rates of 
evaporative loss, the effect of diversions on the river water balance and zones of groundwater 
infl ow to the river.

In ongoing work the authors also intend to analyse groundwaters along the length of the Barwon–
Darling River for stable water isotopes. Stable isotope and hydrogeochemical data are currently 
being used to construct an isotope mass balance and isotope enabled model (RWSIBal) of 
the river system that will run on a daily time step. The aim is to enable groundwater gains 
and losses to be identifi ed with more confi dence and to more accurately quantify losses to 
evaporation. This modelling is being carried out as a collaboration between Cath Hughes 
(ANSTO), Jeff Turner and Tony Barr (CSIRO Land & Water, WA) and John Gibson (Uni 
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Victoria, Canada). Other continuing work includes the installation of an evaporation pan 
network to improve our ability to characterise atmospheric controls on evaporative enrichment 
using the method developed by G[17] and the addition of routine rainfall sampling within 
the catchment. This work is being conducted by Suzanne Hollins (ANSTO) in collaboration 
with John Gibson as part of the Australian GNIP network.
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ISOTOPIC TRACING OF HYDROLOGICAL PROCESSES 
AND WATER QUALITY ALONG THE UPPER RIO GRANDE, USA

J. Hogan a, F. Phillips b, C. Eastoe a, H. Lacey b, S. Mills b, G. Oelsner a 

a University of Arizona, Tucson, USA
b New Mexico Tech, Socorro, NM, USA

Abstract. The Rio Grande, like many arid region rivers, exhibits reductions in streamfl ow and degrading water 
quality with distance downstream as a result of decreasing infl ows, increasing evapotranspiration, and the addition 
of natural and anthropogenic solutes. Between 2000 and 2006 we conducted biannual synoptic sampling of the Rio 
Grande from its headwaters in Colorado to ~150 km south of El Paso, Texas (at total distance of ~1200 km) to 
evaluate how these processes result in the observed basin scale water and solute balances. Because of the synoptic 
nature of sampling, locations at the headwaters can be classifi ed as representing natural hydrological processes 
whereas downstream samples represent ‘trend’ sites impacted by regulation and development. In addition, 
our sampling period coincided with a severe regional drought, allowing us to further evaluate basin response 
to periods of increasing water stress. We employed multiple environmental tracers, including O/H isotopes, 
Cl-, Cl/Br ratio and a suite of solute isotopes to help identify dominant hydrological processes and the causes of 
salinization. Using Cl/Br, Ca/Sr, 87Sr/86Sr and 36Cl/Cl ratios as well as δ34S and δ234U values, we show that very 
small (< 1 m3 sec–1) and localized discharge of very old (millions of years) sedimentary brine is the dominant 
solute input into the Upper Rio Grande. The recognition of a geologic salinity source implies that alternative 
salinity management solutions, such as interception of saline groundwater, might be more effective than changes 
in agricultural practices.

1. INTRODUCTION

This is the fi nal report for the Rio Grande component (Agreement USA-12047) of the IAEA 
Coordinated Research Project focused on ‘Isotopic Tracing of Hydrologic processes in Large 
River Basins: Design Criteria for a Network to Monitor Isotopic Composition of Runoff in 
Large River Basins’.

The specifi c goals of this IAEA CRP are as follows:

(1) To launch and coordinate a programme for isotope sampling of river discharge and 
related studies via a network of research institutes worldwide, establishing linkages 
where appropriate to existing research and monitoring activities undertaken by national 
counterparts, monitoring agencies, and international research programmes.

(2) To contribute to the understanding of the water cycle of large river basins by developing, 
evaluating, and refi ning isotope methodologies for quantitative analysis of water balance 
and hydrological processes, and for tracing environmental changes.

(3) To develop an optimal protocol for operational river water sampling, and to design 
a comprehensive database to support isotope-based water balance studies, and future 
monitoring of ongoing environmental changes.
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Specifi c activities of the Rio Grande component of the CRP were listed as follows:

(1) Compile and review bi-annual synoptic sampling of the Rio Grande (at ~10 km intervals), 
all major tributaries, and important agricultural drains and canals from the headwaters 
of Colorado to south of El Paso conducted over the last three years, particularly stable 
isotopes of water, tritium, and related discharge data.

(2) Compile and review existing USGS, NASQAN, and Los Alamos isotope data for the Rio 
Grande and related fl ow data.

(3) Conduct weekly/monthly sampling at about 5–10 stations in the Rio Grande basin for 
isotope analysis during the year.

(4) Compile and review isotope results and related discharge data.

(5) Interpret isotope results with respect to water cycle and climate processes.

(6) Report to IAEA on an annual basis.

In this fi nal report we present a report on activities 1–2 and 4–6. Activity 3 above was planned 
as an education outreach component of the project, however lack of suffi cient collaboration 
with local schools ultimately resulted in its failure. We are able, however, to present some 
data collected on a roughly monthly basis from other studies of the Rio Grande to provide 
context on seasonal variability to our report. In addition tritium is mentioned in relation to 
activity 1. We are unclear as to why this is here as tritium data was not collected at the time of 
this agreement and was not part of our research plan from the beginning. Finally, a signifi cant 
amount of isotopic data was collected related to solute sources and salinization processes which 
is presented here, as we feel such solute isotopic systems provide complementary information 
to the more commonly studied water isotopes.

The general outline of this report is as follows. First, we provide a general overview of 
the climate, hydrology, geology, water quality and important socio-demographic characteristics 
of the Rio Grande Basin. Next we present a summary of discharge patterns along the Rio 
Grande during the period of this study specifi cally focused on response to a regional drought. 
We will then use this understanding in interpreting stable isotope data to assess the role of 
water resource management and changing hydrologic conditions in controlling the isotopic 
composition of river water. Building on this we will present a series of solute isotopic systems 
addressing the salinity sources that result in Rio Grande salinization. Finally we will end with 
some concluding remarks about the implications of our study results, lessons learned, and 
potential for a network to monitor the isotopic composition of runoff in large river basins.

2. THE RIO GRANDE

The headwaters of the Rio Grande are in the southern Rocky Mountains, in the state of 
Colorado, USA (Fig. 1). Most of the runoff that supplies the river originates as snowfall at 
elevations of 3000 to 4000 m in the San Juan, Sangre de Cristo, and Jemez mountain ranges. 
The river fl ows south through the states of Colorado and New Mexico before turning south–
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east to form the boundary between the United States and Mexico and ultimately fl owing into 
the Gulf of Mexico. This study was limited to the northern portion of the drainage basin, 
down to a point 130 km south of the cities of El Paso and Ciudad Juarez. This point is 1150 
km downstream from the river’s headwaters. Further downstream the river is frequently dry, 
although eventually additional tributaries restore perennial fl ow. The elevation at this point is 
1100 m and the area of the drainage basin above it is ~120 000 km2.

For the purposes of discussion, the study area can be divided into three equal portions which 
provide contrasting hydrology, salinity and human management characteristics (Fig. 1). 
The ‘upper’ portion (0–430 km) is generally mountainous and is the source for most runoff 
in the basin. The discharge gauge located at Otowi marks the lower end of this region and has 
the highest average discharge in the study area. In the ‘middle’ section (430–800 km) the Rio 
Grande enters a more arid landscape and passes signifi cant areas of irrigated agriculture and 
the population center of Albuquerque, NM. In general the channel is braided with signifi cant 
sand bars. The lower end of this section holds Elephant Butte Reservoir, the largest reservoir on 
the Rio Grande. With a ~2.5 year residence time, Elephant Butte imparts a signifi cant imprint 
on the downstream hydrology (due to highly controlled releases) and isotopic composition (due 
to signifi cant evaporation). The ‘lower’ portion (800–1150 km) is highly managed for irrigated 
agriculture with controlled releases from Elephant Butte Reservoir, a well channelized path for 
the Rio Grande, and an effi cient network of canals and drains.

2.1. Hydrogeologic framework

The relatively linear course of the Rio Grande as it fl ows south is largely due to structural 
control by the Rio Grande rift. This is an intracontinental extensional feature similar in origin 
to the better known East African rifts. Rifting was initiated at ~30 Ma and was initially rapid, 
but has slowed with time [3]. The rift consists of a series of elongate basins that are usually 
bounded on either side by Precambrian crystalline or Paleozoic sedimentary basement rocks 
(see Fig. 1). The basins are formed by full or half grabens that are fi lled with up to 4000 m of 
alluvial and lacustrine sediment [1, 3]. The grabens are terminated at either end by transform 
structures that bring basement rocks close to the surface. Fig. 2 shows a schematic cross-
section of the basin structure parallel to the course of the river.

2.2. Precipitation and runoff

Although precipitation is as high as 1300 mm a/r over small areas in the mountainous 
headwaters, the majority of the drainage basin ranges from semiarid to arid. Most of the basin 
receives less than 300 mm a/r and the driest areas only 160 mm a/r. Summer temperatures are 
high and over most of the basin potential evapotranspiration varies from 1000 to 2000 mm y/r.

Within the study area, river discharge fi rst increases as tributaries fl ow in, then decreases, partly 
because no further signifi cant tributaries join the river, and partly because of evapotranspirative 
losses from riparian vegetation and reservoirs, as well as irrigation and municipal diversions. 
At the Colorado–New Mexico border, about 270 km from the headwaters, the mean annual 
discharge is 17 m3/s, although the natural fl ow would be about 40 m3/s without agricultural 
diversions (discharge and water use data are from [6]). The river reaches its maximum 
discharge of 49 m3/s at Otowi, New Mexico, 430 km down the river. This would probably 
be closer to 70 m3/s under natural conditions. At Albuquerque, New Mexico, 550 km down 
river, the discharge is 44 m3/s. Above Elephant Butte Reservoir (800 km downstream and by 
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far the largest reservoir on the river) the discharge amounts to 40 m3/s; below the reservoir it 
is about 33 m3/s. The difference is largely attributable to evaporation from the reservoir. At El 
Paso (1025 km) this discharge has been further reduced to 20 m3/s, mostly due to agricultural 
diversions.

2.3. Water use

There are fi ve major population centers within the drainage basin: Santa Fe, New Mexico 
(450 km from the headwaters, population 70 000), Albuquerque, New Mexico (550 km, 
population 420 000), Las Cruces, New Mexico (950 km, population 75 000), and the twin 
cities of El Paso, Texas (1025 km, population 600 000) and Ciudad Juarez, Chihuahua, Mexico 
(1025 km, population 1 300 000). Most municipal water supply is from wells, but Santa Fe 
and El Paso do use signifi cant amounts of surface water as well. Use of surface water by 
municipalities totals about 1 m3/s.

Total irrigated area in the basin is approximately 370 000 ha, of which 260 000 ha are in 
Colorado, near the headwaters of the river. Withdrawals for irrigated agriculture amount to 
about 70 m3/s, of which about half returns to the river. Losses due to open water evaporation 
(especially from Elephant Butte Reservoir) and riparian evapotranspiration are diffi cult to 
quantify, but, based on balancing the various river discharges and consumptive uses given 
above, are probably about 18 m3/s.

FIG. 1.  Map of the Upper Rio Grande outlining the drainage area, river course, irrigated agriculture, 
population centers and alluvial basins [1] with Albuquerque subbasins [2] that form the Rio Grande 
rift. For purposes of discussion the basin is divided into three parts.

114



2.4. Water quality

The dissolved solids content of the Rio Grande increases markedly as it fl ows from its 
headwaters in Colorado to the southern limit of the study area (Fig. 3). The total dissolved 
solids content in the headwaters region averages about 40 mg/L. By the time the river 
reaches El Paso the average value is about 750 mg/L, and at Fort Quitman, south of El Paso, 
it commonly attains values in excess of 2000 mg/L. Not only the solute concentration, but 
also the solute burden increase downstream, from about 100 000 tons a/r at Lobatos to about 
600 000 tons a/r south of San Marcial. The concentrations of dissolved solids vary seasonally, 
and during the winter, when base fl ow is not diluted by reservoir releases of irrigation water, 
can greatly exceed the average values given above. Water quality in the vicinity of El Paso 
approaches the limits advised for both irrigation and drinking water use. South of El Paso it 
is not usable for most purposes except irrigation of salt tolerant crops. Analysis of historical 
records shows that during periods of extended drought, such as the mid-to-late 1950s, salinity 
consistently exceeded present day averages. Population, and thus demand on the water 
resources, has greatly increased since the 1950s, and a repetition of such a long term drought 
could have disastrous consequences with regard to water quality.

The causes of this prominent increase in salinity with fl ow distance have never been fully 
explained. Lippincott [7] laid most of the blame on irrigated agriculture: “The increase in 
the salinity of the waters of the Rio Grande [is] due to their use and re-use [for irrigation] in its 
long drainage basin…” Evapotranspiration during irrigation and by riparian vegetation clearly 
plays a role, but cannot explain the observed increase in solute burden. The work of the Natural 
Resources Committee [8] and Trock et al. [9] attributed it principally to displacement of 
natural, shallow, brackish groundwater by infi ltrating irrigation water. However, they did not 
explain the source of the brackish water. Hayward [10] and Wilcox [11] laid more emphasis on 
increases in the proportion of more soluble salts during evaporation in irrigated soils.

3. SAMPLING PLAN

Studies employing environmental tracers to investigate sources of salinity have been pursued 
as part of the Rio Grande Basin project carried out through the Center for Sustainability of 
semiArid Hydrology and Riparian Areas (SAHRA), funded by the US National Science 

FIG. 2.  Schematic hydrogeologic cross-section of the Rio Grande rift, parallel to the path of the river.  
Basin fi ll depth dotted where not well-constrained. Basin structure is based on data from [1, 3–5].
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Foundation. High spatial resolution sampling campaigns (~10 km sampling intervals) 
were conducted twice per year between the winter of 1999–2000 and the winter of 2001–
2002. Sampling was conducted during late summer when irrigation water is released from 
the reservoirs, and during mid-winter when there are no irrigation releases and fl ow is minimal. 
Subsequent to the 2001–2002 winter sampling, similar sampling has been performed, but 
at a lower spatial resolution. The main tracers employed to date have been δ2H andδ18O in 
the water molecule, Cl- /Br-, 36Cl/Cl, 87Sr/86Sr, Sr2+/Ca2+, and δU. Most of the results given 
below have been presented and discussed by [12–15].

4. RIVER DISCHARGE AND THE RESPONSE TO DROUGHT

Most main stem and tributary gauging stations are operated by the US Geological Survey 
(USGS) with several additional gauging stations in Colorado operated by the Colorado 
Division of Water Resources (DWR). We used daily discharge values reported in the National 
Water Information System (NWIS) and Colorado DWR online databases [16, 17]. The Middle 
Rio Grande Conservancy District (MRGCD) provided us with discharge data for the New 
Mexico agricultural drains. To evaluate differences between winter and summer discharge, we 
averaged the mean daily discharge values for the two weeks prior to each sampling event in 
January and August for each gauging station.

The winter and summer discharge patterns for the upper and middle portions of the study area 
vary in a predictable manner as a result of natural hydrology and river management. In contrast 
the lower region is entirely controlled by releases from Elephant Butte Reservoir. In the winter, 
average discharge values in the upper portion do not change signifi cantly (Fig. 4). Whereas in 
summer, average discharge decreases from Del Norte (104.1 km) to Alamosa (192.8 km) and 
then remains constant through the end of the reach. Agricultural diversions from the Rio Grande 
between Del Norte and Alamosa were highly variable among sampling events but averaged 
approximately 6.2 ± 7.3 cm. Generally, average discharge values are higher in the winter 
than in summer from Alamosa (192.8 km) to the end of the reach. These differences between 
winter and summer discharge patterns are largely explained by seasonal river management for 
agriculture. During the summer, diversions of river water for irrigated agriculture in the San 
Luis Valley sharply decrease discharge between Del Norte (104.1 km) and Monte Vista 

FIG. 3.  Variation of mean annual total dissolved solids (TDS) content of the Rio Grande with fl ow 
distance (data from U.S. Geological Survey gauging station records). Distances, for this graph and all 
others, are measured relative to the outlet of Rio Grande Reservoir in Colorado.
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(141.2 km) whereas during the winter, the average discharge is fairly constant because there 
are no agricultural diversions. The mean annual diversions between Del Norte and Alamosa 
represent approximately 36 ± 29% of the average fl ow at Del Norte. Lower average discharge 
during the summer than in the winter downstream of Alamosa (192.8 km) is likely due to 
larger amounts of evaporation and transpiration.

Downstream of the Colorado–New Mexico state line the Rio Grande enters a relatively ‘wild’ 
reach where the overall patterns of discharge are similar in winter and summer. Discharge 
increases from the beginning of the reach (near Lobatos 256.9 km) to Otowi (430.9 km) from 
tributary and groundwater inputs in both summer and winter. The average increase in discharge 
between Lobatos (256.9 km) and Taos (359.6 km) is 5.9 cms in winter and 6.1 cms in summer, 
which is approximately equal to the sum of average groundwater (4.5 cm) and tributary 
(1.6 cm) inputs. The Rio Chama substantially augments river fl ow in summer (+15.4 cm ± 6.1) 
and to a lesser extent in winter (+2.9 cm ± 1.5) between the Embudo (384.5 km) and Otowi 
(430.9 km) gauging stations. Upstream of the Rio Chama confl uence (409.2 km), individual 
average discharge values are higher in winter than in summer between Lobatos (256.9 km) 
and Embudo (384.5 km). In contrast, average discharge values are higher in the summer 
downstream of the Rio Chama confl uence.

In the middle section of the study area, there is no signifi cant change in average winter discharge 
values from Otowi (430.9 km) downstream to San Felipe (496.9 km) as there are no agricultural 
diversions. On the other hand, during the summer the average discharge decreases signifi cantly 
from Otowi (430.9 km) to the outfall at Cochiti Dam (471.0 km) and then remains constant to 
San Felipe (496.9 km). Downstream of Cochiti Dam the Rio Grande enters the Albuquerque 
basin, a signifi cant urban and agricultural area where there are large differences in summer and 
winter discharge patterns. In the summer, discharge values decrease sharply downstream of 

FIG. 4. Mean daily discharge for the two week period preceding sampling in the Upper Rio Grande 
from Del Norte, CO to San Marcial, NM (upper and middle sections); below this location discharge 
is controlled primarily by Elephant Butte reservoir releases. Agricultural diversions downstream of 
Del Norte, CO and Albuquerque, NM decrease summer discharge, whereas the Rio Chama contributes 
signifi cant amounts of water, especially in summer.
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Albuquerque (547.5 km) due to the diversion of water for irrigated agriculture, which removed 
an average of 11.1 cm ± 2.1 during summer sampling events (Fig. 5). In contrast, discharge 
remains nearly constant in winter throughout the reach. Overall, the average winter discharge 
from Albuquerque (547.5 km) to San Marcial (731.1 km) is signifi cantly higher (p = 0.002) 
than the average summer discharge.

Differences between summer and winter discharge in the middle portion of our study area 
can be explained by seasonal differences in river management for agriculture, evaporation 
and transpiration. Diversion of river water for irrigated agriculture at Isleta (570 km) sharply 
decreases discharge, especially during dry years (Fig. 5). Relatively constant discharge for 
the middle portion during winters is probably due to the absence of agricultural diversions 
and decreased evaporation and transpiration. Lower discharge during the summer downstream 
of Isleta (570.0 km) is likely due to larger amounts of evaporation and transpiration. There is 
a large riparian corridor between Cochiti Dam (471.0 km) and San Marcial (731.1 km) that 
has been shown to use substantial amounts of river water during the summer [18]. Despite 
the seasonal differences in discharge between January and August, larger differences in 
discharge were avoided by not sampling during snowmelt periods in April and May or during 
lowest-fl ow periods in September and October.

The sampling period August 2001–August 2006 represented a relatively dry period within 
the Rio Grande (Fig. 6). When the two week average discharge for each sampling event was 
compared to the 30 year average discharge for January and August, almost all the sampling 
events had lower than average discharge (Fig. 7). Only the winter 2006 sampling event showed 
average discharge from Lobatos (256.9 km) to San Acacia (655.3 km). Discharge during the 
summers of 2001 and 2005 was only slightly below average from Lobatos (256.9 km) to Otowi 
(430.9 km). During remaining sampling events, discharge was 15–95% below the 30 year 
averages in both January and August. Interannual variations in river discharge are largest 
downstream of the Rio Chama confl uence and likely refl ect large scale variations in climate 
and small scale differences in precipitation and temperature.

4.1. ENVIRONMENTAL TRACERS OF WATER SOURCE AND EVAPORATION

4.1.1. General patterns of isotopic composition with distance

Stable isotopes of oxygen (18O/16O) and hydrogen (2H/1H) in the water molecule are 
a commonly employed tool for understanding the origins and circulation of natural waters 
[19, 20]. The stable isotope content of precipitation at middle and northern latitudes is most 
strongly controlled by temperature at the time of a precipitation event, with isotopically 
lighter precipitation being associated with colder temperatures [21]. The only detailed study 
of precipitation isotopes in the basin is from the mountains surrounding Los Alamos NM [22]. 
Like much of the southwest USA, the Rio Grande has two periods of isotopically distinct 
precipitation (Fig. 8), winter precipitation which falls as snow in the higher elevations and 
a summer ‘monsoon’ period. Inasmuch as most of the runoff for the Rio Grande originates as 
snow at high elevation, it can be expected to be isotopically light.

One of the most important controls on the stable isotope composition of surface water is 
evaporation. The heavier isotopic species (H2

18O and 2HHO) are less volatile than their lighter 
(and more common) counterparts and thus tend to be retained during evaporation. This causes 
progressive isotopic enrichment during the process of evaporation. In contrast, transpiration 
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FIG. 5. Schematic diagram of the surface water system illustrating average agricultural diversions 
and returns for both wet and dry years. Schematic is between Isleta (570.0 km), San Acacia 
(655.3 km), and San Marcial (731.1 km). LFCC is the Rio Grande Conveyance Channel.

FIG. 6. Discharge of the Rio Grande at Otowi Bridge, 1990–2007, showing worsening drought 
between 1995 and 2004 and improving, but still below normal conditions, between 2004 and 2007. 
The dark line indicated long term average discharge for the guage over the recording period. 
The Otowi gauge, located at 430 km, marks the boundary between designated upper and lower 
sections of the Rio Grande and represents the location of maximum river discharge. Graph generated 
from the USGS NWIS website [17].
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does not affect the isotopic composition of the residual water because plants transmit water 
from the soil to the atmosphere without isotopic separation. Measurement of the stable isotope 
composition of salinized water is a useful method for discriminating the cause of salinity 
because water that is saline due to evaporation will be isotopically more enriched than source 
water, whereas water that is saline due to salt addition or transpiration will not change in 
isotopic composition.

When δ18O and δ2H values for the Rio Grande are plotted against each other (Fig. 9), the two 
isotopes form a linear array with a slope of ~5, which is considered diagnostic of evaporation. 
As expected, the initial δ18O and δ2H are relatively light (–14 and –100 ‰, respectively) and 
are consistent with winter precipitation for the headwater region [22]. The plot of δ2H against 
fl ow distance in Fig. 10 shows obvious trends that correspond to features of the river system. 
The data for summer 2001 are probably fairly representative of the stable isotope composition 
of the river during normal summers. The peak in δ2H at about 250 km is largely explained 
by the infl ow of evaporated drainage water from the Closed Basin Project in the San Luis 
Valley. This isotopically heavy infl ow is diluted downstream by isotopically light tributaries. 
Increasing values between 500 and 800 km are likely due to evaporation from wetted sand bars. 
The major step in δ2H at 800 km takes place at Elephant Butte Reservoir, which is known to 
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FIG. 7. Two week average discharge values for each gauging station above Elephant Butte reservoir 
(below this reservoir release control discharge rates) for each sampling event in January (A) and 
August (B). The bold line indicates the 30 year average discharge for January and August. Note that 
almost all sampling occurred when discharge was below average.
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be the single largest evaporative sink in the entire river system. Downstream of Elephant Butte 
Reservoir, isotopic composition is surprisingly stable, given the large amount of diversion for 
irrigation and infl ow of return waters in the Mesilla Valley. This may indicate that most water 
loss in this stretch takes place through transpiration.

A simple Rayleigh distillation model [24] can be used to estimate the degree of evaporation 
necessary to produce the observed enrichment. Based on the summer 2001 data, and assuming 
an effective isotopic enrichment factor for 2H of –89 ‰ during evaporation, the Rayleigh model 
indicates that about 35% of the river fl ow has been evaporated by the time the river reaches El 
Paso. This differs from the water balance based on gauging that was described above, which 
indicates that about 75% of the water is lost to evapotranspiration above El Paso. The stable 
isotope data thus indicate that about half of the river losses are due to evaporation and the other 
half due to transpiration from irrigated fi elds and riparian areas.

4.1.2. Climate related changes in isotopic composition

The isotopic composition of the Rio Grande responds to both seasonal and interannual climate 
variability. While we collected data biannually, a study by [23] provides some insight into 
the seasonal variability of river isotopic composition (Fig. 11). Of note is a clear seasonal 
increase during the summer months due to increased evaporation and the pronounced decrease 
during the large spring snowmelt event in 1982.

Of more interest is interannual variability during the course of the recent drought. During 
the summer, δ18O river values show a dramatic increase at the southern end of the San Luis 

FIG. 8. Precipitation isotope data for Los Alamos, NM [22]. Samples are separated into winter 
and summer, the two distinct precipitation periods in the region. This location is representative of 
precipitation in the mountainous headwater region, the primary source of Rio Grande surface waters. 
For comparison, the average annual value for Albuquerque precipitation [23], located at a lower 
elevation on the basin fl oor, is noted.

121



FIG. 9. The δ18O versus δ2H for detailed sampling that occurred during the summer of 2001. Samples 
for the main stem of the Rio Grande plot along a clear evaporation line below the slope of the Los 
Alamos MWL [22]. Drains and canals associated with the agricultural system plot along a similar 
trend; in contrast, tributaries plot along the LMWL, with lower elevation tributaries plotting with less 
negative isotopic values.

FIG. 10. The δ2H versus distance downstream for detailed sampling that occurred during the summer 
of 2001. Areas highlighted in red are areas of evaporation whereas areas in green represent tributary 
inputs. Note that downstream of Elephant Butte Reservoir there is little change (other than a small 
decrease due to El Paso wastewater returns) in isotopic composition, despite signifi cant transpiration 
losses associated with irrigated agriculture.
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Basin during the drought years 2002–2003 (Fig. 12). This is probably because an increasing 
proportion of the river is being diverted for irrigation, while the amount of evaporated 
closed basin water being returned to the river has remained relatively constant. There is also 
an increase in δ18O between northern New Mexico and Elephant Butte Reservoir (Fig. 12), 
which  can probably be attributed to increased evaporation from wetted sands along the Rio 
Grande. Finally, there is an increase in Elephant Butte and the water discharged from it due 
to the increasingly unfavorable water balance of the reservoir, which declined to historically 
low levels during the period 2002–2003. By the end of this period, the reservoir was nearly 
empty and thus during the relatively large snowmelt year 2005 (Fig. 6) the reservoir fi lled with 
relatively ‘unevaporated’ water, resulting in signifi cantly lower δ18O values downstream.

The results of our winter sampling, in contrast to summer sampling periods, shows limited 
variability (Fig. 13). The drought years 2003–2005 do exhibit slightly elevated isotopic values 
where as the ‘average years’ 2001 and 2006 show lower values. These changes likely refl ect 
a combination of changes in basin water balance with average years having more ‘light’ 
snowmelt, while dry years bring a higher proportion of ‘heavier’ Rio Chama water; there was 
also greater relative evaporation during the previous summer.

Finally, it is worth contrasting ‘average’ years 2001 and 2005, ‘dry’ years 2002–2004, and 
the summer of 2006 when there was a highly anomalous amount of summer ‘monsoon 
precipitation.’ When δ18O versus δ2H for Rio Grande surface water for the middle portion are 
plotted (Fig. 14) the ‘average’ years 2001 and 2005 plot along the Rio Grande evaporation 
close to the LMWL, whereas the ‘dry’ years 2002–2004 generally plot further along this 
trend, indicating greater relative evaporation of these waters. In contrast, the summer of 2006 
brought heavy monsoon (summer) precipitation and runoff and thus river samples refl ects this 
input with little evaporation and much heavier values than typical snowmelt waters of the Rio 
Grande.

4.2. ENVIRONMENTAL TRACERS OF SALINIZATION

To distinguish between saline groundwater discharge and sources associated with irrigated 
agriculture, we have employed 87Sr/86Sr and 36Cl/Cl*1015 ratios and δ234U isotopic values, 
along with the associated solute ratios Cl/Br and Ca/Sr, as environmental tracers. We selected 
these tracers for three reasons. First, these isotopic and solute ratios are minimally affected 
by evapotranspiration, and thus are tracers of solute inputs only. Second, in all three systems 
end member sources are expected to have distinct compositions (Table 1). Finally, the high 
concentration of potential end members results in mixing relationships with large changes in 
isotopic values or solute ratios with the addition of small solute fl uxes.

4.2.1. Chlorine Isotope

Chloride concentration shows a progressive increase downstream in a distinct series of steps 
(Fig. 15) The generally conservative nature of chloride and bromide, combined with the distinct 
Cl/Br ratios (mass/mass) for atmospheric deposition (~100) and sedimentary brine (≥1000) 
[25–27], make it an extremely useful tracer. In general, Cl/Br ratios increase from ~100 to 
>1000, mirroring increasing chloride concentration (Fig. 16) in a stepwise fashion (Fig. 17). 
Comparing Cl concentration increases to Cl/Br ratios (Fig. 16), it is apparent that the increase 
in Cl concentration is due to a combination of evapotranspirative concentration and additional 
solute inputs.
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FIG. 11. Seasonal variation in Rio Grande surface water isotopic composition at Albuquerque 
NM [23]. Note the seasonal increase during the summer months due to increased evaporation and 
the pronounced decrease during the large spring snowmelt event in 1982.

FIG. 12. The variation of δ18O with distance down the Rio Grande during the summers (August) of 
2001–2006.
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Chlorine-36 ratios, measured along the length of the study area, exhibit a decreasing trend 
from ~2500 in the headwaters to ~100 at the southern end (Fig. 17). Headwater values are 
consistent with an atmospheric source, but it is important to note that a 36Cl ratio of ~2500 is 
signifi cantly higher than that in present day precipitation [28], which indicates a component 
of 36Cl from nuclear weapons testing fallout in these waters. In contrast, the very low 36Cl and 
high Cl/Br ratios in the lower portion are indicative of a sedimentary brine source. When 36Cl 

Fig. 13. Variation of  δ18O with distance down the Rio Grande 
during the winters (January) of 2002–2006.  

FIG. 14. The δ18O versus δ2H for Rio Grande surface water samples collected in the middle portion 
of the study area. ‘Average’ years (2001 and 2005) are represented by solid markers, ‘dry’ years 
(2002–2004) by open markers. Note that during the ‘average’ years 2001 and 2005, values plot along 
the Rio Grande evaporation trend are closer to the LMWL, whereas ‘dry’ years 2002–2004 generally 
plot further along this trend, indicating greater relative evaporation of these waters. In contrast, 
the summer of 2006 brought heavy monsoon (summer) precipitation and local runoff, thus river water 
refl ects this input with little evaporation and much heavier values than typical snowmelt waters of 
the Rio Grande.
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ratios are plotted against Cl/Br ratios (Fig. 20A), a clear two-end-member mixing relationship 
is observed, with all river samples plotting close to the mixing curve. This mixing curve is 
calculated using Rio Grande headwater values and an estimated higher salinity end member 
based on groundwaters that are likely a mix of dilute shallow groundwater with a deeper 
sedimentary brine source (Table 1).

Saline groundwater contributions, while based on the chosen end member, are small, less than 
1% of river fl ow, in the upper part of the study area. In the middle portion of the study area, 
the saline groundwater contribution increases from 1 to ~5% as the river passes through three 
large and deep sedimentary basins. Finally, in the lower portion a small increase occurs at 
the southern end of the Mesilla Basin. South of this, there is a dramatic increase in the percentage 
of saline groundwater refl ecting both saline groundwater discharge from the Hueco Bolson and 
the diversion of almost all remaining water for irrigated agriculture. Overall, saline groundwater 

TABLE 1.  ISOTOPIC AND SOLUTE RATIOS FOR POTENTIAL SOLUTE SOURCES 
AND SELECTED END-MEMBER COMPOSITIONS

End-member Cl 
(mg/l)

Cl/Br 
(wt/wt)

36Cl/Cl × 1015 Ca 
(mg/l)

Ca/Sr 
(wt/wt)

87Sr/86Sr U 
(μg/l)

δ234U
(‰)

Atmospheric
deposition 0.2 to 2* 40 to 200* 700† 430 to 

603§
0.709 to 
0.713§

Basalt weathering 100 to 
240#

0.704 to 
0.705#

Rio Grande
headwaters** 10 100 2500 15 75 0.7096 2 800

Magmatic
geothermal sources

250 to 
350†† 1 to 6††

Sedimentary brines 1000 to 
10000 * 5 to 35§§ 10 to 50## 0.708 to 

0.716***

Rio Grande saline 
groundwaters

400 to 
1300††† 35§§§ 20 to 44††† 0.7093 to 

0.7118### 500 §§§

Saline groundwater
end-member**** 1000 1300 35 350 33 0.71015 5 500

Note: Concentrations are reported only for end-members used in the mixing calculations.  Basalt weathering is not con-
sidered to be a major source of chloride, thus associated values are not included.  Likewise we report no values for Sr in 
geothermal waters as values refl ect the local rock type (Goff and Gardener, 1994) not a magmatic source. For the emerg-
ing U-isotope system, limited data on potential solute sources explains the lack of reported values.

* Precipitation values from Davis et al. (1998) for Nevada and Arizona; †Values from Phillips (2000); §Values from 
Graustein and Armstrong (1983); #Values from Dugan et al. (1986); **End-member values based on measured samples 
from the headwater of the Rio Grande; ††Values from Fehn et al. (1992); §§Value based on secular equilibrium (Phillips, 
2000); ## Values from Banner (1995) and Musgrove and Banner (1993); *** Values from Musgrove and Banner (1993) 
and McNutt (2000); note individual basins have signifi cantly narrower ranges; †††Data compiled from Brandvold (2001) 
and Plummer et al. (2004) using only samples over 500 ppm Cl; §§§This study, n=1; ### Saline groundwater samples 
collected by Plummer et al. (2004), measured for this study, n=5; ****For saline groundwater end-member we used the 
upper end of concentration values compiled from Brandvold (2001) and Plummer et al. (2004) which represent shallow 
saline groundwaters; saline waters at depth are likely more concentrated.  The isotope and solute ratios were selected to 
be within the observed values for saline groundwaters in the Rio Grande as well as to best fi t the observed mixing trend.
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fl uxes appear to be greatest from large and deep alluvial basins (Albuquerque and Tularosa-
Hueco [1]) or smaller basins with signifi cant geothermal activity (Socorro, Engle, Mesilla 
[29]). Note that 36Cl and Cl/Br ratios indicate that this geothermal activity is not the source 
of the salinity (Table 1) but rather it appears to mobilize the sedimentary brine. Closed — i.e., 
internally drained — basins (San Luis; Wilkins [1]) and small and/or shallow basins (Española 
and Palomas [1]) appear to make smaller contributions.

FIG. 15. Chloride concentration versus river distance from the headwaters. Numbers correspond to 
locations where the Rio Grande exits the southern end of the alluvial basins shown in Fig. 1. Locations 
marked with letters refer to additional salinity increases not associated with alluvial basin termini. 
Location (A) is the Albuquerque Wastewater Treatment Plant and location (B) is within the Tularosa- 
Hueco Basin, see text for discussion.

FIG. 16. Mixing plot using Cl/Br ratios vs Cl illustrating the combined effect of evapotranspirative 
concentration and solute addition, in this case modelled with a high salinity groundwater in explaining 
downstream salinization. If evapotranspirative concentration were the only factor, the Cl/Br ratio 
would not change as Cl concentration increased. If mixing was the only important factor, increases 
would follow the calculated mixing curve (see Table 1 for end members). Data for the Rio Grande are 
clearly intermediate between these two cases, illustrating their combined effect.
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4.2.2. Strontium isotopes

In contrast to Cl/Br ratios, Ca/Sr ratios exhibited a signifi cant change only in the middle portion 
(Fig. 18), hence 87Sr/86Sr ratios were measured only for this stretch of the river (400–800 km). 
In the headwater regions, Sr is likely derived from two sources: atmospheric deposition and 
mineral weathering (basalt is the dominant lithology through which the Rio Grande fl ows 
upstream), both of which are distinct from sedimentary brines (Table 1). As the Rio Grande 
enters the middle portion, 87Sr/86Sr ratios are ~0.709 and Ca/Sr ratios are ~75, consistent with 
the mixing of headwater sources with a small contribution of saline groundwater. In the middle 
section of the river, 87Sr/86Sr ratios increase while Ca/Sr ratios decrease (Fig. 18). As with 
the chlorine isotope system, river samples indicate a clear two-end-member mixing relationship 
(Fig. 20B) between river water entering the middle portion of the study area and sedimentary 
brine. Mixing calculations indicate that a saline groundwater contribution of between 1% and 

FIG. 17. Chlorine isotope system: (A) Cl/Br ratios and (B) 36Cl versus distance down river. Open 
circles (○) are samples collected in August 2001, whereas solid squares (■) were collected in 
January 2002. Numbers correspond to locations where the Rio Grande exits the southern end of 
the alluvial basins shown in Fig. 1. Locations marked with letters refer to additional salinity increases 
not associated with alluvial basin termini. (A) is the Albuquerque Wastewater Treatment Plant and 
(B) is a location within the Tularosa-Hueco Basin; see text for discussion. In the winter, marked 
variability is observed in the Cl/Br ratio of the lower Rio Grande as a result of very low fl ows due to 
highly restricted reservoir releases. The fi rst increase occurs south of Elephant Butte Reservoir; ratios 
then decrease at Caballo Reservoir. South of Caballo, Cl/Br ratios increase until a second sharp 
decrease is observed at the point where El Paso wastewater enters the river.
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10% of river fl ow can explain observed salinity increases in the middle portion of the study 
area.

4.2.3. Uranium isotopes

Finally, we employed the uranium isotope system. The reactive nature of uranium, as illustrated 
by both increasing and decreasing concentrations with distance downstream (Fig. 19), limits 
use of this isotopic system to qualitative interpretation. The 234U/238U ratio of waters, expressed 
as the δ234U per mil deviation from the secular equilibrium ratio, refl ects both the extent of 
water–rock interaction and residence time. Uranium-234 is preferentially leached from rocks 
because its crystal site is damaged when 238U decays to 234U, thus groundwater with short 
residence times and/or strong water–rock interaction typically has high δ234U values [30]. If 
residence time is signifi cant with respect to the half-life of 234U, the δ234U value is lowered 
through the radioactive decay of 234U [30]. The headwaters have high δ234U values and low 
U concentrations, indicative of recent water–rock interaction (Fig. 19) consistent with 36Cl 
and 87Sr/86Sr data. In contrast, waters downstream have low δ234U and higher U concentration 

FIG. 18. Strontium isotope system: (A) Ca/Sr ratios and (B) 87Sr/86Sr ratios versus distance down 
river. Open circles (○) are samples collected in August 2001 whereas solid squares (■) were collected 
in January 2002. Numbers correspond to locations where the Rio Grande exits the southern end of 
the alluvial basins shown in Fig. 1. Locations marked with letters refer to additional salinity increases 
not associated with alluvial basin termini. (A) is the Albuquerque Wastewater Treatment Plant and (B) 
is a location within the Tularosa–Hueco Basin; see text for discussion.
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values. The data is best explained by two-component mixing (Fig. 20C) in which one end 
member consists of modern groundwater and surface water and the other is sedimentary 
brine. The low δ234U value and high U concentration of the brine end member could have two 
possible explanations. The fi rst is that U input is from whole mineral dissolution, in contrast to 
selective leaching of recoil damaged sites (which would enrich the water in 234U). The second 
is that the brine water is old, on a time scale of millions of years, given the long half-life of 
234U of ca. 245ky [31], leading to a reduction in typically high groundwater 234U excesses [30].

4.2.4. Implications of solute isotopes

The results of all three isotopic systems exhibit mixing relationships between only two 
end members: Rio Grande headwaters comprised of atmospheric deposition plus mineral 
weathering and higher salinity groundwater of sedimentary brine origin. This leads us to 
conclude that discharge of natural saline groundwaters when concentrated downstream by 
evapotranspiration, is the primary cause of salinity increases in the Rio Grande. Furthermore, 
the calculated percentages of saline groundwater needed to explain the observed salinity 

FIG. 19. Uranium isotope system: (A) U and (B) δ234U values versus distance down river. Only 
samples collected during August 2001 (○) were analyzed. Numbers correspond to locations where 
the Rio Grande exits the southern end of the alluvial basins shown in Fig. 1. Locations marked 
with letters refer to additional salinity increases not associated with alluvial basin termini: (A) is 
the Albuquerque Wastewater Treatment Plant and (B) is a location within the Tularosa–Hueco Basin; 
see text for discussion. In the U-profi le, note that there are two marked decreases in concentration that 
refl ect the non-conservative behaviour of this solute, likely as a result of removal during application 
onto irrigated lands (fi rst decrease) or by processes within Elephant Butte Reservoir (second 
decrease).
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FIG. 20. Isotopic   mixing diagrams quantifying saline groundwater discharge: (A) 36Cl versus Cl/Br 
ratios; (B) 87Sr/86Sr versus Ca/Sr ratios; (C) δ234U values versus U concentration. Mixing lines were 
calculated using the end members discussed in the text and found in Table 1. Percentages are not 
included on the U-isotope mixing plot because of its non-conservative behaviour.

131



increases using different elemental and isotopic systems are relatively consistent. For example, 
in the middle portion of the river, which includes three distinct inputs, a 5%–10% saline 
groundwater contribution could explain the observed changes in both Cl and Sr isotope systems. 
During the summer of 2001, Rio Grande fl ow was at 24 m3/sec, whereas in the winter of 2002, 
fl ow was 20 m3/sec1. Using these fl ow rates and our calculated percentage implies a saline 
groundwater fl ux of 1–2 m3/sec over this stretch of the river. These values, although uncertain 
due to a likely range in saline groundwater composition, are broadly consistent with recent 
discharge estimates from a groundwater model of the Albuquerque Basin [32]. Given that 
the saline groundwater end member is based on relatively shallow samples that are probably 
a mixture of shallow groundwater and deep brine, which may be an order of magnitude more 
concentrated (Table 1), the actual fl ux of deep brine could be as low as 0.1 m3/sec.

The above observations are signifi cant for two reasons. First, they indicate that brines of 
geological origin may play a much larger role in the salinization of arid zone rivers than 
previously suspected. Second, within the Rio Grande they limit the possible role of agricultural 
return fl ows as a major factor impacting river salinity. Recognition of saline groundwaters 
associated with alluvial sedimentary basin brines as a signifi cant factor in river salinization 
has important management implications. The reduction of agricultural return fl ows through 
improved water use effi ciency, lining of canals, and even reusing waters are commonly 
proposed to mitigate salinity increases [33]. The sedimentary brine source identifi ed for 
the Rio Grande in this study suggests that alternative approaches to salinity management, such 
as interception wells to capture sedimentary brines, may offer more practical and effective long 
term solutions for rivers with similar salinity sources.

4.2.5. Salinity response to drought

The Rio Grande Basin has been gripped by drought since the mid-1990s, with the situation 
worsening substantially during 2001–2004 (Fig. 6). This has afforded an opportunity to 
examine the dynamic response of the system to changes in water balance. As noted in 
the previous section, there have been pronounced changes in the isotopic composition of 
the river water, likewise there have been signifi cant changes in Cl and Cl/Br. The most 
prominent feature is a region of increased salinity extending from north of Albuquerque to 
San Marcial. At San Marcial, summer Cl concentrations have gone from 30 to 150 ppm. This 
is accompanied by an increase in the Cl/Br ratio from 300 to 730. This change partly refl ects 
drastically decreased river discharge, resulting in less dilution of deep groundwater discharge 
from river runoff. Additionally, during times of drought water is pumped from the drains to 
maintain fl ow in the river. However, drain concentrations and ratios have also increased. This 
can probably be attributed to a decline in the proportion of drain fl ow derived from irrigation 
water. As hydraulic heads beneath the agricultural fi elds in the area decline, a larger proportion 
of deep saline discharge is probably allowed to fl ow out. The drought has revealed that there is 
a delicate balance between saline discharge and irrigation water that under normal conditions 
is masked by the large infi ltration of irrigation water.

Finally, there has been a steady increase of Cl concentration in and below Elephant Butte 
Reservoir (from 50 to 80 ppm). This, however, is not accompanied by any signifi cant change 
in the Cl/Br ratio. As described above, this is consistent with the increased evaporative 
concentration of the river’s water as the reservoir declines under drought, but is not consistent 
with change resulting from increased saline groundwater input.
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4.3. IMPLICATIONS FOR GNIR

The results of this study yield several suggestions for the operation of a ‘Global Network of 
Isotopes in Rivers — GNIR’. First, the isotopic composition of the Rio Grande, and likely 
most  large rivers, is strongly infl uenced by the human management of water resources as well 
as natural hydrologic process and climate variability which result in changes to water sources. 
When interpreting any change in isotopic composition, it is critical that both possibilities be 
considered.

Second our synoptic sampling approach provides an effective method to understand the relative 
roles of these processes. While performing biannual synoptic surveys is likely beyond the scope 
of most GNIR studies, at least one synoptic river survey prior to the development of a fi xed 
station sampling point(s) will aid in understanding both the dominant hydrologic and human 
processes controlling the downstream isotopic composition of water. Furthermore a synotopic 
survey would aid in the selection of fi xed station sites that are responsive to climate and 
the human management of both, as is needed for GNIR. The results of such a study would 
indicate critical hydrologic processes, including changes in the proportion of water sources —
such as the percentage of winter snowmelt vs. summer monsoon rains, changes in the relative 
evaporation of water, which is particularly pronounced during drought, and changes in river 
management related to the storage and release of waters in reservoirs.

Finally, GNIR should be open to the use of solute isotopes to address water quality issues. 
In the case of the Rio Grande, the use of solute isotopes to address salinity and salinization 
proved to be an excellent addition to standard water isotopes. In other basins, issues related to 
excess nutrients or heavy metals may be of primary concern. In all cases, the fate and transport 
of these solutes are largely controlled by the same hydrologic and human processes refl ected in 
water isotopes making this and obvious extension with signifi cant public interest.

5. CONCLUSIONS

The Rio Grande is a typical desert river, fed by snowmelt in high mountains at the headwaters 
and virtually completely consumed by irrigation and other uses along its 1200 km course. 
Water quality in the headwaters is very dilute and pure, but in the lower part of the drainage 
basin dissolved solids rise to the point of rendering the river virtually unusable. Not only 
the dissolved solids content, but also the salt burden, increase markedly along the fl ow path. 
The causes of this salinization have never been adequately explained.

We have employed a variety of environmental and isotopic tracers to examine the evolution of 
water quality in the Rio Grande. The study has been conducted during a period of increasing 
drought, so dynamics of the system under stress can be examined. Results have shown that 
salts are introduced into the river at fairly discrete points. Some of these are easily identifi ed as 
points of wastewater discharge. Others, however, are not associated with any known discharge 
to the river. Their geochemical characteristics are similar to those of deep sedimentary brines. 
These brines appear to be leaking upward along faults and other geological structures in 
the southern portions of the Albuquerque, Socorro, and Mesilla basins.

Changes in agricultural practices have frequently been proposed as a means of improving 
water quality in the Rio Grande. Our results indicate that, although irrigated agriculture does 
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cause a signifi cant increase in the concentration of solutes due to evapotranspiration, increases 
in the salt burden are not related to agriculture. Changing agricultural practices would probably 
have little effect on salinity, and improvement in irrigation effi ciency might even further 
degrade water quality. The best opportunity for water quality improvement is likely to be 
identifi cation and interception of brine leakage at the points of discharge.
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CHEMICAL AND ISOTOPIC COMPOSITIONS OF 
THE EUPHRATES RIVER WATER, SYRIA

Z. Kattan
  Department of Geology, Atomic Energy Commission, Damascus, Syria

Abstract. Stable isotope (18O and 2H) ratios, were measured together with tritium content and major ion 
concentrations on a monthly basis at 12 stations along the Syrian portion of the Euphrates River during the period 
January 2004–December 2006. Spatial variations of stable isotope ratios are moderated compared with other large 
rivers in the world. The concentrations of major ions and environmental isotopes systematically increased with 
distance downstream, with the sharpest enrichment at Al-Assad Lake. This systematic increase could be explained 
by: (1) direct evaporation from the river and its tributaries; and (2) drainage return fl ows of irrigation water via 
the groundwater system. The isotopic properties of the Euphrates water suggest negligible roles of precipitation 
and local runoff, compared with evaporation.

1. INTRODUCTION

Stable isotopes (δ18O and δ2H) are ideal natural tracers that have contributed remarkably 
to our understanding of the water cycle and related diverse hydrological processes [1–4]. 
The importance of such isotopes in water studies is due to their properties, as conservative 
fi ngerprints of the water molecule, that refl ect the cumulative infl uence of all water modifi cation 
processes. The isotopic composition of riverine systems has proven to be a useful tool for 
estimating the mean residence time and storage properties of surface water [5–10]. Changes in 
the isotopic composition of rivers may also help to better characterize the effect of snowmelt 
events [11], patterns of river regime and tracing pathways of water fl ow in small basins [12], 
as well as quantitative estimates of river fl ow components, through the so-called ‘hydrograph 
separation’ method [13–15]. Furthermore, the temporal and spatial variations of river water 
isotope compositions provide useful information on mixing between different water bodies, 
effects of input from tributaries, and roles of dams and lakes [16], together with a sensitive 
evaluation of the infl uence of terrains, fracture types and evaporation under dry climates 
[17]. In addition, such isotopes can also be used to study salinity sources [18] and estimate 
the irrigation return fl ows [19].

Monitoring of the isotopic composition of large rivers at the continental scale is not an easy 
task, because of the expansive areas and huge number of water samples required to adequately 
characterize the geographical distribution of such large systems [18]. Nevertheless, it is well 
documented from a large number of studies that the isotopic composition of river waters in 
the headland of large rivers is fairly close to that of local precipitation [9, 18 and 20], and similar 
to that of rainfall in surrounding areas [21]. Most studies reported a progressive increase in 
stable isotope composition with increasing distance downstream [18]. The isotopic composition 
of tropical river waters generally has much smaller scatter than that of precipitation, with more 
depleted concentrations during the rainy season and more enriched values during the dry 
season [22]. In the case of small catchments, it was shown that the isotopic composition of 
most surface and groundwater bodies is constant and rather close to the annual average of local 
precipitation [21]. In Alpine basins, it was shown that runoff depends strongly on snowmelt 
that can induce sharp changes in the amount and isotopic composition of discharge [11].
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In karstic regions, river waters usually have short transit times, with more pronounced seasonal 
variations, compared with those fed by groundwater from porous media, where the average 
residence time is much longer [21]. In moderate climates, it was observed that the evaporation 
process is generally not too important, unless lakes or large dams considerably affect river 
fl ow [23]. Surface evaporation from the Amazon River basin does not have any recognizable 
effects [24], while evapotranspiration, which is isotopically a non-fractionating process [25], 
and recirculation of streams and groundwaters to the atmosphere, appear to be essential 
to the local hydrological cycle [26]. The situation in arid regions is considerably different, 
because seasonal variations are not caused by changes in the isotopic composition of rainfall 
in the headlands, but by evaporation from rivers in the lower parts, where rains become less 
abundant or completely disappear. The enrichment of stable isotopes in arid zone surface 
waters can be used to gauge progressive downstream water loss through evaporation [19]. For 
instance, the quantitative evaluation of evaporation in Algerian sebkhas showed that 46% may 
be lost through this process [27].

Although a large number of isotopic studies were focused on large rivers in many part 
around the world, few hydrochemical and isotopic investigations [28–30], were devoted 
to the Euphrates River system. Based on the importance of this large river, especially as 
a surface water resource, a detailed hydrochemical and isotopic study was proposed to 
assess the hydrological and geochemical characteristics of this river system. Monitoring of 
the chemical and isotopic compositions of the Euphrates River in Syria was initiated within 
the framework of the IAEA coordinated research project (CRP) entitled ‘Design criteria 
for a network to monitor isotope compositions of runoff in large rivers’, that aims to better 
understand the water balance and hydrological processes of a number of large river on a global 
scale. This paper, which discuses parts of the so far obtained results through the monitoring 
of the chemical and isotopic compositions of the Euphrates River waters during a three years 
period, aims to demonstrate the overall charteristics of the temporal and spatial variations 
patterns of the the Euphrates River system in Syrian terretory.

2. GENERAL CHARACTERISTICS OF THE STUDY AREA 

Euphrates River, with its basin lands (area = 350 000 km2), is the largest, the longest (entire 
length = 2900 km) and, to some extent, the most important river in western Asia. This river 
yields most of its resources from the mountainous regions of eastern Turkey and drains lands 
belonging to Syria and Iraq, before joining the Arabian Gulf at the so-called ‘Shatt Al-Arab’ 
(Fig. 1).

The topography of the river basin in the Syrian reach is generally simple, with the presence 
of a number of small hills near its banks, mainly upstream Al-Assad Lake. The elevation 
of the Euphrates River course in Syria ranges between 350 m above sea level (m.a.s.l) at 
Jarablous, and 180 m at Albu-Kamal. The lowest part of the river basin, or the so-called ‘base 
valley’ is located downstream below 200 m.a.s.l. The slope of the river course averages 0.25 
m/km [31, 32].

Climatically, the Euphrates River Basin in Syria ranges from semi-arid to arid with increasing 
aridity downstream. The climate upstream (i.e. near the Syrian–Turkish border) is nearly 
identical to that of semi-arid zones, and gradually becomes more arid or desert-like. The winter 
season is usually cool (5–10 ºC) and rainy, and the summer is warm (30–45 ºC) and almost 
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entirely devoid of rainfall. The mean annual air temperature increases from north to south, and 
varies between 18 ºC in Jarablous and 20 ºC in Albu-Kamal, where aridity becomes accentuated.

Mean monthly rainfall decreases from north to south, ranging during the rainy season 
(October to May) from 20 to 60 mm in Jarablous, and from 5 to 30 mm in Albu-Kamal. 
The amount of mean annual precipitation ranges from 350 mm (Jarablous) to less than 130 mm 
in the arid interior lands near the Iraqi border (Albu-Kamal), with an intermediate value 
(160 mm) at Deir-Ezzor (Fig. 2). The mean annual precipitation over the entire Euphrates 
River Basin in Syria is around 240 mm [32].

The mean annual value of relative air humidity varies between 56% (Jarablous) and 47% (Deir-
Ezzor), and declines to less than 44% (Albu-Kamal), the lowest registered value in the country. 
The highest value of mean monthly relative air humidity (60–70%) is generally observed during 
the cool period (December–January), while the lowest (25–30%) occurs during the warmest 
months (July and August). Potential evapotranspiration generally exceeds rainfall, and ranges 
from 1300 to 2600 mm, with a mean annual value of close to 2100 mm [29].

3. SURFACE WATER HYDROLOGY

The entire Euphrates River Basin covers lands belonging to three countries: Turkey 
(110 000 km2), Syria (70 000 km2) and Iraq (170 000 km2). This river, which traverses a length 
of around 675 km in Syria, fl ows within a depression structure, fi lled generally with Paleogene 
(argillaceous limestone), Neogene (gypsum, silty clays, sandstone, siltstone, clays, and pebbles) 
and Quaternary (pebbles, gravels, loams and sandy loams) deposits [33]. The alluvial aquifer, 
composed primarily of gravels and larger pebbles at the bottom and fi ner alluvial sediments 
(loams and sandy loams) at the top, is the most important water bearing system in this basin 
[32].

The recharge zones of the Euphrates River and its main tributaries are mainly located in 
Turkey, and thus approximately 94% of its discharge originates from this country. Most river 
infl ow occurs between April and June, and is caused by the melting of accumulated snow on 
the highlands. The mean annual discharge of the Euphrates River at Jarablous station prior to 

FIG. 1. Location map showing 
the Euphrates River system.

FIG. 2. Distribution of precipitation in 
north-eastern Syria.
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the 1960s was ≈735 m3/s [31]. During the last few decades, river discharge has been controlled 
by Turkey through a treaty that fi xes the minimum annual river discharge for both Syria and 
Iraq at ≈500 m3/s. 

The hydrographic network of the Euphrates River, which covers about one-third of Syrian 
territory (Fig. 3), is represented by three main tributaries: the Sajour (length about 48 km and 
average discharge ≈ 3 m3/s), the Balikh (length ≈ 105 km and mean discharge ≈6 m3/s), and 
the Khabour (length ≈ 400 km and mean discharge ≈ 50 m3/s). As a result of overpumping and 
the resulting decline in the groundwater table upstream from the Khabour River, this tributary 
has become completely dry during the last dozens of years [34].

The hydrological regime of the Euphrates River is artifi cially controlled by about 20 large dams 
with 17 hydroelectrical power stations, which were constructed across its course in Turkey. In 
Syria, only three smaller dams (Tishreen, Euphrates and Al-Baath) were built, with the aim of 
preventing major fl ooding and generating electrical power. The establishment of the Euphrates 
Dam, with its large lake (length ≈75 km), serves to regulate, to some degree, river discharge 
downstream.

Variations in the average monthly discharge of the Euphrates River at fi ve different Syrian 
gauging stations during the study period (2004–2006) are shown in Fig. 4. The average 
monthly discharge at the Syrian–Turkish border ranges between 450 and 973 m3/s, with several 
peaks during winter and summer periods, and obviously lower registries (250–875 m3/s) 
at the Syrian–Iraqi border. Similar temporal patterns in river discharge can be observed for 
the upstream stations of Jarablous and Tishreen Dam. Downstream of the Euphrates Dam, 
river discharge trends have a different evolution, and thus temporal discharge patterns at 
the monitored stations (Al-Baath Dam and Albu-Kamal) are similar and generally identical to 

FIG. 3. Location map of the Euphrates River Basin in Syria showing different sampling sites 
along the river course.
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outfl ow discharge from the Euphrates Dam. Average annual discharge during the study period 
was ≈687 and ≈555 m3/s at Jarablous and Albu-Kamal, respectively.

4. SAMPLING AND ANALYTICAL METHODS

More than 25 sampling campaigns were undertaken in the study area during a three year period 
from January 2004 to December 2006. Water samples were collected on a monthly basis 
from 12 sites distributed along the Euphrates River course in Syria. The fi rst sampling site 
was selected in Jarablous, close to the Syrian–Turkish border, while the last sampling site was 
selected in the Albu-Kamal area, close to the Syrian–Iraqi border (Fig. 3). Unfortunately, four 
water samples were missed at each site during the sampling period. 

Water samples were generally collected in three rinsed plastic bottles, and immediately after 
returning back from the fi eld, all samples were preserved in a refrigerated room (T ≈ below 
5 ºC) until the time of analysis. A small bottle of 50 mL was fi lled for the determination of stable 
isotopes (δ18O and δ2H), and subsequently analyzed at the Geology Department of the Syrian 
Atomic Energy Commission (AECS), by equilibrating a 5 mL subsample with small amounts 
of separate reference gases (CO2 and H2), and analyzing the resulted gases using a Finnigan 
Mat DELTAPlus mass spectrometer. A second bottle with a volume of one litre was collected for 
tritium measurement, and the subsequent analyses of this radioactive isotope were performed 
at the Geology Department of AECS (after electrolysis), using a liquid scintillation counter 
(Quantulus 1220). Measurement accuracy for δ18O, δ2H and tritium are ± 0.1, ± 1.0 ‰ versus 
VSMOW, and ± 1 TU, respectively.

A third 500 mL bottle was fi lled for the determination of major ions (Ca2+, Mg2+, Na+, K+, Cl–, 
SO# and NO!), and related chemical analyses were carried out in the Geology Department of 
AECS, after the fi ltration of water samples through a 0.45  Millipore membrane, using a high 

FIG. 4. Temporal variations of average monthly discharge from the Euphrates River at fi ve different 
stations along the river course between January 2004 and December 2006.
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performance liquid chromatography (HPLC) method, with a dual column instrument (model 
Dionex DX–100), that has an analytical error of less than 1 mg\L. In addition, a number of 
surface water samples were collected for the determination of silica (SiO2), and the related 
analyses were carried out in the Geology Department of AECS, using a spectrophotometer 
(Hach), delivered with special kits for this purpose.

The water temperature, pH and electrical conductivity (EC), together with total alkalinity (i.e. 
HCO!) values of all water samples were measured in the fi eld during sampling. Temperature 
measurements were carried out using the temperature probe of a WTW conductivity meter 
(model cond315i) with precision of ±  0.2 ºC. The same conductivity meter was also used for 
the measurement of EC values, with a precision of ±5 S/cm. Measurements for pH were 
determined using a WTW pH meter (model (pH315i) after calibration with two standard 
buffer solutions (pH = 4 and pH = 7), with a precision of ± 0.01. Total alkalinity values were 
determined using the volumetric titration method [35] on water samples of 100 mL using 
a WTW pH315i-meter and 1.6 N sulfuric acid, with a precision of ± 1.5 mg/L.

Quality Assurance procedures, according to the ISO/IEC 17025, are strictly adhered to by all 
AECS laboratories. Both chemical and isotopic analysis results are periodically verifi ed through 
participation in different analysis comparison programmes, managed either by the IAEA or 
other local and international organizations.

5. RESULTS AND DISCUSSION 

5.1. Chemistry of the Euphrates River water

Rivers are primarily responsible for the transport of dissolved elements and suspended 
sediments to the oceans [36]. The study of the chemical composition of river water started 
early in the second decade of the nineteeth century [37]. Since then a large number of studies 
have been undertaken in this fi eld all over the world [38–45].

Averages of the physico-chemical parameters of surface water samples collected from 
the Euphrates River at the different Syrian stations are reported in Table 1. Generally, the data 
shows that analytical error () related to the chemical balance of water samples is rather small 
at less than 5%. 

The quality of Euphrates River water is generally fresh (242 < TDS < 540 mg/L), with low 
nitrate concentrations (NO! <5 mg/L) at all sampling sites. A comparison between the mean 
chemical composition of Euphrates River water at Jarablous and Albu-Kamal stations and 
the average chemical compositions of global, arid and semi-arid zone river water [46] shows 
that river water at both stations is higher than that of average world rivers. The chemical 
composition of the Euphrates at Jarablous is somewhat comparable with that of semi-arid zone 
rivers, mainly in terms of magnesium, potassium, and bicarbonate concentrations. However, 
average chemical composition of the Euphrates at Albu-Kamal is obviously higher than that 
of arid zone rivers, with the exception that concentrations of calcium, sodium and bicarbonate 
are similar.

The water chemistry of the Euphrates River in the upper stream essentially refl ects the infl uence 
of drained lands, largely composed of carbonate rocks. Downstream of the Euphrates Dam, 
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river water chemistry becomes more saline, refl ecting extensive evapo-transpiration and 
the infl uence of dissolution of evaporatic rocks (anhydrite and gypsum), abundantly present in 
the Neogene substratum outcropping close to the river course.

Silica (SiO2) is an important chemical species, used essentially for the study of chemical 
erosion, geochemical weathering and biogeochemical cycles [36]. This ion was measured in 
Euphrates river water during a one year period from August 2004 to August 2005. The average 
concentration of SiO2 in the Euphrates at Jarablous (9.9 ± 1.5 mg/L) is close to the value 
(10.4 mg/L) provided by Meybeck (1983 [47]) as an average for world rivers, but obviously 
lower than the value (13.1 mg/L) reported by Livingstone (1963 [48]) for the same water 
category. The concentration of SiO2 in the remaining stations was lower than that of Jarablous, 
ranging around 6–8 ± 2.5 mg/L. Relatively low silica content in the lake waters of Al-Assad 
and Al-Baath reservoirs (6–6.5 mg/L) is most probably the consequence of silica consumption 
by diatoms growth. Similar observations were previously reported for some French rivers 
[45, 49].

5.1.1. Temporal variations

Figures 6–8 represent temporal variations in water temperature, pH, HCO!, EC, Na+, Ca2+, Cl–, 
SO# and TDS values at six stations (site Nos 1, 2, 5, 8, 10, 11) distributed along the Euphrates 
River course in Syria during the period 2004–2006. It can be observed that water temperature 
follows a cyclic trend, with low values during winter and high temperature ranges during 
summer (Fig. 6a). The average river water temperature at Jarablous is lowest (13.6 ± 3.2 ºC), 
compared to those of the other downstream stations, which show a gradual increase with 
distance downstream. 

A comparison between river water temperature at Jarablous and Albu-Kamal shows a difference 
of ≈5 ºC during winter and clearly higher amplitude (≈10 ºC) during summer, refl ecting 
the effect of spatial air temperature changes between monitored stations.
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FIG. 5. Comparison between the average dissolved concentrations of the Euphrates River 
at Jarablous and Albu-Kamal stations and average dissolved concentrations of global, semi-arid, and 
arid zone river water [46].
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The temporal evolution in pH values (Fig. 6b) is marked by a slight increase during May and 
June, followed by a decrease during November–January, refl ecting the variation effect of 
dissolved CO2 partial pressure, mostly controlled by consumption of dissolved CO2 by algae 
growth and the activity of micro-organisms in this ecosystem [48–50]. The decrease of pH 
values can commonly explained by the oxidation of organic river water matter, which leads 
to further liberation of HCO! (Fig. 6c) and H+ species [51]. Hence, strong correlations which 
exist between pH and CO2 partial pressure (log pCO2) values (r = 0.963), and to a lesser extent 
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FIG. 6. Temporal variations in water temperture (a), pH (b) and HCO" (c) values at six stations 
along the Euphrates River course during the period 2004–2006.
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between pH and bicarbonate concentrations (r = 0.427) demonstrate the role of thermodynamic 
conditions, which control the distribution of carbon species in natural water [52].

Temporal evolutions in EC values, major ions (Na+, Ca2+, Cl– and SO#) and TDS concentrations 
(Figs. 7–8) are identical, with rather small fl uctuations in the upper stations (site Nos 1–8), 
and more pronounced variations at downstream stations (site Nos 10 and 11). The increase in 
salinity levels, EC values, and most major ion concentrations in the downstream stations during 
spring periods is probably the result of groundwater salinization, developed in this area as 
a consequence of high irrigation rates under arid conditions [30]. The fl ushing of accumulated 
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FIG. 7. Temporal variations of EC (a), Na+ (b) and Ca2+ (c) values at six stations along the Euphrates 
River course during the period 2004–2006.
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soil salts and mobilization of saline groundwaters into the riverbed can result, describing 
the so-called ‘drainage return fl ow’ effect [19, 53, 54]. 

FIG. 8. Temporal variations of the Cl- (a), SO# (b) and TDS (c) values at six stations 
along the Euphrates River course during the period 2004–2006.
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5.1.2. Spatial variations

Figures 9 and 10 illustrate spatial variations in the average water temperature, pH, SiO2, major 
ions, EC and TDS values at different sites along the Euphrates River during the study period. 
The average river water temperature (Fig. 9a) increases by about 5 ºC between Jarablous 
and Al-Assad Lake (13.6 ± 3.2 ºC) and at Al-Assad Lake (18.4 ± 6 ºC). As the river fl ows 
downstream from the Euphrates Dam, average water temperature values slowly increase by 
about 1ºC. However, a slight decrease in water temperature can be observed for waters at site 
Nos 6–8, where the river has the potential to receive additional contributions of colder and 
more saline surface water from different ephemeral tributaries.

The spatial evolution of average pH values along the river path (Fig. 9b) is marked by 
a slight increase from ≈ 8.3 to 8.6. The remarkable increase of pH value in Al-Assad Lake 
water, especially at site No 3, is mostly the result of the consumption of dissolved CO2 gas by 
organisms and aquatic plants [47, 49]. Contrarily, the decrease in pH value at site Nos 8 and 11 
is most probably due to urban contamination. In all cases, fl uctuations in pH value are relatively 
small, ranging around 8.4 ± 0.3. The spatial evolution of average silica content is rather opposite 
to that of pH (Fig. 9c). A progressive depletion of silica content from 10 to 6 mg/L can be 
observed as the river fl ows from Jarablous towards Al-Assad Lake. The concentration of silica 
downstream of the Euphrates Dam varies between 6.2 and 7.7 mg/L, with a distinct increase at 
site No 6 (8.2 ± 2.5 mg/L), most probably because of additional contributions from a different 
water source more enriched in this ion.

Spatial evolutions of average EC, Ca2+, Mg2+, Na+, Cl–, SO# and TDS values along 
the Euphrates river path show generally similar trends (Figs 9 and 10), with a distinct increase 
at site No. 3, located in the far southern border of so-called ‘Al-Assad Lake’. Lake depth at 
this site is very shallow (<0.5 m), and its water is probably not well mixed with fresh water 
entering the lake. The spatial evolution pattern of HCO! concentrations has a special trend 
compared to that of other dissolved ions (Fig. 10a). 

With the exception of site No. 3, where the fl uctuations of most measured parameters were 
the highest (highest standard deviation values), it can be observed that standard deviations in 
EC, most major ions, and thus TDS values, are generally small and increase slightly within 
the section from Jarablous to Al-Baath Dam (site No. 7). Then, as the river water moves 
downstream, average EC values, major ion concentrations and TDS values, as well as related 
standard deviations, progressively increase at a sharp rate. Therefore, the standard deviations 
of EC, most major ion concentrations and TDS values reach their maximum at site No.12.

While river water salinity doubles within the section from the Euphrates Dam to the Syrian–
Iraqi border, chloride concentration increases by a factor of 3. Similarly, the EC value increases 
between Jarablous and Albu-Kamal by a factor of 2.4. The concentrations of Ca2+, Mg2+ and 
Na+ increase by factors of 1.7, 2.1, and 3.8 respectively, whereas, Cl– and SO# concentrations 
increase by factors of 5 and 5.6, respectively. This relative enrichment in Na+, Cl– and SO# 
with respect to other dissolved ions is primarily due to the dissolution and fl ushing of saline 
soils, commonly rich in halite (NaCl) and thenardite (Na2SO4), minerals present in abundance 
within the downstream Euphrates valleys, as a consequence of high evaporation rates of 
irrigation waters [30].
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FIG. 9. Spatial variations of averages and standard deviation (error bars) of water temperature (a), 
pH (b), SiO2 (c), EC (d), Na+ (e), Ca2+ (f), Mg2+ (g) and TDS (h) values along the different stations of 
the Euphrates River during the period 2004–2006.

149



0 100 200 300 400 500 600 700
50

100

150

200

1
2

3 4

5

67
8 9

10
11 12

A
l-A

s s ad L
ake

Syria
n-T

urk
i

s h
 b

or
d

e r

H
C

O
3-  (

m
g

/L
)

 

 

 

River kilometer
0 100 200 300 400 500 600 700

0

40

80

120

160

1 2

3

45
67

8

9 10

11

12

A
l-

A
s

s
a

d
 L

a
k

e

S
y

r i
a

n
- T

u
r k

is
h

 b
o

r d
e

r

C
l-  (

m
g

/L
) 

 

 

 

River kilometer

0 100 200 300 400 500 600 700
0

50

100

150

200

250

1 2

3

45

6

7
8

9 10

11

12

A
l-

A
ss

a
d

 L
a

ke

S
yr

ia
n

-T
u

rk
is

h
 b

o
rd

e
r

S
O

42
-  (

m
g

/L
) 

 

 

 

River kilometer
0 100 200 300 400 500 600 700

0.5

1.0

1.5

2.0

1 2

3

4
5

6

7

8 9
10

11
12

A
l-

A
ss

ad
 L

a
ke

 

 

 

River kilometer

N
a/

C
l

0 100 200 300 400 500 600 700
0.5

1.0

1.5

2.0

2.5

3.0

3.5

1
2

3
4

5

6

7
8

9 10 11

12

A
l-

A
ss

ad
 L

a
ke

 

 

 

River kilometer

C
a/

S
O

4

0 100 200 300 400 500 600 700
-4.5

-4.0

-3.5

-3.0

-2.5

1

2

3
45

67 8

9
10

11 12

A
l-

A
ss

ad
 L

a
ke

 

 

 

River kilometer

lo
g

 p
C

O
2 (

at
m

.)

0 100 200 300 400 500 600 700
0.0

0.2

0.4

0.6

0.8

1.0

1

2

3 4

5

6

7 8

9

10 11

12

A
l-

A
ss

ad
 L

a
ke

 

 

 

River kilometer

SI
ca

lc
it

e

0 100 200 300 400 500 600 700
-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4
1

2

3
4
5

6

7

8 9 10 11
12

A
l-

A
ss

a
d

 L
a

ke

 

 

 

River kilometer

SI
q

u
ar

tz

a b 

 d c

e 
f 

 h g

FIG. 10. Spatial variations of average and standard deviations (error bars) of the HCO" (a),  Cl– (b), SO# 

(c) values, Na/Cl (d), Ca/SO4 (e) ratios, log pCO2 (f) and saturation indices: SIcalcite (g), SIquartz (h) 

along the diff erent stations of the Euphrates River during the period 2004–2006.
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The determination of ionic ratios (expressed in meq/L) of major ions in water systems is a useful 
tool to differentiate between different mineralization sources [55–60]. The calculation results 
of mean ionic ratios (Mg/Ca, Na/Cl, Ca/SO4 SO4/HCO3) of water samples collected from 
the Euphrates River at different sites during the study period are complied in Table 1. The data 
enables one to distinguish between two groups: 1) the river water of the upper fi rst two sites, 
characterized by a high Ca/SO4 ratio indicating the carbonate signature of the mineralization, 
and 2) the river water of the other downstream stations, where this ratio becomes gradually 
lower with river distance. This group refl ects more the infl uence of evaporation, as well 
as further salinity input from the dissolution of soluble salts halite (NaCl) and thenardite 
(Na2 SO4), which are accumulated in soil horizons or liberated from the dissolution of local 
evaporatic rocks (gypsum and anhydrite), and/or saline groundwater input through the riverbed 
from drainage return fl ows [19, 30, 54]. 

Spatial trends in Na/Cl and Ca/SO4 ratios in function of the river kilometre distance (Figs 10d 
and 10e) permits detection of a gradual decrease in these ratios as a consequence of the 
liberation of further amounts of sodium and sulphate, mainly from the dissolution of halite, 
thenardite, mirabilite (Na2 SO4 × 10(H2O) and bloedite (Na2Mg(SO4) × 4(H2O) in the case 
of sodium, and from gypsum, anhydrite, thenardite, mirabilite and bloedite in the case of 
sulphate [30]. The average values of the average partial pressure of dissolved CO2, together 
with the saturation indexes with respect to calcite and quartz of all water samples collected 
from the Euphrates River at the different sites during the study period, were calculated using 
the WATEQ4F program [61]. Figures 10f–10h illustrate the spatial variations for the above 
mentioned parameters along different stations of the Euphrates River during the period 
2004–2006. The spatial evolution of average partial pressure of dissolved CO2 is marked by 
small fl uctuations around the value of the atmosphere (log pCO2 = –3.5), with rather higher 
values at site No. 6 due to tributary contribution, and lower values at Al-Assad Lake, which 

FIG. 11. Piper diagram of surface water samples collected from the Euphrates River 
during the period 2004–2006.
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is susceptible to precipitations of carbonate minerals. Although data shows that river water at 
all monitored stations is over-saturated with respect to calcite and quartz, opposite evolution 
patterns can be observed for the saturation indices with respect to calcite (Fig. 10g) and 
quartz (Fig. 10h), especially within the section containing the upper eight stations. Figure 
11 represents a projection of the chemical composition of all water samples collected from 
the Euphrates River during the period 2004–2006 in the Piper diagram. This plot shows that 
fresh water samples are usually of a calcium–magnesium and bicarbonate type, and that river 
water salinity evolutes towards a sodium–chloride type or a sodium–sulphate type.

5.2. Stable isotope composition of precipitation

The application of stable and radioactive natural isotopes has become a useful tool in 
hydrological research, especially in the study of meteoric water, surface water and groundwater. 
By far the most common isotopes applied are those of the elements hydrogen, oxygen and 
carbon, which are crucial in the water cycle. The concentration ratios of stable isotopes (2H/1H, 
18O/16O) varies depending on the water source and natural processes, such as evaporation and 
condensation. Radioactive isotopes (3H, 14C) may provide indications of water sources and 
the time elapsed since infi ltration.

The isotopic composition of meteoric water has been extensively monitored on most continents 
at regional and global scales [25, 62–66]. Knowledge of the spatial and temporal evolution of 
the isotopic composition of atmospheric waters as a major input function of most hydrological 
and hydrogeological systems was successfully used to characterize the behaviour of water 
resources in terms of recharge origin, replenishment rate, evaporation, mixing process and 
interconnection between aquifers [3, 21, 25, 67, 68], as well as to predict climatic variations 
[65, 68].

Results of the weighted mean isotopic composition of rainfall waters collected from two 
stations in Syria (Jarablous and Al-Raqqa) have been compiled, together with those of three 
Turkish meteorological stations (Adana, Diyarbakir and Erzurum) in Table 2. The weighted 
means of the isotopic composition for the different stations were calculated using the following 
equation [69]:

[ ]

[ ]

n

i ii
w n

ii

P

P





 
  

 (1)

where
� w�� LV�WKH�Z HLJKWHG�P HDQ�
Pi� LV�WKH�DP RXQW�RI �P RQWKO\�SUHFLSLWDWLRQ�
� i is the isotopic composition of rainfall for the month i.

Data show that the isotopic composition of rainfall from the two Turkish stations of 
Diyarbakir (686 m.a.s.l) and Erzurum (1695 m) is depleted in 182 � � � 18O  ±� ��� � � ���� � � DQG�2H 
� � '�±� �� � � � �� � �� + RZHYHU�� WKH� UDLQIDOO� IURP� $GDQD� LV� WKH� P RVW� LVRWRSLFDOO\� HQULFKHG�� ZHLJKWHG�
P HDQV�DUH�� ±����� ����� �DQG�±���� ����� �I RU�� 182 �DQG�� 2H, respectively).

The stable isotope composition of rainfall samples collected from the Jarablous and Al-
Raqqa stations occupies an intermediate position between the two earlier rainfalls. The value 
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of the deuterium excess (d), which was defined as: 2 188d H Oδ δ= −  [62] highly depends 
on the relative humidity of air masses at their origin and kinetic effects during evaporation 
[71, 72]. They can be used to indicate whether more evaporated moisture has been added to 
the atmosphere (high d value) or whether water samples have been fractionated by evaporation 
(low d value). Data show that this parameter is significantly higher than 10‰, the value given 
for global meteoric waters [73]. The highest d values (d >19‰) are found at stations with 
higher altitudes. Based on d values, it is possible to distinguish between the following two 
series: (1) the rains of Jarablous, Al-Raqqa, Diyarbakir and Erzurum stations, which have a d 
value close to 19 ± 1‰, and (2) the rains of Adana station, characterized by a lower d value 
(d @ 16 ± 0.5‰).

As the isotopic composition of rainwater is the result of interactions between humid marine 
air masses and dry continental air masses [74], the increasing d value may be attributed to 
the effect of isotopic exchange with moisture originating from the Mediterranean Sea. This 

TABLE 2. WEIgHTED MEAN ISOTOPIC COMPOSITIONS OF RAINFALL  
COLLECTED FROM TWO STATIONS IN SyRIA AND THREE STATIONS IN TuRKEy 

Station Altitude 
(m.a.s.l.) Period δ18O 

(‰, VSMOW)
δ2H 

(‰, VSMOW)
d 

(‰, VSMOW)

Jarablous 350 1991–1993 –7.55 –41.5 18.9
Al-Raqqa 250 1991–1992 –6.44 –32.5 19.0
Diarbakira 686 1966–1968 –9.98 –59.5 20.3

Adanaa 73 1963–1987 –5.50 –28.0 16.0
Erzuruma 1695 1990–1992 –10.18 –63.2 18.2

a Turkish stations (data from IAEA, 1981 [1]; IAEA, 1992 [64] and Sayin et al., 1994 [70]).

FIG. 12. The relationship between weighted means of δ18O and δ2H values in precipitation from 
different meteorological stations in Syria and Turkey.
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moisture is generally characterized by low relative humidity [69, 75, 76], whereas rains with 
low d values are probably more affected by moisture originating from the Black Sea [34, 70]. 

Figure 12 shows the relationship between δ18O and δD weighted mean values of precipitation 
from five meteorological stations located in Syria and Turkey. This plot shows that all of the 
sample points are situated between the Mediterranean meteoric water line (MMWL) defined 
as: 2 188 22H Oδ δ= + , and the global meteoric water line (gMWL) shown as: 2 188 10H Oδ δ= + .

The equation of the least squares regression line, fitting all the sample points representing 
selected Syrian and Turkish stations, is shown as:

2 18(7.52 0.34) (14.73 2.8)H Oδ δ= ± + ±  (2)

with R² = 0.994 and N = 5
This equation is somewhat different from that established for the Syrian meteoric water line 
(SMWL) by [77, 78]:

2 18(8.26 0.37) (19.30 2.7)H Oδ δ= ± + ±  (3)

       with   R² = 0.963 and N = 9 
       
The difference between the two equations is mainly reflected in the low value of the intercept, 
which is lower in the case of Syrian–Turkish rainfalls (@15‰). The decrease in the intercept 
value is mainly influenced by Adana precipitation, which is characterized by a lower d value 
( @ 16‰). In all the cases, the estimated intercept value is below the value (22‰) given for 
the eastern Mediterranean region [75]. The slope of the local precipitation line (7.52) is 
slightly lower than that (8.17) of the unweighted global meteoric water line, shown as [65]: 

2 188.17 10.35H Oδ δ= + . This low slope (7.52) is commonly attributed to the fact that rainfall 
has undergone a rather small evaporation process under low humidity conditions [69].  

5.3. Stable isotope composition of the Euphrates River 

The mean isotopic composition (δ18O and δ2H) of water samples collected from the Euphrates 
River at 12 stations along its course during the study period are compiled in Table 3, together 
with the deuterium excess values (d). 

5.3.1. Temporal variations

Figure 13 represents the temporal evolutions of δ18O and δ2H concentrations, as well as 
the deuterium excess value of six stations along the Euphrates River during the period 
2004–2006. Although, the temporal evolutions of δ18O and δ2H concentrations and deuterium 
excess values were generally not too considerable compared to those of other large rivers, their 
variations permit the distinction between two water groups: 

(1) The waters of the first two upper stations (site Nos. 1 and 2), which have identical patterns 
of evolution with a small lag effect, isotopically depleted compositions during summer 
and autumn and enriched contents from February to May.

(2) The waters of the remaining downstream stations, which all have rather similar evolution 
trends, distinctly opposite to that of the first group.
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FIG. 13. Temporal variations of the δ18O (a) 
and δ2H (b) and deuterium excess (c) values at 
six stations along the Euphrates River’s course 
during the period 2004–2006.
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TABLE 3. MEAN ISOTOPIC COMPOSITIONS OF WATER SAMPLES COLLECTED 
FROM THE EUPHRATES RIVER AT 12 STATIONS ALONG ITS COURSE 
DURING THE PERIOD 2004–2006.

Site No. Location
δ18O δ2H d 3H

(‰, SMOW) (TU)
1 Jarablous* –8.52 ± 0.2 –55.1 ± 2.0 13.0 ± 1.0 7.8 ± 0.4
2 Qaraqousak* –8.39 ± 0.2 –54.6 ± 1.7 12.5 ± 1.1 7.7 ± 0.4
3 Maskaneh** –7.34 ± 0.8 –49.0 ± 4.7 9.7 ± 2.3 7.7 ± 0.4
4 Euphrates Dam-a** –7.37 ± 0.3 –48.5 ± 2.0 10.4 ± 1.2 7.7 ± 0.4
5 Euphrates Dam-b* –7.41 ± 0.2 –49.1 ± 1.7 10.2 ± 1.1 7.8 ± 0.6
6 Al-Mansoura** –7.31 ± 0.2 –48.8 ± 1.2 9.7 ± 1.6 7.6 ± 0.4
7 Al-Baath Dam** –7.33 ± 0.3 –48.5 ± 1.9 10.2 ± 1.3 7.7 ± 0.4
8 Al-Raqqa* –7.41 ± 0.3 –48.4 ± 1.8 10.4 ± 1.4 7.6 ± 0.5
9 Halabieh-Zalabieh** –7.21 ± 0.3 –47.9 ± 1.7 9.8 ± 1.2 7.5 ± 0.3
10 Deir-Ezzor* –7.24 ± 0.3 –48.5 ± 1.7 9.4 ± 1.1 7.7 ± 0.4
11 Al-Mayadine* –7.29 ± 0.3 –48.1 ± 1.2 9.6 ± 1.5 7.6 ± 0.3
12 Albu-Kamal** –7.01 ± 04 –46.8 ± 2.3 9.3 ± 1.3 7.7 ± 0.5

* Water samples collected during 2004–2006, ** water samples collected during 2004–2005.
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The difference in isotopic composition between these two groups is clearly small during April 
and May, and relatively higher during summer and autumn. This isotopic trend is primarily 
the result of evaporation from the Euphrates River and its related reservoir (Al-Assad Lake). 
This also includes the portion of evaporated water reaching the riverbed during summer, in 
the form of drainage return fl ows.

Similarly, the temporal evolution of deuterium excess values (d) permits the distinction 
between the above groups: (1) the water at the two upstream stations generally has d-excess 
values higher than 12‰; and (2) the water at the other downstream stations has distinctly 
lower d-excess values (9‰<d<12‰). Although there is a shift of about 3‰ in the d-excess 
value between these two groups, it is noteworthy to observe that the temporal evolution of this 
parameter evolutes in a similar way. The reason behind low d-excess values in the downstream 
stations is evidently because of evaporation, mainly from Al-Assad Lake, as water is stored for 
a long period.

5.3.2. Spatial variations

Figure 14 illustrates the spatial variations in δ18O, δ2H and deuterium excess (d-excess) 
average values at different sites along the Euphrates River during the study period 2004–2005. 
The spatial evolution of δ18O and δ2H compositions along the Euphrates River course are 
identical (Figs 14a and 14b). As the river fl ows from Jarablous towards Al-Assad Lake, this 
evolution is represented by a signifi cant increase in isotopic composition (≈ 1.1 ‰ and ≈ 6 ‰ 
for δ18O and δ2H, respectively). It is noted that the average isotopic composition of Al-Assad 
Lake (site No. 3) was more or less close to that of the lake at site Nos 4 and 5. Although site 
Nos 4 and 5 are oppositely located on the end margins of the Euphrates Dam body, the isotopic 
composition of water was interestingly identical, meaning that the lake water is rather 
homogeneous and hence has undergone a similar evaporation processes. 

Spatial evolutions permit differentiation between the less evaporated water (isotopically 
depleted) of the river at its entry point from Turkey, and more evaporated water (isotopically 
enriched), such as the water of Al-Assad Lake. Downstream from the Euphrates Dam, 
the isotopic composition of the river water exhibits slight enrichment (≈ 0.4‰ and ≈ 2‰ for 
δ18Oand δ2H, respectively), meaning that the river water is less affected by evaporation than 
the lake water. This behaviour can also be observed in the spatial evolution of deuterium excess 
values (Fig. 14c), ranging from 12.5‰ to 13‰ at upstream stations, and fl uctuating within 9.3–
10.4‰ in the remaining downstream sites, and completely opposites to those of δ18O and δ2H 
values. This spatial evolution refl ects without any doubt a high evaporation process from Al-
Assad Lake. This process is enhanced by a sharp increase in average lake water temperature, 
≈ 5 ºC higher than compared with that of Jarablous. The large volume of water in the lake 
(≈ 11.9 billion m³), and the relatively high mean residence time of water in the lake (≈ 250 
days, based on an average river discharge rounded to 550 m3/s), together with low deuterium 
excess values of the lake water (d < 10.4‰), support the infl uence of signifi cant evaporation 
processes taking place in such an arid environment. The systematic spatial increase of stable 
isotopic composition results from a combination of the following factors: (1) variations of 
stable isotope content in rains; (2) the downstream contribution of runoff; and (3) evaporation 
[18]. The isotopic properties of Euphrates water suggest precipitation and local runoff play a 
negligible role  compared to evaporation. 
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FIG. 14. Spatial variations of the average and standard deviations (error bars) of δ18O (a), δ2H 
(b) and deuterium excess (c) values along the different stations of the Euphrates River between 
2004 and 2006.
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A comparison of Euphrates River water with other large rivers in the world reveals that 
the range of stable isotope variations in the Euphrates River is relatively small, compared, 
for example, with that of the Missouri River in USA, where δ18O values vary for instance 
between –17 and –9‰ [18]. Similarly, the δ18O value of the Murray River (Australia) varies 
from –8.3‰ in the headwaters to +0.37‰ at the river mouth, while that of δ2H changes from 
less than –51‰ in the headwaters to –1.8‰ in the river estuary [19]. However, vaster ranges 
(–25.6 to +10.4‰ and –198.3 to +12.4‰ for δ18O and δ2H, respectively) were reported by 
Kendal and Coplen (2001, [20]) for a large number of rivers in the USA. The authors showed 
that rivers with depleted δ18O values of less than –20‰ are mostly located in Alaska, Montana 
and North Dakota, and most rivers with enriched values greater than 0‰ are associated with 
arid area rivers, such those in Texas and Florida.

5.3.3. δ2H–δ18O relationship

Figure 15 illustrates the relationship between δ2H and δ18O of all water samples collected 
from the Euphrates River during the study period 2004–2006, together with projections of 
the isotopic composition of two water samples collected during 2000 from the Euphrates River 
at the Syrian–Turkish border and the exit of the Euphrates Dam [79]. The plot shows that all 
water sample points from all downstream stations (site Nos 2–12) were more enriched with 
respect to those of the Euphrates at the Syrian–Turkish border (site no. 1). Also, it can be 
observed that the most enriched water samples belong to Al-Assad Lake (site No. 3) or to 
stations far downstream (site Nos 10–12).

The water sample points fi t nicely a least squares regression line (evaporation line), 
approximated by the following equation:

  δ2H = (5.48 ± 0.11) δ18O – (8.50 ± 0.83) (4)

with R² = 0.90 and N=276 (4)

FIG. 15. Relationship between δ2H and δ18O of Euphrates River water samples collected 
from all stations during the period from January 2004 to December 2006.
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The slope of this regression line (5.48 ± 0.11) deviates signifi cantly from the value (8) given 
for the global meteoric water line GMWL [73], and obviously deviates from the more recent 
value (8.17) given for the unweighted GMWL of most meteoric waters around the world 
[65]. This slope is also lower than the slope (7.5 ± 0.34; Eq. 2) of the least squares regression 
line, characterizing local meteoric waters over Syrian–Turkish lands (Fig. 12). This means 
that Euphrates River water was systematically subjected to further evaporation processes 
after rainfall occurrences. Therefore, the observed δ2H–δ18O relationship clearly refl ects 
the importance of water losses through evaporation from Euphrates River waters. 

5.4. Tritium content in the Euphrates River 

Tritium — with its half-life of about 12.43 years — is the only radioactive environmental 
isotope that constitutes part of the water molecule. For this reason, it has been largely used as 
a natural tracer in many hydrological and mathematical simulation studies [80–82]. The mean 
tritium concentrations of water samples collected from the Euphrates River at different 
stations along its course during the period 2004–2006 are given in Table 3. The data shows 
that the mean tritium content of Euphrates River water varies within a very small range 
(7.5–7.8 TU), noting that the detection limit for the determination of this isotope is below 
0.5 TU.

Figure 16 illustrates the temporal variations of tritium content at six different stations along 
the course of the Euphrates River between January 2004 and May 2006. Accordingly, it can 
be seen that tritium content mostly ranges within 7–9 TU, with relatively more variations 
occurring during 2004. The tritium content during 2006 was even lower, below 8 TU.

The tritium content of Euphrates River water is apparently higher than that of actual rainfall 
(below 5–6 TU). Furthermore, it is even higher than the tritium weighted means (5.5–7.1 TU) 
of atmospheric precipitation recorded in the country during 1989–1993, with a decline rate of 

FIG. 16. Temporal variations of tritium content values at six stations along the Euphrates River’s 
course during the period January 2004–May 2006.
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≈ 0.5 TU per year [83]. The cause of high tritium content in Euphrates River water compared 
to that of actual rainfall is mostly the storing of river water in divers dams in both Turkey and 
Syria. It is noted that the earlier atmospheric precipitation, and thus runoff water, was more 
enriched in tritium concentration as a consequence of nuclear tests conducted in the 1960s 
[84]. In all cases, it seems that the tritium content of the river water refl ects the effect of 
residence time in the different lakes, mainly Al-Assad Lake, where mean residence time is 
close to ≈ 250  days.

Figure 17 shows spatial variations in tritium content along the different stations of the Euphrates 
River during the period January 2004–May 2005. This plot indicates a slight decline in tritium 
content along the river course. Downstream from the Euphrates dam, the tritium content stays 
rather constant or displays a slight increase, most probably because of evaporation.

6. CONCLUSIONS

Monitoring of temporal and spatial variations of the chemical and isotopic compositions 
of the Euphrates River water at 12 stations during the period 2004–2006 has so far led to 
the following major conclusions:

• The average chemical composition of Euphrates River water is higher than the average 
for world river waters. It is more comparable to rivers in semi-arid zone rivers, in term of 
magnesium, potassium, and bicarbonate concentrations, and with that of arid zone rivers 
in terms of sodium, calcium, chloride and sulphate concentrations. As the river water 
fl ows towards its estuary, the chemical facieses changes from a calcium–magnesium and 
bicarbonate type towards a sodium–chloride type. River salinity increases according to two 
different rates: the upper seven stations have a low rate, and the remaining downstream 
stations a relatively higher rate.

FIG. 17. Spatial variations in tritium content along the different stations of the Euphrates River 
during the period January 2004 to May 2005.
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• The magnitudes of temporal and spatial variations of stable isotope compositions of 
the Euphrates River in Syria during the period 2004–2005 were not too considerable, 
compared with those of other large world rivers. Concentrations of stable isotopes generally 
increase downstream, with sharp enrichment at Al-Assad Lake, which also exhibits higher 
fl uctuations of the standard deviation values of most parameters. The tritium content of 
Euphrates River water, higher than that of actual rainfall, changed slightly to around 7.5 TU.

• Isotopic enrichment most likely occurs due to multiple factors: (1) high evaporation rates 
from the Euphrates River and its tributaries; (2) long residence time of river water in Al-
Assad Lake (≈250 days) and (3) the contribution of evaporated irrigation water reaching 
the river in the form of drainage return fl ows via groundwater discharge.
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ABSTRACT

Indus River is one of the longest rivers in the World. It has fi ve major tributaries joining from eastern side, the 
Bias, Satlej, Ravi, Chenab and Jhelum, while a number of small rivers join the Indus on the west side. These 
perennial rivers originate from mountains covered with glaciers. Isotopic (18O, 2H, 3H) monitoring of these rivers 
was carried out between 2002 and 2005 to study temporal variations of these isotopes at different control points 
and to understand water cycles and hydrological processes in the catchments of these rivers. The headwaters 
of the main Indus River (the Hunza, Gilgit and Kachura tributaries) display the most depleted δ18O (–14.5 to 
–11.0‰) and δ2H (–106.1 to –72.6‰) values due to precipitation at very high altitudes and very low temperatures. 
Generally these waters have low d-excess, which indicates that the moisture source is the Indian Ocean. The 
high d-excess in some winter (November–February) samples from the Hunza and Gilgit indicate the dominance 
of Mediterranean moisture sources. Kachura station has a δ18O- δ2H line with a slope of 4 and low d-excess, 
indicating an evaporation effect in Kachura Lake. The Indus River become enriched in isotopes going downstream 
towards the Arabian Sea because of contributions from rains at low altitude plains and a basefl ow mainly 
recharged by local rains. At tail stations, evaporation and contribution from basefl ow are responsible for isotopic 
enrichment. Low tritium in some samples also indicates a basefl ow contribution of (relatively older groundwater). 
The Chenab River has the widest variation in δ18O and δ2H, and the slope of the δ18O- δ2H line is 6.1, which is due 
to the variable contribution of snowmelt at high altitudes and rains at low altitudes. High d-excess in snowmelt 
and low d-excess in monsoons show that the moisture source in winter is generally western (Mediterranean) and 
that monsoon conditions predominantly originate from the Indian Ocean. The Kabul River has experiences a wide 
variation in isotopic values, probably due to variable contribution from the Swat River, which carries snowmelt. 
High d-excess associated with depleted isotopic values indicates a dominance of Mediterranean moisture sources 
in winter, while a low d-excess associated with enriched isotopic values, which typically occurs during summer 
monsoons points to the Bay of Bengal as the major source of moisture. The Jhelum River and its tributaries 
upstream of Mangla Lake experience enriched δ18O and δ2H due to the low altitude of its catchment. Precipitation 
in the catchment results from Indian Ocean moisture sources, and there is not any signifi cant evaporation effect. 
Isotopic variations in the river Ravi appears to be mainly due to water diversions from the western rivers through 
link canals. 

1. INTRODUCTION

Water fl ow in most of the river systems is comprised of two principal components: surface run-
off of precipitation and groundwater. Their respective contributions differ in each system and 
depend on the physical setting of the drainage basin as well as on climatic parameters. Water 
in a river may thus vary in its isotopic composition, for example large seasonal variations are 
observed in rivers and lakes in which surface run-off dominates discharge. Isotope signals in 
river discharge can potentially contribute to a better understanding of the continental portion 
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of the hydrological cycle, including information such as water origin, mixing history, water 
balance, water residence time, surface and groundwater exchange and renewal rates, and 
evaporation-transpiration partitioning. If used in conjunction with more classic hydrologic tools 
and other chemical techniques, a description of parameters and processes controlling river fl ow 
can be obtained. Applications could range from input into a water management programme to 
model verifi cations [1, 2]. Stable isotopes also provide information on the source of moisture 
in rains, especially the monsoon circulation [3].

Pakistan lies between latitudes 24 and 37 north and between longitudes 61 and 76 east. It 
possesses quite complicated and attractive physiographical features. There are many series of 
mountain ranges, and areas of deep broad valleys inbetween. This includes the famous valley 
of the Indus, which has been a cradle of ancient civilization like those of the delta area of the 
Nile and the valley of the Tigris Euphrates. The Indus River is one of the longest rivers in 
the world. It has fi ve major tributaries joining from eastern side, which are the Bias, Sutlej, 
Ravi, Chenab and Jhelum, while a number of small rivers join the Indus on the right side. 
The biggest is the Kabul with its main tributaries, the Swat, Panjkora and Chitral [4]. 

All the main rivers of Pakistan are perennial. They originate from the mountains. The 
physiography and climate of the rivers’ catchments vary widely. Going from the catchment of 
the River Ravi to the Indus River catchment, altitude increases and temperature decreases. In 
Northern Areas, mountains are covered with glaciers and some peaks are higher than 8000 m 
and receive snowfall even in summer. The basic source of these rivers is melting snow, rainfall 
and under certain conditions seepage from the formations. For certain rivers, the source of 
snow is seasonal which means it falls in winter and melts in summer. From the middle of March 
until the end of monsoon season in mid July, river water is drawn from melting snow. During 
monsoon season, rainfall runoff adds to the rivers over and above moisture from melting of 
snow, so river discharge increases manifold [4]. 

1.1. Drainage basins

Hydrologically, Pakistan consists of three drainage basins, which are the Kharan Desert and 
Makran Coastal basins, and the Indus basin in the eastern area, extending from the northeast 
to the southwest. The Kharan Desert is a closed inland basin which lies in the southwestern 
part of Pakistan in the province of Blochistan. The major streams in this basin are: the Pishin, 
Kashkel and Baddo. The water is discharged into shallow lakes and ponds which readily dry 
because rainfall is low and evaporation is very high. The extreme southwest corner of Pakistan 
houses the Makran Coastal Basin, which lies to the south of the Kharan Desert Basin. In this 
basin, several small streams drain individually into Arabian Sea. The main streams of this 
hydrologic unit are the Desht, Hingol, Porali and Kud. The perennial fl ow of these streams 
remains insignifi cant as the area is a dry desert, but at times rains in their catchment produce 
fl ash fl oods [5].

Among the above-mentioned three hydrological units, only the Indus Basin is of vital 
importance because of the volume and extensiveness of its water. The Indus Basin watershed 
spreads over the areas of Pakistan, India, Jammu and Kashmir, Tibet and Afghanistan. The 
total watershed area of the Indus Basin is 934 000 km2, which is larger than the total area 
of Pakistan (approximately 796 000 km2). Of this area, about 60 % lies in Pakistan and the 
independent part of Kashmir, 15 % in Indian-held Kashmir, 10 % in Tibet, 8 % in India and 
7 % in Afghanistan. The longest river of the Indus Basin is the Indus River itself. It originates 
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in the Tibetan plateau  north of Mansarowar Lake at an altitude of 5400 m from the Kailas 
mountain ranges of the Trans Himalayas in the extreme northeast of Pakistan. From its source 
to the Arabian Sea, where it fi nally exits, creating a delta near the Thatta area of southwest 
Pakistan, the Indus River traces a length of about 3200 km. During its journey to the Arabian 
Sea, it meets a number of rivers which are its tributaries and which include the Gartang, Shyok, 
Shigar, Gilgit, Hunza, Astore, Siran, Kabul, Haro, Soan, Kurram, Tank Zam, Gomal, Jhelum, 
Chenab, Ravi, Beas and Sutlej. The Indus River and its tributaries combined together create 
a gigantic river system called the Indus River System (IRSA) [5]. 

The rivers of the IRS receive runoffs from both rainfall and snowmelt. The snow line elevations 
usually varies between 1500 to 4800 m, occasionally rising to 5400 m. The main source of 
snow is the winter monsoon, while precipitation falls as rain during summer monsoon season. 
Overlapping of snow melt and rainfall during the summer monsoon season causes high fl oods 
in the rivers. The watersheds of the southern rivers — the Sutlej, Beas and Ravi — are the fi rst 
to be infl uenced by summer monsoon rains. The upper part of the Indus River Basin receives 
the least contribution from monsoon rains and the major portion of river discharge is composed 
of snowmelt. In contrast to other rivers of the IRS, snowmelt runoff in the Indus River is about 
70 % of the total annual discharge.

1.2. River system

Attention is focussed on large Punjabi rivers, such as the Sutlej, Ravi, Chenab, Jhelum and 
Indus. The tributaries of these rivers and drains contain effl uent from industry, sewerage 
systems and drainage from Salinity Control and Reclamation Projects (SCARPs), which enter 
at different locations. A number of link canals are used to transfer water from northern rivers 
to southern rivers. As a result, isotopic and chemical concentrations in these rivers vary at 
different locations. Moreover, isotopic fractionation, i.e. the enrichment of heavy isotopes, 
also occurs due to evaporation, especially in the dry season when discharge is low [6]. Thus, 
monitoring will be extended to almost all the major dams/barrages/headworks and drainage 
inlets on the above said rivers in Punjab.

1.2.1. The Indus 

The Indus originates from a spring called Singikahad near Mansarwar Lake on the northern side 
of the Himalaya Range in Kaillas Parbat, Tibet at an altitude of 5900 m above mean sea level. 
Traversing about 800 km in a northwesterly direction, it is joined by the Shyok near Skardu at 
an elevation of 3000 m. Flowing in the same direction for another 160 km before it turns round 
Nanga Parbat, it is joined by the Gilgit at an elevation of 1600  m. The river then fl ows 320 km 
in a southwesterly direction to Kalabagh and into the plains at an elevation of about 300 m. Up 
to Darband, the river still lies in a hilly tract at an elevation of about 700 m. Below Durband 
near Tarbela, Siran, a small fl ashy stream rises from the low elevation of 5000 m and drains the 
alluvial lands of Mansehra, Abbotabad and a part of Haripur before joining the Indus. A further 
30 km downstream near Attock, the biggest western tributary of the Indus, the Kabul joins it. 
The drainage area of this river above Warsak is 67 000 km2. The Chitral River is its one of 
its main tributaries. Below Warsak, another tributary known as the Sawat joins, increasing 
the total catchment at this site to about 11 000 km2. About 8 km below Attock, Harrow, 
a small stream drains the district of Attock and some parts of the Murree, Hassan Abdal, and 
Rawalpindi join it. The catchment of this river is about 6000 sq. km up to the G.T. Road. About 
12 km above Jinnah Barrage, a stream called the Soan drains the largest and worst eroded areas 
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of Rawalpindi, Jhelum and Attock districts with a catchment area equal to 12 000 km2. Below 
Jinnah Barrage, the important western tributaries of the Indus are the Kurram, Gomal and 
Zoab. Dams and barrages on the Indus are: Tarbela Dam, Jinnah Barrage, Chashma Barrage, 
Taunsa Barrage, Guddu Barrage, Sukkar Barrage and Kotri Barrage.

1.2.2. The Jhelum 

The Jhelum is a big eastern tributary of the Indus. It drains areas in the West of Pir Punjal 
separating the provinces of Jammu and Kashmir. It rises from the spring of Verinag in the North-
West side of Pir Punjal and fl ows in a direction parallel to the Indus at an average elevation of 
1800 m. It drains about 6000 km2 of alluvial lands in the Kashmir Valley and important sources 
of water come from glaciers in the north of the valley. At Domel near Muzaffarabad it is joined 
by its biggest tributary, called the Nelum, which drains about 7000 km2 of hilly area lying on 
the eastern side of Nanga Parbat. This river drains Himalayan ranges between 5000 m and 
6500 m high which are perpetually covered by snow and glaciers. Throughout the length of its 
240 km, it fl ows through fairly stable mountains covered by forests. Five miles below Domel, 
the Kunhar — another tributary of the Jhelum draining the famous Kaghan Valley — joins the 
river. It drains water from nearly 2800 km2 of the area. Its source lies at 5000–5500 m above 
sea level. One of its tributaries fl ows through the famous Saif-ul-Malook Lake. From Domel 
to Mangla at a distance of about 110 km, two streams — the Kanshi and Poonch — join it. 
Kanshi is a fl oodwater stream draining eroded areas of the Jhelum and Rawalpindi districts. 
This stream carries mainly monsoon rain or seepage water. Poonch is an important stream 
joining the Jhelum about seven miles above Mangla at Tangrot. At Mangla, near the head 
regulator of the upper Jhelum Canal, the Mangla Dam has been constructed. The Mangla Dam 
and Rasul Barrage are important water storage and regulators on this river.

1.2.3. The Chenab

The Chenab River originates in the Kalu and Kangra Districts of India’s Himachal Perdesh 
province. The two chief streams of the Chenab, the Chandra and Bagh, rise on opposite sides of 
the Baralcha Pass at an elevation of about 5000 m. These join at Tandi in Jammu and Kashmir 
State nearly 3000 m above mean sea level. The river enters Pakistan in the Sialkot district 
near Diawara Village. It river fl ows through alluvial plains of Punjab province for a distance 
of 5500 km and is joined by Jhelum River at Trimmu. A further 65 km downstream, the river 
Ravi joins it. The Sutlej joins it upstream of Punjnad and fi nally, about 65 km below Punjnad, 
it meets the Indus at Mithankot. The total length of the river is about 1200 km, with catchment 
areas equal to 67 500 km2. Of this, 28 000 km2 lie in Jammu and Kashmir State, 4500 km2 in 
India and 35 000 km2 in Pakistan. The hilly catchment area above Marala Barrage is about 
33 000 km2. The Chenab has 12 major tributaries: Chandra, Bhaga, Bhut Nallah, Maru, Jammu 
Tavi, Manawar Tavi, Doara Nullah 1, Doara Nullah 2, Halse Nallah, Bhimber Nallah, Palkhu 
Nallah and Aik and Bhudi Nallah. The last eight tributaries join the Chenab in Pakistan. 

Chenab discharge starts rising in the latter part of May and passes the 1800 m3/s mark in June. 
High fl ows, above 1800 m3/s continue until the middle of September, and peak discharge 
months are July and August. From an irrigation point of view, these are important characteristics 
of the Chenab. Dependable supplies can be withdrawn when the river is high, from July to 
September. This river is a lifeline for the Punjab, supplying Marala Barrage, Khanki Barrage, 
Qadirabad Barrage, Trimmu Barrage and Punjnad Barrage.
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1.2.4. The Ravi 

The Ravi is the smallest of the Indus’s fi ve main eastern tributaries. It rises in the basin of 
Bangahal and drains the southern slopes of the Dhanladhar. The basin of Bangahal is 100 km 
in circumference and at an elevation of about 1600 m. Below Bangahal, the Ravi fl ows through 
the valley of Chamba in a northwesterly direction parallel to the Dhanladhar range. The river 
leaves the Himalayas at Baseeli. In the mountainous area, about 200 km long, total drop is 
5000 m, or about 25 m per km. Its average slope is therefore 10 m per km. The Ravi enters the 
river at Chaundh, forming a boundary between India and the state of Jammu and Kashmir for 
35 km. After passing through Gurdaspur, it enters the Shkargarh Tehsil of Sialkot. Just after 
entering Shkargarh, the Ujh River joins it, 63 km downstream of Madhopur. Basantar, another 
arm, joins the Ravi a little above Jassar Bridge, while the Bein joins downstream of the Jassar 
bridge, about 100 km from Madhopur. Important headworks on this river include the Balloki 
and Sidhnai Headworks.

Previously Balloki was adjusted to the Bari Doab Canal; now this headworks also receives 
water brought by the Marala Ravi Link and Qadirabad Baloki Link Canals. The off-taking 
Links are No. 1 and No. 2. The Sidhnai, another headwork on this river, receives water through 
the Haveli and Trimmu Sidhnai Links. The off-taking canals at this site are the Sidhnai Link 
Canal and Sidhnai Mailsi Link.

1.2.5. The Bias 

The Bias is currently the shortest of all the Punjab Rivers. It is only about 400 km long. In the 
eighteenth century it joined the Sutlej near Harike. Originally it joined the Chenab at Punjnad. 
The rim station for this river is located at the Mandi plain near Talwara, in Hoshiarpur district, 
and the Pando and Pong dams have been built over it.

1.2.6. The Sutlej 

This river originates in Western Tibet in the Kailas mountain range, near the source of the Indus, 
the Ganges and the Bramaputra. It fl ows through the Punjal and Siwalik Mountain ranges and 
enters the plains of Indian Punjab. The is about 1550 km long with a catchment area of 75 000 
km2. 

2. OBJECTIVES

The overall objective of this project is to contribute to the proposed CRP on the Global Network 
of Isotopes in Rivers (GNIR), intended to enhance understanding of the water cycle of large 
river basins and to assess the impact of environmental and climatic changes on the water cycle. 
To this end, a national network of suitable stations have been established for isotopic and 
chemical monitoring of river waters in the Indus Basin. The specifi c research objectives are:

• To study temporal variations of isotopes (2H, 3H, 18O etc.) and water chemistry at different 
control points on major tributaries of the Indus River System by collecting water samples 
periodically and analyzing isotopes and chemical ions;

• To understand water cycles and hydrological processes in the catchments of these rivers;
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• To develop a comprehensive database to support future isotope based groundwater studies in 
the basin on recharge mechanisms, water balance, and monitoring of ongoing environmental 
changes. 

3. METHODOLOGY

Existing data on river discharge, infrastructure, water quality, the infl ow drainage system and 
related literature from different institutes was collected. This information was analyzed and 
action plans were formulated in order to conduct the study. Sampling sites were selected by 
PINSTECH, in consultation with the Water and Power Development Authority (WAPDA) 
and Irrigation Departments (IDs). Sampling station locations, along with their coordinates 
(longitudes and latitudes), are given below and marked in Fig. 1 [7]. 

TABLE 1. GEOGRAPHICAL COORDINATES OF SAMPLING SITES 
IN THE INDUS RIVER

River Indus and Tributaries in Northern Areas Lat. (N) Long. (E)
Hunza River at Dainyor (Daintar) 35º 55.3´ 74º 22.3´
Indus at Kachura 35º 24.8´ 75º 29.7´
Indus River at Besham Qila 34º 56´ 72º 53´
Tarbela Dam Reservoir 34º 05.5´ 72º 41.5´
Swat River at Chakdara 34º 38.7´ 72º 01.7´
Kabul River near Nowshera 34º 0.4´ 71º 58.7´
Jinnah Barrage Kalabagh 32º 55.1´ 71º 31.4´
Chashma Barrage 32º 26.1´ 71º 23.2´
Taunsa Barrage 30º 31´ 70º 51´
Punjnad Barrage 29º 21´ 71º 01´
Guddo Barrage 28º 24.9´ 69º 43´
Sukkar Barrage 27º 40.5´ 68º 19´
Kotri Barrage (Hyderabad) 25º 26.5´ 68º 19´
River Ravi
Balloki Headworks 31º 13.3´ 73º 51.6´
Sidhnai 30º 34.4´ 72º 09.5´
River Chenab
Marala Barrage 32º 40.1´ 74º 28.1´
Khanki Headworks 32º 29´ 74º 06´
Trimu Headworks 31º 08.6´ 72º 09.1´
River Jhelum
Jhelum River at Domel 34º 21´ 73º 28´
Neelum River at Muzaffarabad 34º 24´ 73º 28.7´
Kunhar River at Talhata Bridge 34º 26.6´ 74º 21.5´
Jhelum River at Azad Pattan 33º 46.9´ 73º 33.6´
Poonch River near Kotli 33º 31.8´ 73º 54.8´
Mangla Dam 33º 09.2´ 73º 38.3´
Rasool Barrage 32º 40.9´ 73º 31.1´
River Sutlej
Sulemanki 30º 22´ 73º 53´
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Sample collecting was carried out through a collaboration with WAPDA and provincial IDs. 
River samples were collected in brand new, double stoppered, leak proof polyethylene bottles 
with a one liter capacity from pre-selected sites on a monthly/bimonthly basis. River discharge 
data of control points was collected.

The δ18O and δ2H of the water samples were determined relative to VSMOW using mass 
spectrometers. The δ18O of water was measured using the CO2 equilibration method [8]. Water 
samples were reduced to hydrogen gas with zinc shots for δ2H measurement [9]. Measurement 
uncertainty for δ18O is about 0.1‰, while that of δ2H is 1.0‰ [10]. The tritium content 
of samples was determined by liquid scintillation counting after electrolytic enrichment [11]. 
The standard error of measurement was in the order of 1 TU [12]. Chemical analyses were 
carried out using: atomic absorption spectrophotometry for Na, K, Ca and Mg; UV-visible 
spectrophotometry for SO4; titrimetry for HCO3; and ion selective electrode for Cl [13].

4. RESULTS AND DISCUSSION

The δ18O, δ2H and tritium data were processed to try and uncover different correlations and to 
prepare histograms, temporal variations and plots, such as δ18O vs. δ2H, δ18O vs. distance from 
sea, etc. River discharge data collected from the Indus River System Authority (IRSA) were 
also processed and temporal variations plotted, along with the δ18O of samples collected from 
the same control points. Isotope analysis results are summarized in Table 2.

The head of the River Indus at the highest altitude in the northern areas (Himalayans) shows 
the most depleted isotopic values. The main source of its tributaries is snowmelt originating 

FIG. 1. Map of Pakistan with sampling station locations in the Indus River System.
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from glaciers. The most depleted values of δ18O and δ2H are found at Hunza, with ranges of 
–14.5 to –11.6‰ and –106 to –84‰ respectively. Similarly, the other Himalayan tributaries at 
Kachura and Gilgit are also depleted in heavy isotopes. At Besham, discharge represents the 
combined fl ow of different tributaries in the Himalayas and there is signifi cant variation in 
the ranges of δ18O and δ2H (–13.1 to –9.6‰ and –99 to –68‰, respectively). This station is at a 
much lower altitude, and isotopic enrichment can be attributed to the mixing of streams which 
originate from catchments at a lower altitude with enriched isotopic values. The river Chenab 
originates from the Jammu and Kashmir area. There are large variations in isotopes at Marala: 
δ18O fi gures from –14.9 to –5.3‰ and δ2H from –95.5 to –32‰. Generally, highly depleted 
values are encountered when there is a large contribution of snowmelt and/or rain from higher 
altitudes and enriched values are found due to the major contribution of local rains at lower 
altitudes. The river Ravi, which enters Pakistan from India, originates at a lower altitude. Its 
δ18O and δ2H at the fi rst monitoring point at Baloki varies from –10.6 to –6.4‰ and from 
–65 to –34‰, with average values of –8.3‰ and –51‰. Thus, catchment altitude plays an 
important role in establishing the isotope indices of these rivers.

Theδ18O vs. δ2H plot of all samples collected from all rivers is shown in Fig. 2. It shows 
generally that the Indus is the most depleted in 18O and 2H in the upper reaches and relatively 
enriched in the tail stations. River Chenab points are scattered all along the GMWL, displaying 
wide variation. Ravi River samples fall in the middle, while the river Jhelum is most enriched 
in 18O and 2H. At the confl uence of the Chenab and Jhelum at Trimu, some samples are 
well below the GMWL, indicating an evaporation effect. Sometimes, the river has very low 

TABLE 2. SUMMARY OF ISOTOPE ANALYSIS RESULTS

Station
δ18O (‰) δ2H (‰) Tritium (TU)

Min Max Avg Min Max Avg Min Max Avg

Hunza –14.5 –11.1 –12.8 –106.1 –72.6 –89.5 15.1 20.3 18.0

Kachura –14.3 –11.9 –13.0 –102.1 –81.2 –94.4 18.0 21.0 20.0

Gilgit –13.4 –11.1 –12.1 –95.6 –75.3 –82.8 14.0 19.4 16.9

Besham –13.1 –9.7 –12.4 –98.9 –69.6 –85.6 13.7 16.2 15.0

Tarbela –14.2 –10.3 –12.6 –101.7 –71.2 –87.7

Kabul Riv –11.7 –6.6 –9.9 –79.8 –43.8 –66.1 14.6 18.7 16.4

Taunsa –13.5 –8.6 –11.9 –87.9 –54.6 –75.4 10.0 22.1 15.9

Sukkur –10.5 –7.6 –9.6 –70.4 –48.7 –63.3 14.7 15.5 15.1

Kotri –10.3 –6.2 –8.6 –69.4 –43.8 –55.2 13.0 16.7 15.1

Chakdara –9.0 –6.3 –7.6 –58.1 –36.0 –47.0 8.9 11.5 10.1

Noshehra –11.9 –5.9 –9.3 –79.8 –43.6 –63.3 11.7 22.0 16.5

Baloki –10.6 –6.4 –8.4 –64.9 –34.1 –51.0 10.0 21.0 15.8

Sidhnai –10.7 –5.7 –8.5 –76.8 –29.2 –53.1 11.3 22.0 13.8

Marala –12.8 –5.8 –9.2 –79.5 –35.1 –56.4 6.0 20.0 12.1

Khanki –10.4 –5.6 –7.8 –65.4 –31.3 –48.2 11.1 20.0 15.4

Trimmu –13.0 –6.8 –9.7 –79.6 –38.3 –59.4 16.0 25.0 19.8

Punjnad –10.7 –5.5 –8.8 –72.6 –38.4 –58.3 4.9 21.0 16.4

Kunhar –8.8 –6.2 –7.5 –58.3 –41.0 –47.9 11.8 15.0 13.0
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FIG. 2. Plot of δ2H vs. δ18O of selected locations at all rivers of Indus River System.
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discharge from basefl ow, which undergoes evaporation. Two stations — the Nowshwhra and 
Chakdara on the Eastern tributaries the Kabul and Swat Rivers — are also relatively enriched 
compared to the upper reaches of the Indus river.

Theδ18O–δ2H correlation has a slope of 6.5 and intercept of –0.1, which is very different than 
the Global Meteoric Water Line. Data of individual rivers are discussed below. The δ18O plot 
vs. distance from Arabian Sea for the main river Indus (Fig. 3) clearly indicates enrichment in 
18O with decrease in distance. There are three possibilities for enrichment of δ18O and δ2H:

• The contribution of precipitation enriched in heavy isotopes at low altitudes in the river as it 
fl ows towards the sea;

• Enrichment due to evaporation;
• The contribution of basefl ow in river discharge, which must be enriched in heavy isotopes 

due to recharge from local rains. 

4.1. Main Indus River

Figure 4 is a δ18O vs. δ2H plot of samples collected from Himalayan tributaries and control 
points of Indus plains. In this plot, samples pertaining to the upper reaches of the river 
Indus (Hunza, Gilgit, Kachura and Besham) are more negative, while points at downstream 
stations are more on the enriched side. Although Kachura samples are depleted, they lie below 
the regression line. Actually, this tributary originates from Kachura Lake and due to its effect 
these points are shifted downward [14]. A signifi cant number of data points from both areas 
have a d-excess of more than 20 and lie above the GMWL. These types of waters seem to 
originate from a Mediterranean source.  

FIG. 4. Plot of δ2H v.s δ18O for samples collected from the main Indus River.
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Figure 5 presents the δ18O-δ2H data plot for the river Indus at the Tarbela outlet along with 
the regression line (RL) and GMWL. The slope of the RL is signifi cantly less than that of the 
GMWL. Most data points lie above the GMWL. Departures from the point having the most 
depleted δ18O and δ2H values are more than that of points corresponding to enriched samples. 
Therefore the slope becomes less than that of GMWL. Ahmad et al. determined the d-excess 
of precipitation for Himalayan Mountains in the northern areas of Pakistan to be 16‰ [15], 
which is greater than that of low lying areas e.g. 10.9‰ for Islamabad (unpublished data). 
As mentioned above, highly depleted values are due to the major contribution of snowmelt 
deposited on high mountains during winter. This suggests that the major source of winter 
precipitation in these parts of Himalayas may come from Mediterranean Sea; it has a higher 
d-excess. Temporal variations of δ18O and the reservoir level of the Indus River at the Tarbela 
Dam Reservoir outlet are shown for a longer period in Fig. 6. Both parameters show year 
wise cyclic behaviour. The most depleted δ18O values are found in August–September, when 
the reservoir level is generally at its highest and the most depleted values are found during 
April–May, when the reservoir is at its minimum level. The amplitude of the δ18O wave varies 
from 1.5 to 3.8‰ with an average value of 2.4‰. If we consider the d-excess (= δ2H – 8 δ18O) 
of all samples, there is no signifi cant correlation between δ18O and reservoir level, which means 
cyclic enrichment is not dominantly due to evaporation effect. The main reservoir input source 
is snowmelt, which is at its greatest between May and September, when the reservoir becomes 
full. This snow/glacier melt coming from the high Himalayas is very depleted in heavy isotopes. 
In the northern areas, snowmelt drained by rivers has an average δ18O of –13.8‰ and a 
δ2H of –94‰ [15]. Due to the major contribution of snowmelt, δ18O is most depleted during full/
highest level of the reservoir. When the reservoir level is low during April–May, groundwater 
from nearby areas of low altitude drain into the reservoir; this is strongly enriched compared to 
the main input. Sajjad et al. found the δ18O of groundwater around the reservoir to generally be 
in the range of –7 to –6‰ [16]. The δ18O rain index of this area is also about –6‰. Therefore, 
when the reservoir is low, the contribution of groundwater drained into the input of local rains 
becomes signifi cant to the increase of δ18O in the reservoir.

FIG. 5. Plot of δ2H vs. δ18O for samples collected from Tarbela Lake.
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heδ18O vs. δ2H plot (Fig. 7) of last two stations indicates that all Sukkur data points are plotted 
on the LMWL, while the data from Kotri (a downstream station) follows an evaporation trend 
with slope of 5.9. The monthly variation of δ18O and discharge of the Indus River at Sukkur 
and Kotri are shown in Fig. 8. Up to September, downstream discharge from the Sukkur is 
greater than the upsream discharge of the Kotri, which indicates water losses from this section, 
possibly due to evaporation and recharge to groundwater. It is possible that for the fi rst six 
months when discharge is very low evaporation losses are dominant, but during the monsoon 
period (July–September) river water might infi ltrate into the ground. From September to 
December, the downstream discharge of the Sukkur is less than the upsream discharge of 
the Kotri, indicating a gain in water discharge. This gain is defi nitely due to the return fl ow 

FIG. 6. Temporal variation of δ18O and reservoir level of Tarbela lake at Indus River.
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from the ground into the river. The basefl ow may undergo evaporation due low humidity, high 
surface area and low discharge.

4.2. River Chenab

In δ18O vs. δ2H plots (Fig. 9), samples from the Marala, Khanki and Trimu have similar 
trends. Almost all the data points lie above the GMWL, and most of the depleted samples 
(δ18O < –8‰) lie above the LMWL, having a slope of 8 and d-excess of 14. The frequency 
distribution of the d-excess (Fig. 10) of Marala samples has two model classes, indicating a 
d-excess for most samples of about 15 and 23. A negative correlation between d-excess and 
δ18O (Fig. 11) shows that higher d-excess is associated with depleted δ18O, which is generally 
found to be the case in winter precipitation, especially in snowmelt from Mediterranean based 
moisture sources. In general, summer monsoons originate from the Bay of Bengal, while 

FIG. 8. Monthly variation of δ18O and discharge of Indus River at Sukkur and Kotri.
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FIG. 10. Frequency distribution of d-excess for samples collected at Marala.

FIG. 11. Plot of d-excess vs δ18O for samples collected at Marala.

FIG. 12. Temporal variation of δ18O and d-excess at Marala Barrage.
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winter rains result from western disturbances which originate from the Mediterranean [17]. 
Due to the differing climate at the moisture sources, different isotopic values and d-excesses 
are encountered. Figure 12 depicts the temporal variation of δ18O and d-excess, refl ecting 
mostly depleted 18O and high d-excess during snowmelt period. There is lot of scatter because 
of different contributions from local rains and snowmelt/rain runoff from higher altitudes.  

4.3. River Ravi

Although water from the river Chenab is diverted to the Ravi river upstream of Baloki 
and although link canals from the Jhelum and Main Indus also contribute upstream of the 
Sidhnai, water samples collected from Baloki and Sidhnai are still relatively more enriched 
than those from other rivers. As mentioned above, the catchment altitude of the Ravi river is 
signifi cantly lower than that of the other rivers. In the δ18O vs. δ2H plot (Fig. 13), samples from 
the Baloki and Sidhnai show similar trends. Almost all data points lie around LMWL. Some 
of the samples have a higher d-excess due to the mixing of Chenab water, which has very high 
d-excess during snowmelt.

4.4. Hydrographs and seasonal variations of isotopes

Hydrographs from all control stations at the Main Indus River are provided in Fig. 14, which 
resembles a mountain. Discharge starts increasing in April due to the contribution of snowmelt 
and peaks in August due to the added contribution of monsoon rains. After August, it decreases 
at faster rate. The peaks on the main hump are due to high rainfall events.

Hydrographs of some other stations are included, along with variations of δ18O. Figure 15 
represents the control point of Noshera on the Kabul River, which is a major tributary of the 
Indus River downstream of Tarbela Dam. The fi rst major rise in discharge takes place from 
April to June, which seems to be due to snowmelt. The highest peak, which occurs in July, is 
due to both snowmelt and rains. The δ18O is generally low at high discharge because snowmelt 
coming from higher altitudes is depleted in heavy isotopes, but during July when discharge 
peaks,  δ18O is also at its highest, primarily because of the major contribution of local monsoon 

FIG. 13. Plot of δ2H vs δ18O of samples collected from the Baloki and Sidhnai barrages.
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rain enriched in heavy isotopes. At low discharge, δ18O is enriched, possibly due to evaporation 
and the contribution of local sources from low altitudes such as local rains and basefl ow into 
the river. 

Hydrograph and temporal variations at Taunsa, downstream of the Chashma storage barrage, 
are given in Fig 16. Its δ18O increases from January to May, and even with an increase in 
discharge during the snowmelt period it did not decrease. Actually, most of the snowmelt is 
stored in the Tarbela Dam Reservoir and the increase in discharge at Taunsa is mainly from 
the Chashma storage, which might have undergone evaporation and resulted in the enrichment 
of heavy isotopes. From June to August during peak discharge δ18O decreases, refl ecting the 
contribution of snowmelt; at the same time there is no signifi cant increase in δ18O after August 
because water stored in the Chashma reservoir is released at a low fl ow rate. 

FIG.14. Hydrographs at Main Indus River control stations.
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Figure 8 provides interesting information about the situation between the Sukkur and Kotri. 
Up to September the downstream discharge of the Sukkur is more than the upstream discharge 
of the Kotri, indicating water losses from this area, possibly due to evaporation and recharge 
to groundwater. For the fi rst six months when discharge is very low, evaporation losses are 
dominant and enriched 18O is encountered, but during the monsoon period (July–September) 
discharge is high and due to the contribution of snowmelt (like at Taunsa) and insignifi cant 
evaporation, δ18O is low. During this period river water may infi ltrate into the ground. From 
Septermber to December, the downstream discharge of the Sukkur is less than the upsream 
discharge of the Kotri, which indicates a gain in water discharge. This gain is defi nitely due to 
the return fl ow of groundwater into the river. The basefl ow may undergo evaporation due to 
low humidity, high surface area and low discharge. In this case, enriched 18O is found at the 
Kotri.

FIG.16. Hydrograph and seasonal variation of δ18O at Taunsa, Main Indus River.

FIG.17. Hydrograph and seasonal variation of δ18O at Marala, Chenab River.
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Hydrographs with the δ18O at Marala for the Chenab River are shown in Fig. 17, while those 
for the Baloki and Sidhnai at the River Ravi are provided in Fig. 18. Three rivers join just 
upstream of Marala, and the δ18O values may not be representative due to a lack of mixing. 
Water diverted from other rivers fl ows into the river Ravi, thus variations in δ18O cannot be 
explained with the hydrographs.

5. CONCLUSIONS

The headwaters of the main Indus River (including Hunza, Gilgit and Kachura tributaries), 
which are generally comprised of snowmelt, have the most depleted values of δ18O (–14.5 
to –11.0‰) and δ2H (–106.1 to –72.6‰) due to precipitation entering at a very high altitude 
and at very low temperatures. Generally these waters have a low d-excess, indicating that 
the moisture source is the Indian Ocean. The high d-excess of some winter (November–
February) samples from Hunza and Gilgit indicates the dominance of the Mediterranean 
as the moisture source. Kachura station features a δ18O–δ2H line with slope of 4 and a low 
d-excess, indicating an evaporation effect in Kachura Lake. The isotopic values of the Indus 
River are enriched as it moves downstream towards the Arabian Sea, due to the contribution 
of rains at low altitude plains and because the basefl ow received a recharge contribution from 
local rains. At tail stations, evaporation and contribution from basefl ow are responsible for 
isotopic enrichment. Low tritium in some samples also indicates a contribution from basefl ow 
(relatively older groundwater).

The Chenab River has the widest variation in δ18O and δ2H; the slope of the δ18O–δ2H line 
is 6.1, which is due to variable contribution of snowmelt at high altitude and rains from low 
altitude. The high d-excess in snowmelt and low d-excess in monsoons show that the moisture 
source in winter is generally western (Mediterranean) and monsoon moisture predominantly 
originates from the Indian Ocean. Isotope data also refl ect the evaporation effect during dry 
periods. 

The Kabul River displays a wide variation in isotopic values, likely due to the variable 
contribution of the Swat River, which carries snowmelt. High d-excess is associated with 
depleted isotopic values, while low d-excess is associated with enriched isotopic values, which 
generally appear during the summer monsoon. Therefore, the slope of the δ18O–δ2H line is 7, 
which appears to be mainly due to the dominance of a Mediterranean moisture source in winter 
having depleted isotopic values and high d-excesses and moisture from the Bay of Bengal in 
summer containing relatively high d-excess.

The Jhelum River and its tributaries upstream of Mangla Lake have enriched δ18O and δ2H due 
to the low altitude of their catchment.

Pprecipitation in the catchment of Ravi river comes from the Indian Ocean, and there is not any 
signifi cant evaporation effect. Isotopic variation seems to occur mainly due to water diversions 
from western rivers through link canals. 

A reasonable isotope and discharge database for the Indus River System has been established,   
which will be useful for future surface water and groundwater studies in the basin.
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ISOTOPE TRACING OF HYDROLOGICAL PROCESSES IN RIVER BASINS: 
THE RIVERS DANUBE AND SAVA
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Abstract. Isotope (δ18O, δ2H and 3H) measurements in surface waters were used to investigate hydrological 
pathways and residence times in the River Sava and Danube catchments in Slovenia and in the Belgrade region 
of Serbia for the period 2004–2006. Precipitation δ18O and δ2H values show marked seasonal variations which, 
although signifi cantly damped, were also refl ected in the isotopic composition of surface water. Spatially, the 
surface water of the River Sava is 18O and 2H depleted in high mountain areas due to greater precipitation, lower 
temperatures and higher elevation of the recharge area and are similar to isotopic values observed in the Danube 
River at Belgrade. In the lower part of the Sava River catchment, δ18O and δ2H values are higher and are not 
signifi cantly different from the sampling stations in Slovenia and Serbia. Exponentional fl ow modelling was 
applied to provide preliminary estimates of mean residence times (MRT), which varied between 0.8 and 2.2 years. 
Longer MRT coincides with generally lower mean δ18O values in surface water found at the source of the Sava 
River at Zelenci and the Danube River probably indicating the greater infl uence of depleted winter precipitation 
inputs. These data extend our knowledge of Sava and Danube River hydrology vis-a-vis the watershed and 
demonstrate the utility of isotope tracers in investigating interactions in hydrological processes and catchment 
characteristics.

1. INTRODUCTION

Rivers are an important link in the global hydrological cycle, returning about 35% of 
the precipitation that falls over land to the oceans, while at the same time representing 
the most important source of water for human use. The other two-thirds of the precipitation is 
evaporated, transpired or infi ltrates into groundwater, representing the second most important 
source of water within rivers. As with all aspects of the water cycle, the interaction between 
precipitation and surface runoff varies according to time and geography. Surface runoff is 
affected by both meteorological factors and the physical geology and topography of the land. 
It can also be diverted by humans for their own use. Isotope monitoring of river water provides 
an important proxy for the isotopic composition of precipitation and integrates spatial and 
temporal variabilities in the hydrological cycle [1–5]. Of particular interest is the use of oxygen 
and hydrogen stable isotopes for constraining residence time, characterizing several different 
water dynamics within a watershed, including indication of potential inputs (e.g. precipitation 
vs. groundwater) and for determining mixing and fl ow paths of water within a system [6–8]. 
On the other hand, tritium (3H), a radioactive element characterized by a half-life of 12.4 years 
with measurable levels in the hydrosphere resulting from nuclear weapons tests, can be used as 
a transient tracer for following water masses [9–11].

The main objectives of this study were to characterize spatial and temporal variation in δ18O 
and δ2H values of the Sava and Danube Rivers and to make a preliminary estimate of the mean 
residence time of runoff in the studied rivers catchments.The presented study represents 
the results of a three year stable isotopic study of the Sava River in Slovenia and the Sava 
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and Danube Rivers near Belgrade in Serbia and shows the application of δ18O, δ2H and 3H 
measurements as natural tracers which provide potential insight into hydrological cycles which 
is otherwise unattainable. In addition, this work contributes to the goal of the International Sava 
River Basin Commission (ISRBC) to ensure cooperation of all parties to realize sustainable 
water management. Apart from that, it is a crucial test case for implementation of the EU Water 
Framework Directive — Integrated River Basin Management for Europe (OJ L 327, 2000) for 
the Danube, the aim of which is to prove that the best possible model for a single system of 
water management is management by river basin (the natural geographical and hydrological 
unit) rather than administrative or political boundaries.

2. SITE DESCRIPTION

The Sava River is the largest tributary of the Danube. It is 945 km long and totally drains 
95 719 km2 of surface area contributing 12% of the Danube watershed area and 25% of 
the total discharge. The Sava is of great signifi cance to the Danube River Basin because of 
its outstanding landscape diversity. The Sava is a unique example of a river where some 
fl oodplains are still intact, supporting both fl ood alleviation and biodiversity. 

The Sava fl ows through four countries: 11% of the drainage area belongs to Slovenia, 26.3% 
to Croatia, 39.8% to Bosnia and Herzegovina and 22.8% to Serbia. There are two sources, 
both originating in the Alpine mountain area in northwestern Slovenia. The 45 km long Sava 
Dolinka fl ows out from the Zelneci spring in Planica mountain at the altitude of 1222 m, near 
the Italian border. The second source is 31 km long, and originates in Komarča at an altitude of 
805 m from the underground source Savica, the water of which comes from the Triglav Lakes 
Valley, fl ows into Lake Bohinj and emerges at the other end as a new river — Sava Bohinjka. 
At the town of Radovljica in Slovenia, both of these springs/rivers merge into one: the Sava 
River. The Sava is a typical meandering river with numerous sharp river bend along its course. 
The average bottom slope qualifi es the Sava as a typical lowland or middle course river. The 
mean annual temperature changes between 6°C in the upper part and 12.6°C at Belgrade 
in Serbia. Yearly precipitation follows a descending trend, going from the west to the east 
and from the higher elevation of the basin to the shallow fl atlands. The greatest amounts 
of precipitation can be observed at the upper fl ow of the Sava in the Alpine region, where 
precipitation amounts can reach 2000–3000 mm/year, after which this amount drops to 660 
mm/year at the river’s mouth. Its average discharge is 84 m3/s in Ljubljana, while at Zagreb it is 
255 m³/s, and in Belgrade it is 1722 m³/s. The large retention areas of the Sava are one of 
the most effective fl ood control systems in Europe. Their management is seen as an international 
model for sustainable fl ood management. The backwater effect of the Iron Gate Dam (Djerdap 
I) is noticed almost up to the town of Šabac at 105 km during the River Sava’s low fl ow.

The Sava Basin is located in the junction between the southern Alps, the Dinaric Mountains 
and the Pannonian Plain. In its upper reaches, the Sava Dolinka River drains alpine valleys 
with carbonate rocks largely of Mesozoic age. In the lower Slovenian Sava, the basin consists 
of clastics sediments and limestone rocks from the Triassic age. In Croatia, there are mostly 
alluvial sediments with fertile soil cover. On the Bosnian side, alluvial sandy-gravel deposits 
are dominant, while the Serbian Sava Basin yields various types of sands, silty clays and gravels 
DW� WKH� 1 HRJHQH� KHDGZDWHU� DQG�VRPH� OLP HVWRQH� LQ�WKH� ORZHU� UHDFKHV�� 7KH� 2 VWUXåQLFD� VDP SOLQJ�
station is located on the right bank of the Sava river, 14 km southwest of Belgrade where 
the river merges with the Danube. The location is at the alluvium of the Sava river, the 
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wideness of which increases upstream from the Danube’s confl uence. The area is a fl ood basin 
characterized by Miocene karst limestone underlined by Mesozoic rocks with great signifi cance 
as a reservoir of groundwater. Nearby, Makis fi eld (an area of 25 km2) and its surrounding hilly 
terrain (170–208 mm asl) is an important water protection zone for Belgrade City’s drinking 
water supply. The Danube River sampling point Vinča is located 14 km downstream from 
Belgrade on the right bank of the River Danube. It is in the vicinity of the one of the largest 
and most signifi cant prehistoric Neolitic settlements (5200–4200 B.C.) in Eastern Europe. 
The riverbed is shallow and marshy, connected to its neighbouring terrestrial environment by 
alluvial forests. Typical fl uvial and fl uviallake sand-gravelly deposits are approximately 25 m 
in depth. 

3. MATERIALS AND METHODS

River samples were collected monthly at locations along the Sava River; at its source (Zelenci, 
46° 29’ 48’ N, 13° 44’ 7‘E, altitude 830 m), near the Croatian border (Jesenice na Dolenjskem, 
��ƒ � ��¶ � ��¶ � 1 �� ��ƒ � ��¶ � ��µ ( �� DOWLWXGH� ���� P � � LQ�6ORYHQLD�� DW� 2 VWUXåQLFD�� � ��ƒ ��¶ 1 �� ��ƒ ��¶ ( ��
altitude 76 m, 14 km distant from the confl uence with the Danube) in Serbia and along 
the Danube River, at Vinča (44°46’N, 20°37’E, altitude 74 m, 1145 km from its confl uence 
with the Black Sea) in Serbia between 2004 and 2006. Precipitation samples were obtained 
as monthly composite samples of daily precipitation collected near Ljubljana and in rain 
gauges at the Belgrade Meteorological Station located at Zeleno Brdo (44°47’ N, 20° 32’E, 
altitude 243.2 m). Samples were stored according to standard procedure, [12] and analysed for 
isotopic compositions of hydrogen and oxygen. The isotopic composition of oxygen (δ18O) 

FIG. 1. Sampling locations on the River Sava; Zelenci and Jesenice na Dolenjskem (Slovenia), 
2 VWUXåQLFD�� 6HUELD� �DQG�VDPSOLQJ�ORFDWLRQ�RQ�WKH�5 LYHU�' DQXEH�9 LQča together with precipitation 
sampling site at Ljubljana (Slovenia) and Zeleno Brdo (Serbia).
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was measured after equilibration with reference CO2 at 25°C for 24 h [13], while reduction of 
Cr at 800°C was used to determine the isotopic composition of hydrogen (δ2H) in water [14]. 
Both measurements were performed on a Varian MAT 250 mass spectrometer. Stable isotope 
results for hydrogen and oxygen are reported using conventional delta (δnotations δ18O and 
δ2H respectively in permil (‰) relative to VSMOW. Measurement precision was ±0.1‰ for 
δ18O, ±1‰ for δ2H.

For 3H measurements, the majority of distilled water samples were electrolytically enriched 
and redistilled [15,16]. Six ml of scintillation cocktail was added to 6 ml of sample. Counting 
was performed on a TRI CARB 3170 TR/SL ultra low-level Liquid Scintillation Counter (LSC, 
Canberra Packard) with a precision of ±1.8 TU. All results are expressed in Tritium Units (TU). 

Discharge and some basic chemistry data which represent a regular part of the monitoring 
programme were obtained by the Environmental Agency of the Republic of Slovenia and 
by the Republic Hydrometeorological Service of Serbia, while regular data on isotopic 
characteristics of precipitation in Ljubljana is readily available within the framework of the 
Global Network of Isotopes in Precipitation (GNIP). 

4. RESULTS AND DISCUSSION

Precipitation inputs show marked seasonal variation, with winter precipitation (December– 
May 2004–2006: mean δ18O and δ2H values of –11.1‰ and –77‰, respectively) more 18O 
depleted than summer and autumn rainfall (June–November 2004–2006: mean δ18O and δ2H 
values of –7.2‰ and –48‰, respectively) near Ljubljana. Seasonal variations in δ18O and δ2H 
precipitation values were similar near Belgrade in Serbia. Mean δ18O and δ2H values were 
–11.1‰ and –81‰ for the period December–May 2004–2006, while for the period from June to 
November mean δ18O and δ2H values were lower at –8.0‰ and –53‰, respectively. The large 
amplitude of isotopic variations in precipitation clearly indicate the complexity of its source as 
well as the climatic and topography characteristics of the region, which affect the composition 
of local rain. This follows an approximatelly sinusoidal, seasonal pattern of precipitation δ18O 
in which winter months are dominated by colder air masses which bring more 18O depleted rain 
and snow and summer weather systems with more 18O enriched precipitation. The correlation 
between δ2H and δ18O at both stations is high (r2>0.98 at Ljubljana and r2>0.97 at Belgrade) 
and Local Meteoric Water Lines (LMWL) [17, 18] are close to the Global Meteoric Water Line 
(GMWL) [19].

In comparison to precipitation inputs, surface water δ2H and δ18O values are generally less 
dampened. Arithmetic mean, range and standard deviations of δ18O and δ2H are shown in 
Table 1, while seasonal variations of data are graphically presented in Fig. 2. Surface waters 
also exhibit seasonal differences, being generally 18O depleted during the winter. The effect 
of the most 18O enriched precipitation was evident in summer δ18O values. It can be seen 
that higher seasonal variability in δ18O and δ2H values occurred at Jesenice na Dolenjskem 
compared to Zelenci, the source of the Sava River, probably due to important sub-catchment 
variations in hydrological behaviour (Fig. 2). The data at Zelenci refl ects the origin of water 
from snowmelt occurring during spring as well as the elevation effect. The mean δ18O and δ2H 
of 10.10 ± 0.34 and 68.6 ± 3.3‰ respectively are comparable to the Danube River values 
from near Belgrade. Higher δ18O and δ2H river water values were observed in the lower part of 
the Sava River in Slovenia, including at the sampling station Jesenice na Dolenjskem, and are 
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mostly related to the lower amount of precipitation received in this area [20]. This interpretation 
is consistent with recharge regimes determined in the Sava River, which change from Alpine 
high mountain in the upper parts of the catchments to Dinaric Alpine in the lower parts [21]. 

In the autumn of 2004, δ18O and δ2H river sample values approached the weighted mean 
annual precipitation (δ18O = –8.1‰ and δ2H = –55‰) determined over the years 2001–2003 
[22]. It seems that this represents the base fl ow of the Sava River, which integrates the isotopic 
composition of precipitation over the drainage areas. Poor correlations between δ18O values and 

TABLE 1. ARITHMETIC MEAN, RANGE AND STANDARD DEVIATION (SD) OF δ2H 
AND δ18O TOGETHER WITH ESTIMATED MEAN RESIDENCE TIME (MRT) 
IN THE SAVA AND DANUBE RIVERS AT REPRESENTATIVE SAMPLING STATIONS 
DURING 2004–2006

Location River
δD (‰) δ18O (‰) MRT

Mean Min Max SD Mean Min Max SD (yr)

Zelenci Sava –68.6 –74 –63 3.3 –10.10 –10.5 –9.1 0.34 1.76

Jesenice na 
Dolenjskem Sava –60.9 –69 –54 4.9 –9.20 –10.2 –8.4 0.52 0.82

Belgrade
Sava –63.6 –70 –60 2.8 –9.31 –10.3 –8.4 0.41 1.61

Danube –70.4 –86 –61 7.4 –10.02 –10.8 –9.5 0.30 2.24
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FIG. 2. Seasonal changes in δ18O and d2H values for all sampling stations during 2004–2006.
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river discharge (r2 = 0.03) or temperature (r2 = 0.01) were obtained, suggesting that the factors 
infl uencing δ18O values of surface waters are multivariate and complex.

The differences in hydrogen and oxygen isotopic composition between the Danube River and 
Sava water near Belgrade were statistically signifi cant at a level of better than 0.01, using two-
tailed tests for the period of observation (2003–2005). Observed differences in isotopic content 
could be attributed to the integrated isotopic signal of their individual large drainage basins. 
The δ values weighted by associated discharge values were –64  7‰ for δ2H and –9.4  1.0‰ 
for δ18O for the Sava River, and –73  3‰ and –9.6  0.5‰, respectively, for the Danube. 
Clear seasonal variations were observed in δ18O and δ2H values for the Sava River with 
higher isotopic composition found in late summer months (August–September 2004–2006, 
δ2H ~ –61‰, δ18O ~ –9.0‰) and lower composition during spring (April–May 2004–2006, 
δ2H~ –66‰, δ18O ~ –9.9‰). A good correlation (r2 = 0.55) between δ18O values and the river 
discharge was obtained. This is characteristic for moderate climates with direct surface runoff 
dominated systems. For the Danube River, seasonal variations were similarly pronounced, but 
with some lag towards more negative isotopic values during summer months (July–August 
2004–2006, δ2H ~ –82‰, δ18O ~ –10.1‰) (Figs. 2a, b). This shift in isotopic cycle could be 
the consequence of the snowmelt contribution   which   occurs in spring further upstream (at a 
higher elevation and latitude) in the alpine drainage basin. 

Correlations between the river water isotopic compositions and climatic parameters 
(r2 = 0.95) reveal good agreement between discharge weighted δ values and annual mean 
water temperatures for the Sava River, whereas they are low (r2<0.43) for the Danube. Good 
agreement between river and precipitation data, especially in the case of the Sava, was observed 
for amount weighted isotopic composition of precipitation between Belgrade and adjacent 
ULYHUV� VLWHV� 2 VWUXåQLFD� � WKH� 6DYD� � DQG�9 LQča (the Danube). However, both δ18O and δ2H values 
for the Danube are slightly lower than for those in precipitation. This result could be explained 
by the fact that large scale mean annual isotopic signatures of precipitation derived from higher 
elevations are preserved in Danube water. The lower mean temperature of Danube water —
about 0.7°C lower than that of Sava water — could be a reason for the noticable difference 
in isotopic composition. The close match between mean annual recharge and mean annual 
precipitation within ±2‰ for δ18O and ±10‰ for δ2H means the two can be considered to have 
approximately the same isotopic composition where topography is more subdued, rainfall is 
higher, and evaporation is less important [23]. However, it should be noted that the available 
dataset is still too small to make a sweeping statement about comparability of precipitation and 
river δ values in the Belgrade area.

Further, δ18O seasonal trends in precipitation and surface water were modelled using periodic 
regression analysis to fi t seasonal sine wave curves to annual δ18O variations defi ned as [24]:

δ18O = δ18Oave + A[cos(c∙t )] (1)

where δ18O and δ18Oave are the modelled and the mean annual measured δ18O, respectively; 
A is the measured δ18O annual amplitude; c is the radial frequency of annual fl uctuations 
(0.017247 rad day/1); t is the time in days after the start of the sampling period and  is 
the phase lag or time of the annual peak δ18O in rad.
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To estimate mean residence time (MRT) the commonly used exponential model was applied in 
which precipitation inputs are assumed to mix rapidly with resident water using the following 
equation [24–26]:

 = c–1∙ [(AZ1/ AZ2)–2 – 1]0.5 (2)

where AZ1 is the amplitude of precipitation; AZ2 is the amplitude of the surface water outputs; 
and c is the radial frequency of annual fl uctuation as defi ned in Eq. 1. It should be mentioned 
that the results can be taken as preliminary estimates of mean residence time, since the model 
is relatively simple and the catchments of the Sava and Danube Rivers are more complex. 
Figure 3 shows the fi tted models for annual δ18O variations in precipitation and surface water 
for the Sava and Danube Rivers at Belgrade. Precipitation data are relatively well described 
using the seasonal sine wave model (r2 = 0.56), which provides a model amplitude of 3.32‰ 
comparable with other studies [20, 24]. The precipitation data from Ljubljana’s sampling 
station were relatively crudely described (r2 = 0.36) for the 2004–2006 period, but the model 
described precipitation data quite well for the whole available period 1981–2006 (r2 = 0.56). 
The estimated amplitude was found to be 2.92‰ and was further used to estimate the MRT in 
the Sava River in Slovenia [20]. In terms of surface water sampling sites, modeled δ18O values 
show less predictability and lower annual δ18O amplitude values, which could be expected for 
data with the least variable δ18O surface water [20]. The model described by Eq. 1 was used 
to translate results into estimates of mean surface water residence time. The calculated results 
are collected in Table 1. It should be mentioned that results provide a very general, but useful, 
indication of the degree of mixing of hydrological sources and thus offer a valuable integrated 

FIG. 3. Fitted annual regression δ18O models for precipitation and surface water of the Sava 
and Danube Rivers at Belgrade between 2004 and 2006.
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assessment of differences in runoff processes in the Sava River catchment. The MRT for 
sampling stations Zelenci and Jesenice na Dolenjskem were estimated based on precipitation 
data in Ljubljana and are presented more in detail elsewhere [20]. It is interesting to note that 
the longer MRT of 1.76 and 2.24 years for the Sava River at Zelenci and the Danube River, 
respectively coincide with generally more depleted mean δ18O surface water than for other sites. 
This probably indicates the greater infl uence of depleted winter precipitation inputs. The data 
at Zelenci and Jesenice na Dolenjskem have good agreement with residence time determined 
by tritium content. The measured tritium content in the Sava River and its tributaries has an 
average TU value of 13.7 ± 2.4, close to the current rainfall value of 7.9 TU, determined at 
the same time near Ljubljana. These indicate a residence time for the river of approximately 
two years, and the presence of young waters in the river watershed [17]. A maximum tritium 
content of up to 122.3 ± 2.0 TU was always determined near the Krško Nuclear Power Plant. 
However, it has been found that international limits of tritium discharge from nuclear facilities 
have never been exceeded [27]. 

5. CONCLUSIONS

The obtained results provide interesting insights into the current understanding of integration 
of hydrological processes in larger catchments areas. High seasonal variability in δ18O and δ2H 
values was observed in precipitation and is likely to be refl ected in the isotopic composition 
of surface waters. The lower δ18O and δ2H values were found at the source of the Sava River 
at Zelenci are connected to the higher elevation of the recharge area, lower temperatures and 
greater amounts of precipitation. Similar mean δ18O and δ2H values were also observed in the 
Danube River. Isotopic composition in the lower parts of the Sava River was similar at both 
locations. The δ18O and δ2H values were less negative compared to values at the source of 
the Sava River at Zelenci, probably due to the lower amount of precipitation. Data for δ18O 
over a three year period revealed the mean water residence time (MRT) estimation using the 
exponentional fl ow model. The MRT at Zelenci and the Danube River were estimated to be 
1.8 and 2.2 years respectively, higher than the MRT estimated for the lower parts of the Sava 
River. Current results highlight the utility of surface water oxy    gen and hydrogen isotopes as 
an analytical tool and could serve as a reference for subsequent studies of Sava and Danube 
Rivers in areas such as paleoclimatology. It can be concluded that tracer studies such as this are 
continuing in order to refi ne our understanding of fl ow paths and residence time, and to help 
structure and validate hydrological models on a global scale.
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ISOTOPE COMPOSITION OF MEKONG RIVER FLOW WATER 
IN THE SOUTH OF VIETNAM

K.C. Nguyen, L. Huynh, D.C. Le, V.N. Nguyen, B.L. Tran 

  Center for Nuclear Techniques, Hochiminh City, Vietnam

Abstract. As a part of the Research Project entitled: “Design Criteria for a Network to Monitor Isotope 
Compositions of Runoff in Large Rivers” launched by the International Atomic Energy Agency in 2003, Research 
Contract No. VIE/12569, entitled “Isotope Composition of Mekong River Flow Water in the South of Vietnam” 
was accepted to set up a network for monitoring isotope composition in the Mekong river streamfl ow water 
in the south of Vietnam. The goal of the project was to understand streamfl ow–aquifer interactions and other 
relevant hydrological parameters. The primary results showed a seasonal variation, as well as dependence on 
local precipitation and river water levels, along with the isotopic composition of two distributaries of Mekong 
river water. At the same time, a slight change in seasonality of tritium in rivers water and the difference 
between tritium content in local rainy water and river water were recorded. Although changes in streamfl ow 
isotope composition based on season were defi ned, changes in the isotope composition of Tien and Hau river 
water is very complicated, being affected by groundwater, precipitation and isotopic (latitude, amount and 
evaporation) effects. Monitoring must continue on environmental isotopic composition in the future not only 
at the fi ve existing stations in the south of Vietnam, but also at some stations along the river course outside 
of Vietnamese territory to collect more isotopic data for the Mekong river basin and thus enhance the study 
of hydrological processes for Asian rivers (for which few data exist) as well as for the global database.

1. INTRODUCTION

The Mekong is one of the longest rivers in Asia. Originating from high mountains in 
the northwest of China, the Mekong river fl ows on to Myanmar, Thailand, Laos and Cambodia, 
dividing into two tributaries before fl owing to the south of Vietnam. In Vietnam, two these 
tributaries are called the Hau River, which has a fl ow rate of 20%, and the Tien River, with 
average fl ow rate of about 80%. The length of each tributary in Vietnam is about 450 km and 
both fl ow into the South China Sea through nine estuaries. 

Extending from a latitide of 35° to 9° north with a basin area of about 800 000 km2, the 
Mekong river drains water from different climatic areas. Thus, the isotope composition of river 
water could refl ect the cumulative infl uence of hydrological processes from precipitation to 
discharge, including the infl uence of snow, melting glaciers, dams, lakes, karst terrain, altitude, 
arid zone evaporation, snowmelt events and tributaries; this can provide information on water 
origin and residence times, surface–groundwater exchange, precipitation variability, and 
climate/land use changes because its importance for world river systems.

Previous studies on origin and groundwater dynamics in the Nambo plain (south of Vietnam) 
applying isotope techniques show that there is a signifi cant difference between the isotope 
compositions of Mekong river water and that of local precipitation, groundwater and 
surface water in the area. The seasonal variation in stable isotope composition of Mekong 
river water was especially observed in its small tributaries. These differences are a good 
index for hydrogeological studies in the area such as the origin of groundwater, interaction 
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between surface water and groundwater, recharge mechanisms, as well as the changes in water 
environment quality.

For these purposes, a project to monitor the isotopic composition of Mekong river water 
was set up starting in 2003. The main objectives are: (i) setting up a network and monitoring 
the isotopic composition of Mekong River streamfl ow water in the south of Vietnam to 
understand streamfl ow/aquifer interactions; (ii) identifi cation of parameters that should be 
monitored within the GNIR network of isotopes in rivers basins.

2. DESCRIPTION OF RESEARCH CARRIED OUT

2.1. Collected and compiled hydrogeological documents 

The Mekong River derives from mountains in the northwest of China. Flowing through six 
countries (Cambodia, China, Laos, Myanmar, Thailand and Vietnam), the Mekong River has 
a basin area of about 795 000 km2. With a total length of about 4800 km, Mekong River carries 
an average water amount of 475.109m3. Most of the river basin is in tropical climate conditions.

Before coursing into the south of Vietnam, the Mekong River divides into two tributaries. In 
Vietnam, the fi rst tributary is called the Tien River and the second is called the Hau River. 
The area of basin in the south of Vietnam accounts for 8% of the total river basin and 
the average water amount glowing is about 11% of the total amount in the Mekong River. Each 
distributary, from the Cambodia–Vietnamese border to the East Sea, has the length of about 
450  km. These tributaries are regulated by Lake Tonlesap in Cambodia. (Data source: vnmc.
gov.vn).

FIG. 1. Hydrogeological cross-section map of the Mekong Delta.
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Based on hydrogeological studies carried out since 1975, hydrogeological cross-sections of 
the Mekong Delta area were set up. Among them, two main cross-sections directly related to 
the monitoring area were compiled. (see Figs 1–3). According to these cross-sections, there 
could be direct relations between river water and groundwater of the qh and qp3 aquifers.

Water levels at the three existing hydrological stations along the Tien (MK03) and Hau (MK09, 
MK11) rivers as well as precipitation data were documented.

2.2. Setting up the sampling network

Based on the topographic and hydrogeological characteristics of the study area, at the beginning 
a network of 11 sampling points (coded from MK01 to MK11) along the Tien and Hau rivers 
was set up (Fig. 4) to monitor the isotope compositions of the river water. Afterwards, from 

FIG. 2. Hydrogeological cross-section A–B.

FIG. 3. Hydrogeological cross-section C–D.
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Sep. 2004, only fi ve of these have been used for this research, including three sampling points 
set up on the Tien River (MK01, MK03, MK04) and only two points (MK09, MK11) on the 
Hau River because the fl ow rate of the Tien River is of 80% of the Mekong River total fl ow 
rate (in the South of Vietnam). 

2.3. Sampling and analysis

The area of the Mekong River basin in the South of Vietnam accounts for 8% of the total river 
basin and has an average of about 11% of the total Mekong river water amount. Collected river 
water samples are mixed samples. At a sampling point, midstream water has been taken by 
a submerged pump at different depths and mixed before sampling for analysis. Water samples 
for 2H and 18O analysis were taken monthly, while those for tritium were taken every two 
months. A total of 190 river streamfl ow samples (for δ2H, δ18O) and 95 samples for tritium 
were collected. All water samples collected have been analyzed for δ18O, δ2H and 3H at the 
Isotope Laboratories at Institute for Nuclear Sciences and Technology (INST) and the Center 
for Nuclear Techniques (CNT) in Vietnam. Analysed data is in the database.

3. RESULTS OBTAINED

3.1. Precipitation and river water levels in the monitoring area

Due to the subequatorial climatic conditions there are only two seasons in the South of 
Vietnam. The wet season lasts from May to October and the dry season from November to 
April. In the wet season, rain water amounts account for 90–94% of annual precipitation and 
reach a maximum in September (or October). 

FIG. 4. Network for sampling Mekong River fl ow water.
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The fl ow rate measured at MK01 (on the Tien River) is signifi cantly higher than that measured 
at MK11 for the Hau River. The Vam Nao branch transfers about 25% of the Tien River’s 
water is ‘poured’ into the Hau River (Data source: Nambo meteoric hydrograph centre).

Precipitation data obtained at the MK10 station as well as river water levels at MK03, MK09 
and MK11 are plotted in the fi gure below.

The variation of river water levels in comparison to local precipitation shows that in the wet 
season local rain water could be an important component in river water. This means that mixing 
with local rain water could change the isotopic composition of river water.

3.2. Isotopic composition of river water

The isotopic composition of river water collected from Sept. 2003 to Oct. 2006 along the Tien 
and Hau Rivers is shown in Fig. 6. Water samples are clustered into two groups. One group is 
more enriched in heavy isotopes, and includes river water samples collected in the dry season, 
while the other is more depleted in heavy isotopes and involve water samples taken during the 
rainy season. Seasonal variation could be defi ned. 

On the other hand, the river water seems to have undergone evaporation. Almost all of the 
water samples are distributed along the evaporation line.

Variations of 18O and 2H for all river water samples are presented in Figs 7 and 8.

In general, heavy isotopes in river water are enriched during the dry season (Nov.–Apr.), 
especially in January, while they become depleted during the rainy season. It seems that 2H and 
18O isotopes are more enriched along the river course. This could be caused by an evaporation 
effect due to high temperatures in the monitoring area.

FIG. 5. Monthly precipitation and water levels of the river.
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For both rivers, stable heavy isotopes are enriched in July when precipitation is depleted. It 
could be explained by the fact that precipitation observed in July in monitoring areas is usually 
lower than for other months of the rainy season. 

Figures 9 and 10 present the dependence of δ18O and δ2H contents of Tien and Hau river water 
on local precipitation amounts. These isotopes are enriched in the dry season and become 
depleted in wet season. 

The enrichment of δ18O, as well as of δ2H in July shows the importance of local precipitation 
in river water. The enrichment of δ2H in this month is stronger than enrichment of the δ18O 
component.

FIG. 6. Relationship between δ2H and δ18O at selected stations along the Mekong River.

FIG. 7. Variation in δ18O over time at selected stations along the Mekong River.
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FIG. 8. Variation in δ2H for time of the Mekong River.

FIG. 9. a) Variation in δ18O of local precipitation and time for the Tien River. b) Variation in δ2H of 
local precipitation and on time for the Tien River.
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For Tien river, the enrichment of heavy isotopes (δ2H and δ18O) is very clear, especially for 
δ2H. 

The enrichment in heavy isotopes of river water samples collected in July when the amount 
of rain is low compared to that of other months during the rainy season was observed in the 
Hau River as well, but the effect is not as strong as in the Tien River (Fig. 10). The difference 
may be caused by a difference in the fl ow rate of two these rivers, as described later.

Figures 11–13 show the variations in heavy isotope content for different river water levels and 
time frames at the MK03, MK09 and MK11 stations.

FIG. 10. a) Variation in δ18O for local precipitation and time for the Hau River. b) Variation in δ2H 
for local precipitation and time for the Hau River.
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At point MK03 along the Tien River, δ2H and δ18O values increase when river water levels 
decrease. This is reasonable because of the dependence of water levels on local rain amounts 
(see Fig. 5). During the dry season, heavy isotope concentrations in river water increases step 
by step and are the most enriched in January or February. After that, the river water becomes 
depleted in heavy isotopes due to groundwater discharge to the river.

In May, the fi rst rains enriched in heavy isotopes fall. Could this be one cause of the increase in 
heavy isotopes concentrations in river water? In July, the enrichment of δ2H and δ18O in river 
water is explained by a decrease in the amount of rain at the monitoring areas.

FIG. 11. a) Variation in δ18O for river different water levels and times for the Tien River. b) Variation 
in δ2H in relation to river water levels and times for the Tien River.
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The δ18O (and δ2H) of river water are enriched during the dry season, but δ18O reaches a 
maximum value in February, while deuterium reaches a maximum value in January. This 
phenomenon requires more investigation.

For the Hau River (Figs 12 and 13), variations in levels of isotopic composition are identical: 
they are enriched in the dry season and depleted in the rainy season. 

The enrichment of δ2H, δ18O in Hau River water in May and July (for MK11 only) was observed 
once. However, δ2H values at the MK11 were highest in February, while river water at MK09 

Fig. 12. a)  Variation in δ18O for river water levels and different times at MK11 for the Hau River.
b) Variation in δ2H for river water levels and different times at MK11 for the Hau River.
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had a maximum deuterium value in January. This could be caused by a strong evaporation 
effect along the river’s course (the same phenomena has been recorded for stations along the 
Tien River).

Different to other stations, both δ2H and δ18O values in river water were at a minimum in July 
at the MK09 station (see Fig. 13). Is this caused by water being ‘poured’ from the Tien River to 
the Hau River through the Vam Nao branch? More study is required. 

3.3. Tritium content in river water

Tritium contents in the Tien and Hau Rivers based on time are presented in Fig.14. 

FIG. 13. a) Variation in δ18O for river water levels different times at MK09 for the Hau River.
b) Variation in δ2H for river water levels and different times at MK09 for the Hau River.
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The tritium content observed in river water over time shows that it seems to change slightly  
according to season, becoming higher in the dry season when water from high latitude areas 
with high tritium dominates at the monitoring areas. At the same time, the tritium content of 
river water is always higher than that in local rain water (less than 2.0 T.U).

Along the river course, tritium content decreases from upstream to downstream. This can be 
caused by groundwater discharge (which is free of tritium) to the river.

Seasonal changes in tritium, as well as those that occur along the river course, need to be 
monitored for a much longer time.

4. CONCLUSION

A total of 190 river streamfl ow samples (for δ2H, δ18O) and 95 samples for tritium were 
collected. Water samples collected have been analyzed for 18O, 2H (by IRMS) and 3H (by LSC 
after electrolytic enrichment) at Isotope Laboratories at the Institute for Nuclear Sciences and 
Technology (INST) in Hanoi and Center for Nuclear Techniques (CNT) in Hochiminh City, 
Vietnam. Analysis accuracy is ±0.15‰ for δ18O and ±1.0‰ for δ2H.

In general, both tributaries (Tien and Hau) of the Mekong River where stable isotopic data 
was collected show a seasonal fl uctuation: heavy isotopes were more enriched in dry season 
months (from November to April) and became depleted in the rainy season. At the same time, 
a small divergence in May was observed because of unstableness associated with seasonal 
change, while more enrichment in heavy isotopes in the river was recorded in July (the rainy 
season) when local precipitation was isotopically more negative (except at MK09 station). 
Although seasonal changes in the stream fl ow of isotope composition are defi ned, variations in 

FIG. 14. Tritium content in water of the Tien River.
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isotopic composition of Tien and Hau river water is very complicated because it is infl uenced 
by groundwater, precipitation and isotopic (latitude, amount and evaporation) effects.

The tritium contents of river water show a small seasonal variation. Tritium content in river 
waters is always higher than that in local precipitation. This can be explained by the infl uence 
of water fl owing from higher latitude inland areas where tritium contents are high relative to 
the monitoring area.

To defi ne residence time and aquifer/streamfl ow interaction — which would be of importance 
for studying hydrological processes in Asian rivers (for which few data still exist) as well as 
for the global database — the Mekong River must continue to be monitored for environmental 
isotopic composition in the future at a minimum of fi ve existing stations in the south of 
Vietnam. Parameters that should be monitored within the GNIR network of isotopes in river 
basins include environment isotopes (2H, 18O, 3H) in river water, groundwater and local rain 
water. It is also necessary to set up some stations along the river’s course outside of Vietnam 
territory to gather more isotopic data regarding the Mekong river basin. 
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TEMPORAL AND SPATIAL VARIATIONS OF δ18O 
ALONG THE MAIN STEM OF YANGTZE RIVER, CHINA

B. Lu a, T.Sun a, C. Wang a, S. Dai a,b, J. Kuang c, J. Wang a

a State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering, Hohai Univ., 
Nanjing, China

b Flood-control Division, Taihu Basin Authority of MWR, Shanghai, China
c Hydrology Bureau of MWR, Beijing, China

Abstract. The Yangtze River is the largest river in China, and the third longest in the world. Data on δ and δ18O 
isotopes in the river water provide a very useful tool for interpretation of hydrological processes and hydrological 
cycles related to climate change and anthropogenic activities in a large scale river basin. Since 2003, 170 water 
samples have been recovered from the fi rst water campaign and regular samples over one year from four stations 
have been analyzed for δ and δ18O composition. From upstream to downstream, the isotopic composition of 
 and 18O gradually increase. The trendline of the fi rst campaign is situated in the middle of the LMWL and the 
trendline of isotopic δ and δ18O for one year sampling at four regular stations is in good accordance with the 
LMWL. Water infl ow from tributaries joining the main stem of Yangtze River are one of the main reasons for 
spatial isotopic variations in the river’s water. Results revealed that temporal and spatial variations in oxygen 
and hydrogen isotopes of water samples along the main stem of the Yangtze River are strongly driven by the 
isotope patterns in regional precipitation. Secondary signals deriving from the infl ux of evaporatively enriched 
waters from several major lakes or reservoirs along the system are also apparent. The peak of river water isotopic 
temporal variations corresponds well to the boundary marking the beginning or end of annual fl ooding periods at-
site. The peaks and valleys of river water temporal isotopic variations may be a good indicator to mark the split in 
river water between surface and groundwater water infl uences at a given location for a water year.

1. INTRODUCTION 

The Yangtze River is the largest river in China, and the third largest in the world. The river 
snakes its way 6397 km from western China’s Qinghai–Tibet Plateau to the East China Sea near 
the city of Shanghai, crossing nine provinces and spanning 90° 33’ to 122°25’E and 24°30’N 
to 35°45’. Its watershed has an area of about 179.93×104 km2, including approximately 20% 
of China’s total land area and 25% of its total farming land area. About 350 million people live 
near the Yangtze River and its 700 tributaries. 

From its origin to its estuary the river crosses three main physiographic regions in China 
corresponding to the three main sections, which are upstream, midstream and downstream. 
From the headwaters to Chongqing, the upstream portion of the river is located on the uplands 
of the Tibetan Plateau. The downstream portion of the river extends from the mouth of Poyang 
Lake to the estuary in the lowland region. The portion of the river in between these regions 
is located on an intermediate step and is referred to as the midstream. The headwaters of 
the Yangtze are situated at an elevation of about 4876.8 m in the Kunlun Mountains in the 
southwestern section of Qinghai. In this area, north of the Himalayas at the Yangtze’s origin, 
the Tibetan Plateau has mighty glaciers and continuous snow cover that melt into the river. 
The famous three gorges are located medium stream, and all four of China’s largest freshwater 
lakes are in the medium and low reaches of the river. 
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Flood inundation, water shortages caused by environmental pollution, soil erosion and 
geological disaster are a few of the major issues facing the Yangtze River basin because 
of intensive human activities and unsuitable land use. To ensure sustainable economic and 
social development, a better understanding of hydrological processes and the water cycle is 
very important at the watershed scale. Watershed hydrology requires integrating knowledge 
of the hydrosphere, biosphere and atmosphere. Previous studies have shown that commonly 
used hydrological approaches can’t completely recognize the intrinsic characteristics and 
mechanisms of hydrological processes and the water cycle. 

River discharge is composed of snowmelt, surface runoff and groundwater seepage, and is 
a very important link in the global hydrological cycle. It integrates all information on all three 
disciplines mentioned above and their impact on the watershed. Much valuable information is 
contained in the isotopic composition of river discharge. Isotopic signatures in river discharge 
can potentially provide information on how the hydrological cycle is impacted by both climate 
change and land use. Stable isotope measurements of river discharge are now used in studies 
of watershed hydrology, for example to describe major fl ow pathways of groundwater, to 
trace water mixing history, to determine mean residence time, surface water and groundwater 
exchange and renewal rates, evaporation–transpiration partitioning, and to split hydrographs. 
Dansgaard (1964) [1] fi rst proposed use of the value d to characterize the deuterium excess 
in global precipitation. The value d is defi ned on a slope of 8, and is calculated for any 
precipitation sample as d = δ2H – 8 δ18O. On a global basis, d averages about 10. It changes due 
to variations in humidity, wind speed and sea surface temperature during primary evaporation 

[1]. The parameter d has been widely used to estimate the impact of global climate changes 
and anthropogenic activities on large scale water cycles.

The IAEA has accumulated a great deal of isotopic data for rainfall. However, application 
of isotope techniques to the study of large scale rivers has been limited by a lack of isotopic 
data on discharge. To support isotope techniques applied at the large scale watershed level, 
a global research project entitled ‘Design criteria for a network to monitor isotope composition 
of runoff in large rivers’ was started in 2002 by the IAEA. ‘The isotopic tracing of hydrology 
processes in the Yangtze River basin’ is one cooperative research programme of the project. The 
main purpose of the project is to better understand the interaction of surface and groundwater, 
the contribution of the groundwater to stream fl ow and the water balance, and to identify the 
impact of human activities and climate change on river runoff. 

Apparently, coupling this information into atmospheric GCMs and hydrological models 
equipped with isotope tracers should improve the accuracy of forecasting basin fl ooding and 
improve water resource planning. The measurement of isotopic fl uxes and volumetric discharge 
is very useful for the development, utilization and protection of water resources in large scale 
watersheds. 

2. WATER SAMPLING

The fi rst water campaign combined with a water pollution investigation was carried out by 
the Environmental Monitoring Center of the Water Resources Committee of the Yangtze 
River. It took place in January of 2003. Seventy-four water samples were collected for the fi rst 
water campaign, four samples for each cross-section within Three Gorges Reservoir, a total of 
11 transects and one sample per transect not involving the reservoir, totalling 30 transects. At 
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four regular monitoring stations, water was sampled between 8:00 and 8:30 on the fi rst day and 
15th day of each month from 1 Oct. 2003 until 3 Sept. 2005. Water samples were taken using 
the boat measurement method at 0.1 relative depth below the river water surface and at the 
0.3 relative width away from the right (or left) bank for each transect of the whole river. The 
sampling sites are shown in Fig. 1.

All samples were analyzed for δ18O and δ2H in the Environmental Isotope Laboratory of the 
University of Waterloo (Canada) and the Hydrology Isotope Laboratory of IAEA (Vienna), as 
well as in the Key Laboratory of IGCS (China).

3. RESULTS AND DISCUSSION

3.1. Relationship between runoff and precipitation isotopic compositions

The relationship between δ18O and δ2H for precipitation and river water is demonstrated in 
Fig. 2. As illustrated, the real lines represent the relationship for the fi rst water campaign 
in January and a few weeks of 2003, as well as for the four regular sampling sites for 
about one year, starting in October 2003. The corresponding trendline equations are δ2H 
=7.64 δ18O + 6.93  and δ2H =7.68 δ18O + 5.61, respectively. It can be seen that the local 
meteoric water line (LMWL: δ2H =7.62 δ18O + 8.20) throughout the whole Yangtze River is 
mixed; sometimes very close to the global meteoric water line (GMWL: δ2H = 8 δ18O + 10) and 
somtimes appreciably higher than it [2]. The trendlines for river water along the main branch 
of the Yangtze River basin are also nearly parallel to the LMWL. This refl ects the fact that river 
water isotopic variations along the main branch strongly depend on precipitation isotope fi elds. 
As observed, differences in trend lines for river water are shown as d-excess. This proves the 
evaporation effect; river water experiences multiple evaporation infl uences including surface 
water evaporation and groundwater evaporation after precipitation water is converted into river 
water, which results in a higher d-excess value for river water than that in precipitation [3, 4]. 

FIG. 1. Sampling sites for the fi rst water campaign and the four regular monitoring sites (black dots 
and triangles represent the sampling sites for the fi rst water campaign and for the regular monitoring 
sites, respectively).
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3.2. Spatial variations of stable isotope 18O

The variation in δ18O composition in the fi rst water campaign for a stretch from the headwater 
along the main stem of Yangtze River is shown in Fig. 3. 

As observed, the isotopic composition of the river water progressively increases along the 
main stem and there are three major peaks in Fig. 3. The increase in δ18O along the river course 
is due to the evaporation effect being enhanced over the long distance. Along the fl ow path, 
the isotopic composition of water regulated by lakes or reservoirs is more positive than that 
of unregulated water in neighbouring sites due to evaporation. Isotopic compositions between 
former and later cross-sections are obviously different, which also reveals that isotope patterns 
depend on precipitation isotope fi elds. The largest δ18O peak showing the greatest evaporative 
enrichment (fi rst δ18O peak) is caused by water samples directly collected from Dongting 
Lake, which may consist of recharge from a rice plant fi eld [5–6]. The results are so because 
the water sample was collected in the mixing region of Poyang Lake and the main stem of 
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FIG. 2. The δ2H vs δ18O relationship of runoff and precipitation isotopes in the Yangtze River.

FIG. 3.  Variation in δ18O contents of the Yangtze River for 3900 km–6900 km from the headwater.
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Yangtze River. The last δ18O peak occurs at Zhengjiang, where the collected water sample was 
a composite consisting of water from the main channel of the Yangtze River and runoff from 
Hongze Lake.

3.3. Temporal variations of stable isotope 18O 

The temporal variation of δ18O via discharge change with time is refl ected in Fig. 4–5. Monthly 
average δ18O weighted by river discharge is expressed in the following equation: 

 
 

18 18 18
18 f f m m e e

i
f m e

O Q O Q O Q
O

Q Q Q

  


    


 

where 18
iO  represents average δ18O composition in the ith month, δ18Of, δ18Om, δ18Oe and Qf, 

Qm, Qe represent δ182 � YDOXHV� DQG�ULYHU� GLVFKDUJH� DW� WKH� � � UVW�� P HGLXP�� DQG�HQG�RI� WKH i-th month, 
respectively.

5 LYHU� ZDWHU� LV� FRPSRVHG� RI� P HOWZDWHU�� VXUIDFH� ZDWHU�� DQG�JURXQGZDWHU�� � W� WKH� ORZ� ZDWHU�
standing period, river water fl ux is dominated by groundwater because of decreasing 
precipitation contributions to river water.

� V� VKRZQ�LQ�) LJV� �� DQG���� WKH� δ18O peak appears before the summer fl ooding period at two sites 
DQG�WKH� WLP H� LQWHUYDO� EHIRUH� WKH� SHDN�FRXOG�EH� GLYLGHG�LQWR�WZR�SKDVHV� � � �� �ZLQWHU� ULYHU� ZDWHU�
LQ�WKH� ODVW� P RQWK�RI� �� � � �DQG�� � UVW� P RQWK�RI� �� � 4 was dominated by groundwater with higher 
δ18O values because of the low amount of precipitation received in winter. The δ18O value of 
river water is more positive and stable during this period: the δ182 � YDOXH� LV� DERXW� ±�� � � LQ�
+ DQNRX�VWDWLRQ�DQG�±��� LQ� � KRQJTLQJ�VWDWLRQ� �� �� �old water gradually drained out of the 
basin becomes the main component of river water in the period starting from February and 
ending at the δ182 � SHDN�� � WURQJHU� HYDSRUDWLRQ�FDXVHG�E\� LQFUHDVLQJ� WHP SHUDWXUH� DOVR�LQFUHDVHV�
δ18O values. The value reaches the highest point at the end of the period, and the fl ood period 
starts after the isotopic peak. The δ18O value declines because new water becomes the main 
component of river water. 

FIG. 4. Weighted δ18O and monthly mean discharge change with time 
at Hankou Hydrological Gauge Station.
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More attention should be paid to the time of the δ18O peak, which corresponds closely to the 
beginning of the fl ooding period in the corresponding region; June 15 for Chongqing station, 
and May 15 for Hankou station. This feature could be used to split a water year into fl ood and 
the low water periods.

4. SUMMARY AND CONCLUSIONS

Based on the study of stable water isotopes along the main stem of the Yangtze River, the 
following pertinent conclusions can be drawn:

(a) Temporal and spatial variations in oxygen and hydrogen isotopes of water along the main 
stem of the Yangtze River strongly refl ect isotope patterns in regional precipitation.

(b) The infl uence of lakes and reservoirs on the isotopic composition of the river water can be 
very large. They directly result in a d-excess values increase.

(c) Stable isotope composition peaks or valleys for river water are good indicators, splitting 
water years into fl ood and low water periods at a given location.
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FIG. 5. Weighted δ18O and monthly mean discharge change with time 
at the Chongqing Hydrological Station.
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TABLE 1. ISOTOPE CONTENTS OF THE YANGTZE RIVER, CHINA

Lab No. Sample Code Sampling Date 18O(‰VSMOW) 2H (‰ VSMOW)

49001 A1 (CQ) 2005–1–1 –7.11 –53.67

49002 A2 (CQ) 2005–1–15 –7.83 –57.01

49003 A3 (CQ) 2005–2–1 –7.57 –51.68

49004 A4 (CQ) 2005–2–15 –6.09 –47.07

49005 A5 (CQ) 2005–3–1 –4.13 –38.88

49006 A6 (CQ) 2005–3–15 –6.33 –46.16

49007 A7 (CQ) 2005–4–15 –7.69 –50.93

49008 A8 (CQ) 2005–4–2 –8.3 –51.67

49009 A9 (CQ) 2005–5–1 –8.11 –47.99

49010 A10 (CQ) 2005–5–15 –1.51 –16.21

49011 A11 (CQ) 2005–6–1 –6.69 –40.22

49012 A12 (CQ) 2005–6–15 –5.88 –36.99

49013 A13 (CQ) 2005–7–1 –5.12 –43.2

49014 A14 (CQ) 2005–7–15 –9.36 –59.96

49015 A15 (CQ) 2005–8–1 –8.96 –64.17

49016 A16 (CQ) 2005–8–15 –10.39 –73.57

49017 A17 (CQ) 2005–9–1 –10.28 –69.35

49018 B1 (HK) 2005–1–1 –4.1 –36.46

49019 B2 (HK) 2005–1–15 –5.16 –65.71

49020 B3 (HK) 2005–2–1 –12.08 –86.95

49021 B4 (HK) 2005–2–15 –12.07 –86.83

49022 B5 (HK) 2005–3–1 –11.6 –80.53

49023 B6 (HK) 2005–3–15 –8.97 –68.34

49024 B7 (HK) 2005–4–15 –11.15 –75.64

49025 B8 (HK) 2005–4–2 –8.86 –59.2

49026 B9 (HK) 2005–5–1 –8.4 –64.38

49027 B10 (HK) 2005–5–15 –9.82 –75.69

49028 B11 (HK) 2005–6–1 –3.81 –36.12

49029 B12 (HK) 2005–6–15 –10.63 –77.84

49030 B13 (HK) 2005–7–1 –11.23 –72.38

49031 B14 (HK) 2005–7–15 –10.72 –80.25

49032 B15 (HK) 2005–8–1 –11.39 –79.94

49033 B16 (HK) 2005–8–15 –11.4 –86.79

49034 B17 (HK) 2005–9–1 –13.29 –95.51

49035 B18 (HK) 2005–9–15 –13.32 –98.26

49036 C1 (XLJ) 2004–10–1 –9.87 –69.35

49037 C2(XLJ) 2004–10–15 –10.95 –68.91

49038 C3(XLJ) 2004–11–1 –9.85 –68.3
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Lab No. Sample Code Sampling Date 18O(‰VSMOW) 2H (‰ VSMOW)

49039 C4(XLJ) 2004–11–15 –10.33 –68.72

49040 C5(XLJ) 2004–12–1 –10.14 –69.01

49041 C6(XLJ) 2004–12–15 –9.47 –69.64

49042 C7(XLJ) 2005–1–1 –9.1 –67.8

49043 C8(XLJ) 2005–1–15 –7.46 –53.75

49044 C9(XLJ) 2005–2–1 –9.8 –68.95

49045 C10(XLJ) 2005–2–15 –9.08 –69.78

49046 C11(XLJ) 2005–3–1 –8.08 –66.91

49047 C12(XLJ) 2005–3–15 –10.37 –69.58

49048 C13(XLJ) 2005–4–15 –7.98 –62.47

49049 C14(XLJ) 2005–4–2 –10.32 –69.55

49050 C15(XLJ) 2005–5–1 –10.16 –69.85

49051 C16(XLJ) 2005–5–15 –6.59 –59.29

49052 C17(XLJ) 2005–6–1 –9.76 –70.1

49053 C18(XLJ) 2005–6–15 –5.25 –56.48

49054 C19(XLJ) 2005–7–1 –9.07 –67.07

49055 C20(XLJ) 2005–7–15 –10.19 –70.2

49056 C21(XLJ) 2005–8–1 –7.71 –55.24

49057 C22(XLJ) 2005–8–15 –9.87 –69.9

49058 C23(XLJ) 2005–9–1 –10.25 –69.67

49059 C24(XLJ) 2005–9–15 –9.45 –67.07

49060 D1(DT) 2004–10–1 –8.97 –63.21

49061 D2(DT) 2004–10–15 –9.97 –68.32

49062 D3(DT) 2004–11–1 –8.41 –62.15

49063 D4(DT) 2004–11–15 –9.26 –66.43

49064 D5(DT) 2004–12–1 –9.16 –64.01

49065 D6(DT) 2004–12–15 –7.9 –57.03

49066 D7(DT) 2005–1–1 –7.7 –55.33

49067 D8(DT) 2005–1–15 –7.75 –51.59

49068 D9(DT) 2005–2–1 –6.13 –44.74

49069 D10(DT) 2005–2–15 –7.26 –47.62

49070 D11(DT) 2005–3–1 –5.52 –37.47

49071 D12(DT) 2005–3–15 –6.23 –36.38

49072 D13(DT) 2005–4–15 –7.44 –44.27

49073 D14(DT) 2005–4–2 –6.83 –42.79

49074 D15(DT) 2005–5–1 –6.75 –42.74

49075 D16(DT) 2005–5–15 –5.51 –34.88

TABLE 1.  ISOTOPE CONTENTS OF THE YANGTZE RIVER, CHINA  (CONTD.)
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Lab No. Sample Code Sampling Date 18O(‰VSMOW) 2H (‰ VSMOW)

49076 D17(DT) 2005–6–1 –6.35 –39.08

49077 D18(DT) 2005–6–15 –6.56 –39.88

49078 D19(DT) 2005–7–1 –6.4 –38.29

49079 D20(DT) 2005–7–15 –7.36 –48.31

49080 17(DN) 2005–5–16 –6.62 –48.69

49081 18(DN) 2005–5–16 –8.57 –58.09

49082 19(DN) 2005–5–16 –8.63 –57.66

49083 20(QJ) 2005–5–17 –7.07 –44.01

49084 21(QJ) 2005–5–17 –8.93 –59.83

49085 16(HK_1) 2005–10–1 –10.48 –72.17

49086 22 2005–10–1 –11.71 –84.07
            

TABLE 1.  ISOTOPE CONTENTS OF THE YANGTZE RIVER, CHINA  (CONTD.)

Note: Flood Forecasting and Water Resources Assessment for IAHS-PUB (Proceedings of the 
International Symposium on Flood Forecasting and Water Resources Assessment for IAHS-
PUB in Beijing, China, September–October 2006). IAHS Publ. 322, 2008 (accepted by IAHS 
Red Book).
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THE ROLE OF LAKES AND RIVERS AS SOURCES OF 
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Abstract. Due its magnitude, the water cycle in the Amazon basin plays a key role in the biogeochemical cycles 
of the region, as well as affecting regional and global climate. Despite its importance, the Amazon region is 
under constant pressure because of its natural resources, and deforestation accounts for a major part of this 
human infl uence. The continental freshwater system in the region is not highly threatened, although human 
occupation follows roads and rivers pathways. Several urban and agricultural activities take place by the river’s 
banks. Over the past 30 years, riparian regions have been cleared for agriculture and human settlements, and 
the fl oodplains are being intensely used for cattle grazing during the low water season and for fi shing during high 
water, putting at risk highly diverse and abundant fi sheries stocks in the region as whole. The fl oodplains are 
an important spawning habitat for several species. Thus understanding of biogeochemical and nutrient dynamic 
of the fl oodplains is crucial to sustain the ecological health of those systems. Identifi cation of physical process 
patterns (i.e, evaporation, wind, water current) and sources of water to the fl oodplains are key to this knowledge. 
The main objective of this work was to investigate the role of the Amazon fl oodplains lakes and rivers as sources 
of evaporated water to the atmosphere.

1. INTRODUCTION

The Amazon is the world’s largest continental evaporative basin [1], lying primarily in Brazil; 
its head waters are in the Andean region of Colombia, Peru, Ecuador and Bolivia, and it has 
the longest course to the Atlantic Ocean at over 6700 km. The Amazon basin encompasses an 
area of 6.4 million km2, with a precipitation fl ux of 14.1 × 1012 m3/ar of water into the basin 
and a fi nal runoff of approximately 6 × 1012 m3/ar [2]. Accordingly, approximately 50%–60% 
of yearly precipitation returns to the atmosphere via evapotranspiration [3, 6]. Transpiration 
is the largest component of evapotranspiration fl ux, and has a clearly recognizable source: 
the dense vegetation of the region. Evaporation, on the other hand, may be responsible for up 
to 40% of the evapotranspiration fl ux [1, 4]. However, distribution of the evaporative fl ux in 
the basin among rivers and lakes located in the Amazon fl oodplain (várzea lakes), and the forest 
through interception of rain by the canopy is still unclear [1, 5]. Rivers and fl oodplain lakes 
were investigated through the CAMREX project and also through monthly sampling over a 
period of less than one year in a few lakes located in the Central Amazon [5]. At that time, 
only lake water samples and feeding river waters were collected. Based on this limited data 
set, we concluded that rivers and, overall, lakes could be an important source of evaporated 
water to the atmosphere, mainly during the end of falling water and beginning of the rising 
stage [5]. Moreira et al. [6] indicated that most of the vapour within a primary forest system in 
the Amazon region is generated by plant transpiration.
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The water cycle in the Amazon basin plays a key role in the biogeochemical cycles of 
the region [2], as well as affecting global climate patterns [7]. Thus, it would be very important 
to detail our knowledge of Amazon water balance components before deforestation processes 
profoundly alter the regional water cycle [8] .

Sampling efforts were concentrated in the Santarém region, located in the eastern portion of 
the Amazon basin. In this region there are two main rivers in the basin, the Amazon and Tapajós 
rivers. The region is also rich in fl oodplain areas and series of lakes, all along the Amazon’s 
main stem (Fig. 1).

The Curuai fl oodplain is located on the right bank of the Amazon River, 900 km upstream 
of the river’s mouth at the Atlantic. It is a complex system of more than 30 interconnected 
lakes, linked to the mainstream by permanent and temporary channels. With an open water 
area varying between 600 km2 and 2500 km2, it represents ~13% of the total fl ooded area of 
the Amazon River between Manaus and Óbidos (Fig. 2).

The water dynamics of the Amazon fl oodplains drive life in the region to a large degree. Nutrient 
cycling associated with sediment loads and changes in water level sustain the biological 
richness of these ecosystems. Spawning and feeding habitats for a enormous variety of fi shes, 
refuge and feeding opportunities for predators, potential agricultural alternatives for local 
communities, water supply and quality are some among several ecosystems services provided 
by the fl oodplains and wetlands of the Amazon basin.

Floodplain hydrology is controlled by the main river regime depending on fl oodplain geometry 
forming lakes and channels, where water resident time is related to interconnectivity among 
different water bodies. The local climate regime defi nes the seasonality of water levels and 

FIG. 1. Study region and its location within the Amazon basin, Brazil.
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yearly distribution of radiation and water suspended material content, and it defi nes rates of 
primary production in the system. Watershed hydrology and land use are related to the amount 
of organic matter and the nutrient load brought into fl oodplain waters through the runoff 
process, as well as to the dynamic and residence time of water through infi ltration, runoff, 
evaporation, channel fl ow, and lake storage, among other factors. Thus, answers to questions 
related to how nutrient and hydrological dynamics take place in the fl oodplains are crucial to 
understanding and managing this system.

2. SAMPLING

Samples were taken during the fi rst part of the project with a biweekly frequency for the major 
water bodies, the Tapajós and Amazon Rivers. The several stations within the Curuai fl oodplain 
were sampled once a month, at least, and in key hydrological stages (seasonal changes in water 
level) every other week. The small rivers draining the forest into the fl oodplain were sampled 
every time the lake was sampled. Most sampling was done in collaboration with ERD-France. 
Rainfall was collected in the fl oodplain region and per event in the Reserva Nacional do 
Tapajós (FLONA), a primary forest reserve located approximately 80 km from the Curuai 
varzea. Water vapour samples were taken within the forest and over the lake surface (about 
2 m), using a dry ice slush trapping system. Water samples from rivers and lakes were collected 
under the surface directly in an oven dry fl ask. Sampling stations at the Curuai fl oodplain are 
shown in Fig. 3.

To determine possible contributions of evaporated water to the atmosphere, slopes of 
the regression line between δ18O and δ2H for river waters and the ‘d’ values for rainfall and 
lake water [5] are primarily used. Várzea lakes are not homogeneous water bodies. They 
receive water from a major feeding river, like the Amazon or Tapajós, as well as from their 
watershed (small rivers, locally called igarapés). These two water types have distinct isotopic 

FIG. 2. The Curuai Várzea (fl oodplain), with major sampling stations. 
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compositions, worsening conditions for classical evaporation studies using isotopes. During 
the dry season water input is minimum, thus várzea lakes become suitable for classical 
evaporation studies [1, 9, 10].

3. RESULTS AND DISCUSSION

Figure 4 presents δ18O variations in one fi eld campaign in 2002, when water levels started to 
go down in the fl oodplain and the upper reaches of the region already presented an evaporation 
signal (beside two wells samples at –8‰ δ18O). Figure 4 represents the east–west longitudinal 
gradient on the x-axis, which follows Amazon river fl ow, i.e to the east water residence time is 
higher in the fl oodplain at this time of the year.

Oxygen isotope seasonal variability and strong evaporation components can be observed in 
Fig. 5. The model extrapolates point sampling in three periods of the year, represented by side 
graphs where one can observe Amazon river water level variations and the isotopic values of 
key elements in the fl oodplain. Figure 5 represents upper and lower parts of the region and  
clearly shows substantial isotopic enrichment during the low water period.

Isotopic variability in Curuai Lake is also represented by the δ2H of the stream. Well water did 
not vary and was always lighter than the stream water for the entire sampling period (Fig. 6). 

FIG. 3. Study area and sampling sites at: (0) rainfall at Curuaí town, (2) Tapajós River, (3) water 
vapour at Vila do Socorro, (4) stream, (A and B) Lake Salé, (C and D) Lake Poção, and (E and F) 
Lake Grande do Curuaí. 
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By contrast, we observed signifi cant variations in the δ2H of lakes during the sampling period. 
From August to the end of September, the δ2H of the lakes was similar for all lakes. However, 
from the end of September to end of November, the δ2H of the lakes increased signifi cantly, 
contrasting with Lake Grande (Fig. 6). The highest increase was observed at Lake Poção, 
followed by Lake Salé at Tabatinga and São Nicolau. After peak δ2H was reached, the isotopic 

FIG 4. Representation of oxygen isotopic variation throughout the Curuai fl oodplain over a few days 
in August 2002. Sampling of the whole system in one day is not feasible.

FIG. 5. Representation of δ18O in the Curuai fl oodplain in comparison with xy plots showing water 
levels in the system.
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composition of water started to decrease up to the beginning of January, staying constant 
until March–April. The δ2H values of Curuaí’s Lake Grande behaved differently. The δ2H 
saw a small decrease from the end of September to the middle of November, then increased 
signifi cantly at the end of November, maintaining similar values until the end of December, 
when values started to decrease again (Fig. 6).

The increase in δ2H values of these lakes suggests deuterium enrichment caused by evaporation 
during the dry season or mixture with an isotopically different water body. Stream and well 
water had lighter δ2H values than that of the lakes, especially during the dry season (Fig. 2). 
Therefore, these water bodies were not responsible for the δ2H change observed in the lakes 
during the dry season. Results from the Amazon and Tapajós rivers are shown in Fig. 7. Curuai 
lake water clearly shows the Amazon River is the major water source to the fl oodplain.

Further confi rmation of the evaporation effect in the isotopic composition of the lakes can be 
seen in Fig. 8. The following equations represent rainfall and lake water:

Rainfall

δ2H = 7.14 (δ18O) + 3.99, r2 = 0.98 (1) 

Lake Salé at Tabatinga

δ2H = 4.92 (δ18O) – 6.70, r2 = 0.95 (2) 

Lake Salé at São Nicolau

FIG. 6. Temporal variation of δ2H in several water bodies sampled in this study. 
The box indicates the dry season period.

226



δ2H = 5.56 (δ18O) – 4.19, r2 = 0.98 (3)

The equation yield for both sites sampled at Lake Salé showed a slope < 8, suggesting 
evaporation processes affected lake water during the dry season. This was further confi rmed 
by the evaporation lines produced in other regions of the lake (namely Tabatinga and São 
Nicolau), as presented in Fig. 8.

Values of dEXCESS (‘d’) below 10 indicate an evaporation process. As can be observed in Fig. 9, 
seasonal variations of ‘d’ values point to the strong hydrological fl uctuation and decoupling of 
the fl oodplains system from the main Amazon river channel. The smallest ‘d’ values were seen 
during the low water period, when the highest δ2H values observed (Fig. 9).

FIG. 7. Temporal variation of δ2H of the ‘Lago Grande do Curuai’ and Amazon and Tapajós Rivers. 
The box indicates the dry period.

FIG. 8. A plot for δ2H vs δ18O in rainfall (only line), as well as the stream and Lake Salé at Tabatinga 
and São Nicolau.
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3.1. Analysis per reach of the fl oodplain system

3.1.1. Lake water

In each set of fi gures to follow we present the temporal variability of δ18O, the plot δ18O × δ2H, 
and the temporal variability of dEXCESS values and δ2H for lakes Salé at São Nicolau (Fig.10), 
Salé at Tabatinga (Fig. 11), Poção (Fig. 12), and Grande at Curuaí (Fig. 13).

FIG. 9. Temporal variation of ‘d’ values and δ2H in Lake Salé at Tabatinga and São Nicolau.

FIG. 10. Temporal variability of δ18O, the plot δ18O vs δ2H, and temporal variability of d values 
and δ2H for lake Salé at São Nicolau.
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The δ18O values of Lake Salé at São Nicolau increased sharply during the dry season, reaching 
the highest values at the lowest water level of the Amazon River measured in Óbidos (Fig. 10). 
This increase suggests that this section of Lake Salé has undergone evaporation during the dry 
season. During the high water period the δ18O of Lake Salé at São Nicolau became similar to 
the δ18O of its water sources (data not shown). This trend is confi rmed by the sharp decrease 
in δ18O values of the Lake Salé at São Nicolau during the water rising period, from January 
to July 2003. The plot of δ18O vs δ2H compares lake water with forest stream water and water 
from a well, which are sources of water to the river. While the water sources plot along the line 
yielded by rainfall samples (δ2H = 7.14 × δ18O + 3.99, r2 = 0.98), water from the lake is plotted 
along an evaporation line (Fig. 10), with a slope smaller than 8 (δ2H = 5.56 × δ18O – 4.19, 
r2 = 0.98). In addition, the d value of the lake during the dry season decreases to values smaller 
than 10, indicating that evaporation is affecting the lake.

Lake Salé at Tabatinga followed a similar tendency to that at São Nicolau (Fig. 3). However, 
δ18O enrichment during the dry season of 2003 was not as high in Tabatinga as that at São 
Nicolau (Fig. 11). As the δ18O vs δ2H plot was composed mainly of samples from 2001 to 2002, 
a clear evaporation line was seen, with the following equation δ2H = 4.92 × δ18O – 6.70 
(r2 = 0.95). The d values of the lake at that site also decreased to values smaller than 10 during 
the dry season.

FIG. 11. Temporal variability of δ18O, the plot δ18O vs δ2H, and the temporal variability of d-excess 
values and δ2H for lake Salé at Tabatinga.
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The greatest δ18O enrichment during the dry season was observed at Lake Poção (Fig. 12). 
From August to November 2001, a 10‰ increase in the δ18O values were observed in this lake. 
The slope of the line δ18O vs δ2H was also smaller than 8 (δ2H = 5.78 × δ18O – 3.34, r2 = 0.99), 
and the d-excess value decreased during the dry season, reaching its minimum in November 
and December (Fig. 4).

Lake Grand near Curuaí is the nearest sampling site connecting the lake to the Amazon River 
(Fig. 13). At this site, the increase in δ18O during the dry season was not so clear as it was for 
other sampling sites. Minimum δ18O values were observed during the rising water period of 
2001–2002, not during the minimum level of the river (Fig. 13). The same was observed during 
the rising period of 2002–2003, but high variability was observed during the river’s minimum 
level in this period. The plot of δ18O vs δ2H did not produce a clear evaporation signal, and 
the slope of the line was near 6. Finally, the d-excess values during the 2001–2002 dry season 
decreased only slightly below 10 (Fig. 13). Therefore, this lake site is probably infl uenced by 
the connected river; even during the low water period it was not possible to distinguish a clear 
evaporation signal from the lake.

We have also analyzed isotopic variation within a water column through sampling at several 
depths; no variability according to water depth was found, suggesting a well-mixed water 
body. In the Amazon river, isotopic values became heavier downstream, or from west to 
east, following the outfl ow of succeeding systems of fl oodplain, dominated in this stretch by 
the Curuai Várzea (Fig. 14). At Tabatinga, the most upstream sampling site, the δ2H value was 
equal to –58.5‰. More than 2000 km downriver, δ2H increased approximately 15‰, reaching 
–43.8‰ at Óbidos. The main cause for this downstream increase is the dilution of isotopically 

FIG. 12. Temporal variability of δ18O, the plot δ18O × δD, and the temporal variability of d values 
and δD for the lake Poção.
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FIG. 13. Temporal variability of δ18O, the plot δ18O vs δ2H, and the temporal variability of d-excess 
values and δ2H for Lago Grande at Curuai.

FIG. 14. Downstream variation of δ2H values along the R.Solimões-Amazon. 
The arrows indicate the δ2H values of several tributaries along the river.
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light waters from the Andes mountains by isotopically heavier water from the Amazon 
lowlands (Fig. 14).

3.2. WATER INPUTS TO THE FLOODPLAIN

A compilation of data collected in collaboration with Dr. Bourgoin showed the isotopic 
composition of Amazonian precipitation and river waters varying signifi cantly during 
the hydrological cycle. The isotopic composition of river waters presents limited variations: 
– 5.8 +/–0.7‰ (δ18O); –36.3 +/–4.3‰ (δ2H), and isotopic signature becomes impoverished 
with increasing discharge. Local rainfall shows large annual variations (δ2H from +30‰ to 
–90‰). Weighted averages are –4.5‰ (δ18O) and –26.8‰ (δ2H), and interestingly the rainfall 
isotopic signature is out of phase with the pluviograph (enriched during the dry season, and 
impoverished during the rainy season) due to the mass effect. Groundwater presents a steady 
isotopic composition signature averaging that of large rainfalls, and surface runoff from 
the watershed (ie. the stream at Tabatinga do Sale) presents uniform composition throughout 
the year, probably due to a dominant contribution of groundwater summed to runoff on 
the forested basin drained by this stream.

3.2.1. Water vapour

Our work also examined water vapour at the mouth of Lake Grande (Fig. 15) and from primary 
forest in the region (Fig. 16). More depleted vapour is found over the lake surface, compared 
to vapour over the forest canopy (for comparison the δ18O of tropospheric water vapour is 
presented. This sample was collected during fl ights over the lake in May 2003). An interesting 
aspect is enrichment of the water vapour’s oxygen isotopic signature both in the forest and 
over the lake throughout the year 2003. One possible explanation would be a wetter year in 
2002, in fact in some locations, such as the Lake Sale in Tabatinga, the δ18O of the water is 
more depleted in 2002 than in the previous year.

FIG. 15. Isotopic variation of the water vapour (δ18O) over the Lago Grande do Curuai. 
The triangle symbol indicates the troposphere water vapor over the Curuai lake region.

232



3.2.2. Leaf and sap water

Leaves and stems — an important source of atmospheric water vapour in the region — were 
collected monthly for oxygen isotope analysis. Previous work has shown that in dry periods 
the contribution of evapotranspiration to atmospheric water vapour can reach 70% in forested 
canopies, and evaporation associated to transpiration increases during rainy periods due to 
wetter surfaces (such as those of a leaf). Atmospheric water vapour over the forest increases in 
δ18O from the wet to the dry season with a similar pattern for leaf water; contrastingly the δ18O 
of stem water is more stable throughout the year.

The δ18O composition of stem water was near –4‰, similar to δ18O values found in the Amazon 
River (–5.1‰) and Tapajós River (–4.5‰), also collected in September of 2002.

FIG. 16. Isotopic variation of the water vapour (δ18O) over a primary forest in the Satarem region, 
close to the Lago Grande do Curuai.

FIG. 17.  Values of δ18O for bulk leaf water and the sap water of plants collected along the shore of 
Lake Grande in September 2002.
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FIG. 18. Isotopic variation of the leaf and stem water vapor for a primary forest in Santarém region.

4. CONCLUSION

The tracing of stable isotopes in the Curuai fl oodplain proved to be useful in characterizing the 
spatial and temporal variability of fl oodplain hydrological dynamics, as well as for the isotopic 
characterization of water vapour fl ux to the atmosphere.

Measured isotopic compositions of fl oodplain waters were compared to values calculated by 
a coupled hydrological–isotopic simulation model [11]. Contributions from different sources 
(river, rainfall, groundwater) were constrained by the method. Water fl uxes from components 
that are not easily and directly measured (i.e. watershed runoff, lake evaporation) could be 
validated using the isotopic geochemistry.

Due to intense evaporation processes in the lakes during the dry season, our results showed 
that fl oodplain waters fl owing back to the river were generally enriched in stable isotopes (18O 
and 2H). This suggests the method is valid to quantify fl oodplain contribution to main river 
discharge and its chemical composition during the four main phases of the hydrological cycle.
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