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FIG. 3. Scatter plot showing the distribution of 0’0 vs 6°H values of daily grab samples,
the monthly average and the grab sample collected on 15 Nov. 2004.

Isotope analyses were carried out at INGEIS Laboratories. Deuterium (?H) in water samples
was prepared using standard procedures [8] and for 30, 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 & (%o) and defined as:

5=1000 85" Rr o,
Rp
where:
o is isotopic deviation in %o;

S is sample;

P isinternational standard

R isisotope ratio (?H/'H, '*0/'°0).

The standard is Vienna Standard Mean Ocean Water,V-SMOW [10]. The analytical uncertaini-
ties are +0.1 %o and £1.0 %o for 3'*0 and &’H 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 = 1°H : 10'® 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. Parana 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 Parand River at the Corrientes and Santa Fe
gauge stations [11].
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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 scientific 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:

e 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 refining 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 20, ?H and sometimes *H (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 final 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 flowpath 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 influence of precipitation induced by regional climate phenomena (El Nifio, 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 infiltration 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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FIG. 1. Map of catchments monitored during the CRP.

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 5180 values in early summer indicates the discharge of melting snow, while summer
increases of 5'80 in the Lena are attributed to summer precipitation, and do not indicate any
significant impact of evaporated water from taiga lakes. These processes impact the recently
identified 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 identification of the sources of increased discharge.

Monitoring the isotopic composition of the Parand River in South America highlights
the potential of stable water isotopes for tracing the influence 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 influenced strongly
by seasonal changes in the Inter-Tropical Convergence Zone (ITCZ). Periodical pronounced
southward inflexion of the ITCZ over the Amazon plain in the austral summer, known as El
Nifio Southern Oscillation (ENSO), causes intense precipitation depleted in 2H and 80 at
the headwaters of the Parana. Values of §2H and & *O and particularly of deuterium excess
(d-excess = 6°H - 83%0) in the Parana 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-excess paralleling increases in the ENSO-index are a result of additional contributions



of recycled water vapor from evaporation of surface water and water captured through canopy
interception during El Nifio events.

Three longitudinal profiles along the Rio Grande in southwest USA show a large enrichment
in 180 reflecting typical evaporative water losses in arid catchments. The 2002/2003 winter
profile 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 flow (enriched in §'80) 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) reflects the release of reservoir waters that have experienced
significant evaporative enrichment in 580 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 difficult 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 km?, the headwater precipitation isotope signal is largely conserved in
the streamflow. 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 confluences.

The CRP also addressed the question of type of sampling for streamflow isotope analyses (grab
versus composited flow weighted samples) and stated that, based on two detailed studies in
the Danube and Parana, a grab sample sufficiently 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 flow 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 streamflow 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 streamflow 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 flexible, allowing not only for large scale water balance, but also for assessment
of patterns (“isoscapes’) in smaller hydrogeological systems in watersheds.






1. INTRODUCTION
1.1. Background

The question as to what extent and why the water isotope (*30, ?H 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 first 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 first 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 first 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 20 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, streamflow isotope and related hydrochemical data were
used to quantify the portion of streamflow discharged from adjacent aquifers (also referred
to as groundwater runoff or baseflow) during stormflow events. The first isotopic hydrograph
separation approaches using isotopes employed tritium [11] and stable isotopes of 0 and ?H
[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 baseflow
proportion in the stream discharge hydrograph [15], compared to the expected proportions
derived from the early conceptual models of streamflow 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 peakflow associated with rainstorms
[17]. These results contradicted the traditional engineering assumption of Hortonian overland
flow generation [18] as the dominant component of streamflow 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 infiltration. 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 first 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 flow 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 specific impact of particular subcatchments or particular hydrological
processes. A need was therefore identified for a thorough compilation of available isotope data
from both larger and smaller rivers, their coordination with hydrological and hydrochemical
data and a flexible 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 modified by processes in the vadose zone, tributaries and aquifers. These
modifications are different in various climate settings and result in different pathways of water
between rainfall and runoff. Recent studies (e.g. VOorosmarty and Meybeck [25]), however,
suggest that the impact of storage sheds, diversions and redirection of streamflow 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 flooding, 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 scientific 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 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. 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 refining



TABLE 1. SAMPLING PROTOCOL OF GNIR

Recommended data Additional data
Name
River basin Upstream area Other relevant information on the basin
Land use
Name
sampling site Coordinates Closest stations of GRDC, GEMS/Wa-
ping Elevation ter, GNIP
Map and photo
580 34
Isotopic data at sampling site &°H .
Analytical uncertainties All other isotopes
Discharge Hydrochemistry
Other data at sampling site Electrical conductivity Hydrobiology
Temperature

Meteorology

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 GNIR 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 flow. 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 Streamflow as Indicators of Groundwater



Sustainability,” 2004-2010), as well as the assessment of the snow and glaciermelt component
in streamflow (‘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
streamflow, 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: first, 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 profile-longitudinal surveys, and third, all remaining ad-hoc data from IAEA Technical
Cooperation Projects, IAEA Coordinated Research Projects and other scientific 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 fingerprinting of streamflow 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, scientific papers, and, above all, identification 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 first thorough statistical treatment of the GNIR data conducted by the IAEA is in
preparation.

Finally, the GNIR is open to new scientific frontiers in the monitoring of solute isotopes (carbon,
nitrogen, strontium, sulphur) in streamflow 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 streamflow (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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ENVIRONMENTAL ISOTOPE RATIOS OF RIVER WATER
IN THE DANUBE BASIN

D. Rank? W. Papesch®, G. Heiss?, R. Tesch®

a Center of Earth Sciences,
University of Vienna, Vienna, Austria

b Austrian Institute of Technology,
Health and Environment Department,Seibersdorf, Austria

Abstract. The objectives of the Danube study were documentation of existing data and completion of long term
data sets (°H, °H, *80), continuation of monthly sampling of river water, investigation of short term influences,
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 *H and
180 data set for the Danube at Vienna (1963-2005) and a summary of the results from the Joint Danube Survey
2 (2007). 880 values of JDS2 river water samples ranged from —13.1%o (Inn, alpine river) up to —6.4%. (River
Sio, evaporation influence). The §'80 value of the Danube increased from —10.8 %o after the confluence of the Inn
River with the upper Danube up to —9.6 %o at the mouth, with a major change after the inflow 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 reflected the actual H
content of precipitation in Central Europe, but *H values up to 40 TU in the Danube and up to 250 TU in some
tributaries are clear evidence for discontinuous releases of H 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 flow), 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,
confluence 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 influences 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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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).

817 000 km? with an average discharge of about 6500 m%/s at its mouth (Fig. 1). On a rough
catchment scale, LaszI6ffy [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 influenced 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 influencing 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 Danube 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).
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FIG. 2. Joint Danube Survey 2 (13 August-27 September 2007): discharge at the time of sampling and
some mean yearly discharge values [3].

One liter PET bottles were filled 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 (8°H and
5180, respectively) of the isotopes ?H and 0O in permil (%o0) with respect to the international
standard VSMOW (Vienna Standard Mean Ocean Water). The accuracy of §°H and %0
measurements is better than £1.0%. and +0.1%o, respectively. Samples for *H 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 first 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 m®/s to more than
7000 m®/s (yearly mean about 1920 m?®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 m?/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 (°H, Q) in river water

The spatial distribution of 520 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 §*0
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value of the Danube increases from —10.8 %o after the confluence of upper Danube (generally
low-lying drainage areas have higher 880 values) and the Inn River (mainly an alpine
drainage area, thus with lower 880 values) up to —9.6 %o at the mouth (Figs. 3 and 4). This
increase (1.2 %o) is due to the decreasing influence 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 580 value (-13.1%o) in the whole Danube
Basin. The highest value (-6.4%0) was found for the River Sio with discharge from Lake
Balaton. This enrichment in heavy isotopes is due to a strong evaporation influence on the lake
water.

The 580 record exhibits three significant changes along the river (Fig. 4): The first is at
the confluence of upper Danube and Inn; the second is caused by inflow from the tributaries
Tisa and Sava with their higher 180 content; the third significant change in stable isotope ratios
in the region of the Iron Gate cannot be attributed to the inflow of tributaries. It is obviously
caused by the extreme precipitation event in Central Europe during 5-7 September, resulting
in slightly higher §'80 values for the Danube between the Iron Gate and the river mouth. A
comparison of the 580 values of event water (9.8 %o, precipitation water 57 September) and
the yearly mean values of precipitation at Vienna (2006: —9.7 %o, 2007: —9.6 %0) showed that
the 50 value of the event water lay close to the yearly mean values. Without a prominent
differential 180 signal in the rain water, there should also be only a minor influence of the high
water wave on the 80 values of the lower Danube. From Fig. 3, a maximum increase of
0.2-0.3%o in 3*0 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 significantly higher §'0 values than the Danube, and their influence on the 520
values of the Danube was reduced by the high water wave.

The 3%H-580 diagram (Fig. 5) shows that most of the values lie close to the Global Meteoric
Water Line (3°H = 8 x 880 + 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 significantly influenced by evaporation — with an

FIG. 3. 680 of river water in the Danube Basin (13 August—27 September 2007).
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FIG. 5. 6°H-5'80 diagram for river water samples from the Danube Basin.

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 = 3°H — 8 x §0) 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
(mountainous) conditions. Such a dependence of the deuterium excess on the orographic
situation was found in the Austrian Alps, where mountain and valley precipitation differed
significantly 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).
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The first longitudinal isotope record for the Danube originates from a ship based scientific
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 380 values from both surveys seem to be comparable with each other.
Regarding the seasonal 3*®0 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 6*80 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 significant increase in
heavy isotope content during the last 20 years (Fig. 7). Even if we take into account that part of
this difference is due to seasonal effects and the influence 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 reflected
in the long term &80 record of the Danube (significant 5'80 increase during the 1980s; see
Section 4, Fig. 11).

2.1.1. Tritium (®H) 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 *H releases to the rivers
do not play a significant role. Since such releases — mainly from nuclear power plants —
are usually in the form of short term pulses, the *H content measured in river water depends
very much on the moment the sample is collected. The *H content of actual precipitation in
Central Europe would lead to *H concentrations of about 10 TU in river water and slightly
lower concentrations in tributaries, the drainage area of which is influenced 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 reflects the actual environmental *H 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 H
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 H peak was probably a nuclear power plant (NPP

JDS2, Aug. 13 - Sept. 27, 2007

FIG. 8. 3H content of river water in the Danube Basin (13 August—27 September 2007).
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tributaries at confluence (13 August—27 September 2007).

Isar 2) some 400 km upstream of the sampling point. Although the *H 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 Krsko for Sava
and NPP lIsar 2 for the upper Danube. For the lower sections of the Danube, it is more difficult
to identify the source because all NPPs upstream of the sampling point are possible candidates.
The highest *H content in the Danube during the JDS2 period, for instance, was found at
Braila (40 TU), a single significant higher value between lower concentrations upstream and
downstream. The nearest NPP is Cernavoda, some 120 km upstream, but one cannot be sure
if this was the source. In such cases, the identification 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 *H 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 reflects a general decrease in environmental 3H levels (see Section 4, Fig. 12). While
in the 1988 record, only inflow from the Tisa and Sava, as well as higher *H concentrations
in the NPP Kozloduj wastewater plume caused significant changes in the ®H concentration
profile of the Danube, the 2007 record exhibits much quicker changes in H concentrations in
the Danube stream, probably due to the operation of several NPPs along the Danube (such as
Isar 2, Dukovany, Bohunice, Mohovce, Paks, Krsko, Kozloduj, and Cernavoda).
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FIG. 10. Longitudinal ®H profile of the Danube: surveys 1988 and 2007 (rkm 2600, Ulm-rkm 0,
Black Sea).

3. CHARACTERISTICS OF THE UPPER DANUBE BASIN

The catchment area around Vienna (the Upper Danube Basin) is about 103 000 km?. The mean
annual flow rate is around 1920 m%/s, with a seasonal variation typical of alpine rivers
(@ minimum of about 1300 m?/s in November and a maximum of about 2700 m¥/s in July).

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

1)

(2)

©)

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

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 m%/s on average (38 % of the flow rate at Vienna), thus doubling
the flow rate when it merges with the Danube. Maximum flow rates are observed in June/
July (1200 m?/s) and the minimum occurs in January (400 m/s).

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

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 reflect 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 influence does not significantly alter isotopic

TABLE 1. RIVER WATER SAMPLING SITES IN AUSTRIA (MONTHLY GRAB
SAMPLES) WITH MEAN ANNUAL DISCHARGE (MQ), LONG TERM AVERAGE
5180 VALUES (1976-1985 AND 1996-2005) AND AVERAGE *H CONTENT 2005 OF
RIVER WATER

Latitude/longitude Drainage MQ 80 (%) 80 (%) °H (TU)

River  Sampling location (degrees)  area(km?) (m%¥s) 1976-1985 1996-2005 2005
Danube Engelhartszell( O-1)  48.5046/13.7361 77090 1400  -11.82 1124 219
Wien (0-5) 78.2662/16.3695 101731 1915  -1175  -11.22 163
Hainburg (0-9) 48.1507/16.9407 104178  — - - 13.9
Drau  Lavamind (0-10)  46.6211/145481 11052  — 1186 -11.08 8.6
Inn Kirchbichl (0-13)  475233/12.0939 9319 289  -1401 1333 9.6
Scharding (0-12)  484361/13.4417 25664 729 1284 1209  10.0
Leitha  D.-Brodersdorf (O-14) 47.9384/16.4784 1509 10  -1074  -1099 100
March  Angern (O-15) 48.3840/16.8356 25624 107 9.8 933 469
Mur  Spielfeld (O-16) 46.7106/156361 9480 140 1149  —1059 9.7
Salzach  Salzburg (O-18) A78169/13.0375 4426 176 -13.12 - 10.0
m Gisingen (O-11) 472600095790 1281 65 1346 - 10.9%
Rhine  Lustenau (0-17) 474482196590 6110 232 1358  —12.74 93

*) average value 2004.
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FIG. 11. 5'80 time series for the Danube at Vienna (monthly grab samples, 12 month running mean
for 6120).

10000
. e Danube, Vienna
1000 F b \ — Precipitation, Vienna
100
10

'I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 90 92 94 96 98 00 02 04 06

FIG. 12. Tritium time series of precipitation (monthly mean values) and Danube (monthly grab
samples) at Vienna. The sometimes higher *H content in Danube water during the last years is due to
releases from a nuclear power plant some 400 km upstream from Vienna.

composition. Isotope time series from different stations within the Austrian precipitation
network show significant but not uniform long term trends. While the 10 year running means
of some mountain stations exhibit a pronounced increase in 580 of about 1 %o since 1975,
the change in 80 at valley stations is much lower (Fig. 14). There are also differences in
temporal patterns. Differences in §'80 values of sampling stations at similar altitudes can be
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pattern (including the Inn, Drau and Rhine). This FIG. 14. Long term 680 variations
isotopic signal is also dominant in the Danube at (10 year running mean) at several stations
Vienna. The upper Danube (the Ulm, data from [8]) of the Austrian Network for Isotopes in

and the March River show somewhat different isotopic Precipitation [2] (updated).
behaviour.

explained by air moisture origins. An Atlantic influence (moisture from NW) creates lower
5180 values (e.g. Patscherkofel and Bregenz) than a Mediterranean one (e.g. Villacher Alpe
and Graz). The main reason for differing 580 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 influencing parameter, but there are also
other influences, such as changes in the origin of air masses or in rain formation mechanisms
[14-16]. Fluctuations in 3*0 values of precipitation also correlate to a large extent with those
of the North Atlantic Oscillation (NAO) index, except during some years when the influence 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 reflects isotope trends of precipitation, such as the significant increase in 580
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
influence) and Inn (Atlantic influence) differ significantly in their 580 values (Fig. 13).

It became evident from long term trend curves for river water and precipitation at Vienna
(Fig. 15) that the 3*80 signal is delayed in the Danube by approximately one year with respect
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FIG. 15. Comparison of the long term trend curves of 680, expressed as departures from the long-
term mean value, for the Danube and for precipitation at Vienna, shifted by 1 a.

to precipitation [8]. The agreement of trend curves is partly very good, though there are
discrepancies, most probably in the specific 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 influences, also displaying the significant 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 *H level. The sometimes higher *H values in river water are due to releases
from nuclear installations as discussed in Section 2.2.

The time series of *H 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 fit which could be obtained (for a mean residence time of three years) was still not
satisfactory.

5. LONG TERM ISOTOPE DATA SET (*H, ®H, 80)
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

25



(except 5°H, 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 380 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 580 values, or to heavy spring rains, mostly causing high 580 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 %o
(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

[ 86"°0 [%o]

Danube, Hainburg
(river km 1884)

12 i e O ) O Daily grab sample
L == Monthly average sample
B Grab sample from middle of month

1996 1997

02 03 04 05 06 07 08 09 10 11 12 01 02 03 04

FIG. 16. 6'80 values of monthly averages and daily grab samples (from the Danube at Hainburg).
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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 influence 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
throughflow (with a mean residence time of a few years), thus evaporation influences on the
water’s isotopic composition is negligible in most cases. These lakes become well mixed in late
winter, so samples of outflow from the lakes taken at this time deliver more or less yearly mean
isotopic values. Measured data show a clear correlation between 580 values and deuterium
excess (between 7 and 13%o). From this, an altitude effect of about 0.43%0 per 100 m can be
calculated regarding the deuterium excess (taking into account an altitude effect of —0.25%. per
100 m for 3180).
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FIG. 19. Deuterium excess (red numbers) in alpine lakes of the River Traun system (Upper Austria,
diagram area about 150 km x 110 km). Black numbers: elevation asl, blue: elevation of lake surface.

Insert: correlation between deuterium excess and 0*20.

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 — 880 (or 6°H)
values and especially ®H 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 influence of re-evaporation?). More detailed
investigation of single precipitation events — sequential sampling — may provide more
insight. The second question is, of course, can these findings in the Eastern Alps be transferred
to other mountainous regions?
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8. CONCLUSIONS AND OUTLOOK

Isotope ratios in Danube water reflect 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 influences 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 80 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 3*0 variations or *H 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 ?H and O — can be used as independent
tracers to simulate transport processes in river systems. Because of the relatively low amplitude
of long term 380 (82H) changes in precipitation and in river water, this approach is useful to
assess the mean transit time of the flow’s fast component. For the Danube, the mean transit
time derived from comparisons of 580 trend curves for precipitation and river water at Vienna
isaround 1 a.

The different isotopic behaviour of tributaries from different parts of the catchment area
reflects differences in geographical and hydro-meteorological parameters, such as the altitude
of drainage areas, spatial and temporal precipitation distribution, sources of air moisture,
infiltration 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 880 during the 1980s) may help to trace hydro-climatic changes in these areas which
would otherwise be difficult to detect. The main reason for a §'80 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 ®H contents in the river revealed that the best fit
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 flow (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 filtration water in pumping wells supplying water.
The prerequisite for such applications is a significant differential isotope signal between river
and groundwater. Since the Danube stream carries a substantial portion of water from high
elevations, this prerequisite is fulfilled for §°H and 'O values along the whole river course.
The distinct difference between 680 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 *H 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 380 at their confluence. Smaller tributaries
which bear H 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 reflected 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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