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STABLE WATER ISOTOPES: A TRIBUTE TO WILLI DANSGAARD 

AND JOEL GAT 
 

J. JOUZEL 

Laboratoire des Science du Climat et de l’Environnement, Gif-Sur Yvette, France 

E-mail address: jean.jouzel@lsce.ipsl.fr 

 

Abstract: Willi Dansgaard spear-headed the use of the stable isotopes of water in 

climatology and palaeoclimatology especially as applied to deep ice cores for which 

measurements of the oxygen and hydrogen isotope ratios remain the key tools for 

reconstructing continuous palaeotemperature records. Joël Gat has played a key role in the 

development of the stable-isotope methodology for the study of the atmospheric water cycle 

and in the field of hydrology. In the line of their pioneering work, I will review what we 

know about the physics of water isotopes (fractionation processes and growth of individual 

elements in clouds) and then discuss how isotopic models, either dynamically simple or based 

on the implementation of water isotopes in General Circulation Models, have developed and 

been used for various applications. This will include a discussion of the conventional 

approach for interpreting water isotopes in ice cores and of additional information provided 

by measurements of the deuterium excess and more recently of the 
17

O-excess. 
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THE IMPACT OF NEOGENE GRASSLAND EXPANSION AND 

ARIDIFICATION ON THE ISOTOPIC COMPOSITION OF 

CONTINENTAL PRECIPITATION 

 

C.P. CHAMBERLAIN, M. J. WINNICK, H.T. MIX, 

Department of Environmental Earth Systems Science, Stanford University, Stanford CA 

94305; United States of America 

E-mail address: chamb@stanford.edu 

 

S.D. CHAMBERLAIN, 

Department of Ecology and Evolutionary Biology, Cornell University, Ithaca NY 14853-

2701, United States of America 

 

K. MAHER, 

Department of Geological and Environmental Sciences, Stanford University, Stanford, CA 

94305, United States of America 

 

Abstract: The late Cenozoic was a time of global cooling, increased aridity, and expansion 

of grasslands. In the last two decades numerous records of oxygen isotopes have been 

collected to assess plant ecological changes, understand terrestrial paleoclimate, and to 

determine the surface history of mountain belts. The δ
18

O values of these records, in general, 

increase from the mid-Miocene to the Recent.  We suggest that these records record an 

increase in aridity and expansion of grasslands in mid-latitude continental regions. We use a 

non-dimensional isotopic vapor transport model coupled with a soil water isotope model to 

evaluate the role of vapor recycling and transpiration by different plant functional types. This 

analysis shows that increased vapor recycling associated with grassland expansion along with 

bio-mechanistic changes in transpiration by grasses themselves conspire to lower the 

horizontal gradient in the δ
18

O of atmospheric vapor as an air mass moves into continental 

interiors. The resulting signal at a given inland site is an increase in δ
18

O of precipitation with 

the expansion of grasslands and increasing aridity, matching the general observed trend in 

terrestrial Cenozoic δ
18

O records. There are limits to the isotopic effect that are induced by 

vapor recycling, which we refer to here as a “hydrostat”. In the modern climate, this 

hydrostatic limit occurs at approximately the boundary between forest and grassland 

ecosystems. 
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HYDROLOGICAL RESEARCH IN AN ISOTOPIC DATA RICH ERA: 
REFLECTING ON THE INSIGHT OF EARLY PIONEERS 
 
D. NOONE, 
Oregon State University, Corvallis, OR, United states of America 
E-mail address: dcn@coas.oregonstate.edu 
 
Abstract: Ever since the invention of a method to measure stable isotope ratios using mass 
spectrometers, over 60 year ago, there have been remarkable advances in hydrological 
research that utilize isotopic data. Even a small number of isotope ratio data provide critical 
constraint on the origins and transport of natural and polluted waters in the atmosphere, on 
land and in the ocean. The reason isotope ratios are useful stems from the differentiation 
between isotopologues during phase change, which leads to distinct “labels” that water 
masses carry and which reflect the history of condensation and evaporation that they have 
experiences as they move though the atmosphere, land surface and hydrosphere. The 
theoretical foundation that describes isotopic fractionation is well known, and the application 
of this knowledge to environmental problems was pioneered many decades ago. What is 
remarkable about the early work on isotope hydrology for both atmospheric and land-based 
research is the magnificent insight that early researches had given the remarkable small 
amount of data available at the time. Of note, W. Dansgaard identified many of the critical 
exchanges that occur in association with mid-latitude weather systems, and J. Gat identified 
the interactions between surface water, vegetation and the atmospheric boundary layer. In 
recent years some of the data limitations faced by pioneers in our field have been lifted with 
the advent of field-deployable spectroscopic instruments and the development of routine 
satellite measurements of isotope ratios of atmospheric water vapor. I present results that test 
some of the basic ideas put forward in a series of landmark studies by two of the pioneers in 
isotopic research. Aircraft measurements of isotope ratio data of cloud particles measured 
every second are used to evaluate Dansgaard’s suggestion of the relationship between 
synoptic controls on the condensation height (linked to cloud temperature) and isotope ratios. 
Satellite data that provides near continuous and global coverage are used to test Gat’s 
estimates of continental recycling versus runoff over continental regions. While we now 
benefit from a relatively data rich environment compared to that which the pioneers had at 
their disposal, their core insight holds up well and remains a pillar for hydrological research. 
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COMBINED WATER ISOTOPE MEASUREMENTS TO INFER PAST 

CLIMATIC CHANGES IN POLAR ICE CORES 

A. LANDAIS,
 

Laboratoire des Sciences du Climat et de l’Environnement,  

Orme des Merisiers, F-91190 Gif sur Yvette, France 
E-mail : amaelle.landais@lsce.ipsl.fr 

Abstract: Water isotopes have long been used in polar ice cores to reconstruct the past 

climate and water cycle organization. At first order, δD, δ
17

O and δ
18

O in ice core are tracers 

for the past temperature variations. However, because of the numerous climatic and 

hydrological influences on water isotopes along the trajectory of an air mass from the 

evaporation region to the site of polar precipitation, it is often complicated to obtain a 

quantitative temperature reconstruction from δD, δ
18

O and δ
17

O measurements. 

The combination of several isotopic ratios has led to the definition of second order 

parameters (d-excess=δD-8*δ
18

O; 
17

O-excess=ln(δ
17

O+1)-0.528*ln(δ
18

O+1)). At 

evaporation, both d-excess and 
17

O-excess reflect changes in relative humidity at evaporation 

through the relative influence of equilibrium and kinetic (diffusion driven) fractionation. In 

polar regions, the initial signal of d-excess and 
17

O-excess are modified by distillation along 

the trajectory resulting in a temperature influence on both parameters in very remote regions 

of East Antarctica. However, in less remote areas, both d-excess and 
17

O-excess in ice core 

can provide information on lower latitudes modifications of the water cycle.  

In this presentation, I will present several recent examples of water isotopic records in both 

Greenland and Antarctic ice cores to illustrate the potential and limits of these measurements. 

I will especially concentrate on the record of the millennial scale variability of the last glacial 

period. First, I will discuss the link between the amplitudes of surface temperature changes 

and the amplitude of changes in water isotopes over the abrupt events of the last glacial 

period (Dansgaard-Oeschger events) using air isotopic measurements as an alternative tool 

for reconstruction of the amplitude of temperature changes. Second, using combined 

measurements of water isotopes and other proxies in Greenland and Antarctic ice cores, I will 

quantify and discuss the lead and lag between high and low latitudes during these abrupt 

events.  
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SPATIAL AND TEMPORAL CHANGES OF VAPOR ISOTOPES ON 

THE TIBETAN PLATEAU 

 

L. TIAN, R.WEN,  

Institute of Tibetan Plateau Research, Chinese Academy of Sciences, China 

E-mail address: ldt@itpcas.ac.cn 

 

Abstract: Daily atmosphere vapor samples were collected by using a cold trap maintaining 

in -70℃ during the 2 years of Nov 2011—Nov 2013. The oxygen isotope and hydrogen 

isotope were measured for all these samples, and were compared with daily precipitation 

isotopes. We first present the seasonal variations of vapor δ
18

O and deuterium-excess (d-

excess). A stable increasing of vapor δ
18

O was found from beginning of the year to the 

maximum of -10‰ in May, followed by a sharp drop in June with the monsoon incursion. 

Large fluctuation of δ
18

O marked the monsoon season of June-September, with the lowest 

δ
18

O reached approximately to -37‰, even lower than in the winter season. The large 

fluctuation of vapor δ
18

O is related to rainfall events in the rainfall season, which sharp 

decrease following the precipitation events. D-excess fluctuations in vapor differ from δ
18

O. 

However, there is an obvious lower d-excess in monsoon precipitation season during June-

September. In average, vapor d-excess did not correlate well with δ
18

O. However, in 

monsoon season (June-September), the correlation is obvious. Vapor δ
18

O shows an positive 

correlation with vapor pressure in non-monsoon season, but a clear inverse correlation with 

vapor pressure in monsoon season. Comparing the atmospheric vapor and concurrent 

precipitation isotopes within one year of parallel observation shows that vapor isotope is 

13.0‰ lower than precipitation for δ
18

O, 98.6‰ lower for δD, and 15‰ higher for d-excess.  

 

We put the Picarro isotope analyzer on the car for moving vapor isotope measurement on the 

Tibetan Plateau. The mobile system was used to measure the spatial variations of near surface 

vapor isotopes along a south-north transect in 2013 September. Although the variation of 

vapor isotope is influenced by synoptic condition, the spatial change of vapor δ
18

O show an 

regular variation with latitude north to Lhasa, and a linear relation is established: 

δ
18

O = 0.989Lat -50.22 (R
2
 = 0.830). This result implies a gradual change of the different 

vapor sources influencing the Tibetan Plateau, rather than the abrupt change in the middle of 

the plateau. 
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THE STUDY OF PALEOCLIMATE AND SUBGLACIAL LAKE 

VOSTOK AT ARCTIC AND ANTARCTIC RESEARCH INSTITUTE 

(RUSSIA) USING STABLE WATER ISOTOPES 

A. A. EKAYKIN, 

Climate and Environmental Research Laboratory (CERL), 

Arctic and Antarctic Research Institute, 38 Beringa st., 199397, St. Petersburg, Russia 

E-mail address: ekaykin@aari.ru. 

V.Ya. LIPENKOV, Yu.A. SHIBAEV, A.V. KOZACHEK, D.O. VLADIMIROVA 

Climate and Environmental Research Laboratory (CERL), Arctic and Antarctic Research 

Institute, 38 Beringa st., 199397, St. Petersburg, Russia 

 

Abstract: This paper overviews the main outcomes of the recent CERL’s activity in the field 

of glaciological and geochemical studies in central Antarctica. The most significant results of 

the paleoclimatic investigations are presented. The latest data on the Lake Vostok ice and 

water isotope content are also demonstrated followed by the discussion of the lakes 

hydrology. 

1. INTRODUCTION 

In 2011 the first research laboratory dedicated to the ice core and paleoclimatic studies has 

been inaugurated in Russia, Climate and Environment Research Laboratory in Arctic and 

Antarctic Research Institute. Since then few thousands of water, snow and ice samples have 

been measured, which allowed to obtain new results in the fields of glaciology, 

paleoclimatology and subglacial hydrology of Antarctica. 

2. METHODS 

All the presented isotopic data have been obtained at CERL using the Picarro laser analyzer. 

The samples of snow and ice have been collected by the collaborators of CERL during five 

Russian Antarctic Expeditions in central Antarctica (2010-2014). Our sample collection 

includes unique probes of the Lake Vostok water frozen in the borehole after the first lake 

unsealing in 2012 (Figure 1). 

 

Figure 1. Samples of frozen Lake Vostok water. 
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3. RESULTS 

The obtained results can be divided into three main fields: 

1) In the field of glaciology we have characterized the spatial distribution of the upper snow 

stable isotope content (concentration of oxygen 18 and deuterium) in the region of Lake 

Vostok (200 × 60 km), which has allowed to make the conclusion about the regional pattern 

of the air mass transport. In particular, we observe an increase of the isotopic values from the 

south to the north with an anomaly in the middle part of the lake related to the local wind 

snow re-distribution. In the south-western part of the lake we can see a region of very low 

isotopic values (probably the lowest in Antarctica) that designate the divide of Indian and 

Pacific air masses. 

2) In the field of paleoclimatology we have reconstructed the climate variability in the Indian 

sector of East Antarctica over the past 200 years. During this time period we observe a slight 

warming trend with no recent acceleration due to the anthropogenic global warming. 

3) In the field of Lake Vostok study we have measured precisely the isotopic content of the 

accreted lake ice and found a signal related both to the changing physical conditions of the 

water freezing, and to the changing isotopic content of the water itself. The latter means that 

the lake water is not perfectly mixed, and that the lake water sources (glacier melt and 

hydrothermal waters) experience pulsations. We have also measured for the first time the 

isotopic content of the upper layer of the lake Vostok water. 

4. CONCLUSIONS 

The establishing of the new research isotopic laboratory in Russia was an important step 

towards the development of the stable water isotope methods in our country. In general, 

CERL is not only serves as the laboratory facility for the Russian Antarctic glaciology, but 

also helps other scientists working in the Russian Hydrometeorological Service institutions – 

climatologists, oceanographers, hydrologists – to perform their studies. 

In this synopsis we gave only a few examples of the scientific results obtained at CERL 

during the past 3 years. 
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Abstract: In this study we report latest simulation results of the atmospheric general 

circulation model ECHAM5-wiso, which has been enhanced by explicit water isotope 

diagnosis. Using fine spatial model resolutions of up to 1.1° x1.1° horizontal grid size, a 

transient simulation covering the historical period 1958 – 2013 as well as a future scenario 

simulation until the year 2040 have been performed. Present-day model results are in good 

agreement with many observations from the GNIP Network and other observational records. 

Our simulations indicate that the ongoing warming of the Northern Hemisphere already has 

lead to a temperature-related increase in oxygen-18 of precipitation and near-surface vapor by 

+1‰ or more at several locations. Presently, these changes are still within the range of 

simulated and observed year-to-year variability, a substantial larger change of oxygen-18 in 

Northern Hemisphere precipitation might be detectable in near-time future. 

1. INTRODUCTION 

For the last several decades, an unequivocal warming of the climate system has been 

reported, evident from observations of increasing global average air and ocean temperatures, 

widespread melting of snow and ice and rising global mean sea level. However, while the 

rate of global warming averaged over the last 50 years amounts to about 0.1 C per decade, 

high-latitude regions of the Northern Hemisphere, e.g. Siberia or Greenland, have been 

warming at considerably higher rates. While most studies so far have been focused on the 

observed present and projected future temperature increase, it is uncertain how much other 

components of the climate system, like the hydrological cycle and its isotopic composition, 

might change as a consequence of the on-going temperature rise. 

Isotope-enabled atmosphere general circulation models (AGCMs) provide a mechanistic 

understanding of the atmospheric processes influencing the isotopic composition of meteoric 

water. Since the pioneering work of Joussaume et al. [1], Jouzel et al. [2], Hoffmann et al. [3] 

and others, about a dozen state-of-the-art GCMs have nowadays been equipped with explicit 

isotope diagnostics (see Sturm et al. [4] for a detailed model overview). A number of studies 

have clearly demonstrated their usefulness for an improved climatic interpretation of present 

and past water isotope variability on a variety of temporal and spatial scales. 

2. METHODS 

Here, we report results of the AGCM ECHAM5-wiso, which has recently been enhanced by 

explicit water isotope diagnosis [5]. Using fine spatial model resolutions of up to 1.1° x1.1° 

horizontal grid size, a transient simulation covering the historical period 1958 – 2013 [6] as 

well as a future scenario simulation until the year 2040 have been performed. Both 

simulations were performed in a so-called nudged simulation mode, where atmospheric 

pressure and temperature fields of the ECHAM5-wiso simulation have been relaxed towards 

present observational values (ERA40 and ERA-Interim reanalysis data) and future climate 
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simulations performed within the framework of the CMIP5 Coupled Model Intercomparison 

Project. 

3. RESULTS 

Analyses of these ECHAM5-wiso simulations reveal that present-day model results are in 

good agreement with many observations from the GNIP Network [5,7] and that model results 

may be used for a quantitative filling of existing gaps in some observational records. The 

simulations further indicate that the ongoing warming of the Northern Hemisphere already 

has lead to a temperature-related increase in oxygen-18 of precipitation and near-surface 

vapor by +1‰ or more at several locations. Presently, these changes are still within the range 

of simulated and observed year-to-year variability. However, our simulation results indicate 

that a substantial larger change of oxygen-18 in Northern Hemisphere precipitation might be 

detectable in near-time future.  

4. CONCLUSIONS 

Our results clearly demonstrated the usefulness of explicit isotope diagnostics within state-of-

the-art complex climate models for an improved climatic interpretation of present-day isotope 

variability. At several regions of the Northern Hemisphere, the ECHAM5-wiso simulations 

reveal a strong coupling between the temperature increase and changes in the isotopic 

composition of precipitation during the last 55 years. But present isotope changes are still 

rather small and difficult to distinguish from the inherent interannual variability. However, a 

more robust detection of climate change in oxygen-18 in precipitation might be possible 

within the near-time future. 
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Abstract: The development of quantitative isoscapes (gridded data products representing the 

spatiotemporal distribution of isotope ratios) has had a major influence on the use of stable 

water isotope data within and beyond the hydrological sciences. Since the first published 

application of a precipitation isoscape more than 20 years ago the research community has 

expanded the scope, improved the quality, and increased the accessibility of these data 

products. Water isoscapes represent a powerful tool for quantitative research in a wide range 

of fields, and we review several recent applications in hydroclimatology, ecohydrology, and 

ecology. These case studies highlight several frontier research areas in the development and 

application of water isoscapes, including representation of multi-scale temporal variation, 

improved quantification of uncertainty, and challenges associated with data heterogeneity. 

1. INTRODUCTION 

Long-term precipitation water isotope ratio data from the IAEA’s Global Network for 

Isotopes in Precipitation (GNIP) have influenced a myriad of researchers and fields over the 

programs >50 years of operation. This influence has been furthered by the development of 

statistical models for the distribution of isotopes in precipitation and their use to produce 

standardized, gridded data products documenting precipitation water isotope distributions. 

Since the first published use of such a product in 1993 [1] several distinct approaches to 

isoscape development have been advanced, with varying applicability to different areas of 

research.  

2. METHODS 

We review the spectrum of water isoscape models and data products that are currently in use, 

and example established and emerging applications related to these products. Based on an 
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evaluation of isoscape properties and application demands, we identify key successes and 

important future directions for isoscape modeling work. 

3. RESULTS 

Major trends in research on isoscape development include regionalization of models, 

quantification of uncertainty, and parameter exploration. In addition to this core research 

work, there has been an increasing emphasis on dissemination, re-use, and user-driven 

development and customization of water isoscapes (e.g., http://isomap.org). In general, 

however, data constraints and model parameterizations have limited the temporal resolution 

and specificity of available data products: the long-term monthly or annual average isoscape 

remains the gold standard used in most case studies. This stands at odds with the demands of 

many potential hydrological, climatological, and biological applications, where high-

frequency and event-specific information is often of interest. In addition, most assessments of 

uncertainty in isoscape predictions that do exist remain inadequate or incomplete, either due 

to their failure to represent both data- and model-based sources of uncertainty or because of a 

lack of appropriate models for incorporating uncertainty in isoscape-based applications. 

4. CONCLUSIONS 

Although precipitation water isoscapes have improved substantially over the past two 

decades, and have been embraced by a number of research communities during that time, 

several limitations identified here continue to inhibit other potentially transformative 

applications of these data products. Fortunately, recent improvements in analytical 

instrumentation, and potential advances in sampling networks, data sharing, 

cyberinfrastructure, and innovative model parameterizations, are well positioned to support 

the continued evolution of water isoscape modeling. Our review suggests that this innovation 

could promote additional growth in the scope of isoscape-enabled research and further 

increase the influence of cornerstone environmental monitoring programs such as GNIP. 
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Abstract: Cave sediments, especially stalagmites, have gained a special role in paleoclimate 

studies in Turkey. They can be dated precisely, found in many of the caves and their stable 

isotope contents better reflect past climate conditions. The variations of paleoclimate in 

central Anatolia were identified by 
230

Th ages and oxygen-18 and carbon-13 stable isotope 

analyses of a stalagmite collected from Incesu Cave (southern Konya Closed Basin-KCB). 

The growth period of stalagmite covers last 45 ky BP (before present, 1950). The δ
18

O and 

δ
13

C isotope profiles of the stalagmite indicate a major climate shift from Late Pleistocene-

Early Holocene’s humid and cool climate conditions to more humid and warmer climate of 

today.  

 
1. INTRODUCTION 

Paleoclimate studies in Turkey have been based on core samples from lacustrine systems 

(lakes, dunes, etc.), sea sediments, tree rings and cave sediments (stalagmites). Many of these 

studies have been conducted in central Anatolia. During the last decade, cave sediments in 

Turkey have gained a special attention in paleoclimate studies. These studies have 

concentrated on cave sediments because of the vast extension of karst areas and caves in the 

Taurids Mountain Belt, part of which includes the south of Konya Closed Basin in central 

Anatolia. Speleothems, especially stalagmites, reflect the past climate conditions by using 

their highly precise age dating combined with stable isotope contents.  

In the following, we present oxygen-18 and carbon-13 analyses along with 
230

Th ages , 

obtained from a stalagmite belonging to the Incesu Cave located in the southern KCB. The 

data are evaluated to determine the past climate and environment changes during the last 

45 ky BP in central Anatolia. Incesu Cave (1615 m asl; 37
o
4’N, 33

o
40’E) is located in the 

southern part of Karaman province. It is hydrologically semi-active and has an almost 

horizontal extent of 1356 m. The cave is formed in limestone of middle Oligocene age. 
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2. METHODS 

In this study, 
230

Th age data, obtained from 24 points along the growth axis of the 38 cm-long 

stalagmite sample is evaluated. Standard methods have been used in 
230

Th age dating and in 

stable isotope analyses. Age-depth model was established by linear interpolation of distance 

between the 
230

Th age data points starting from top of the sample. This model reveals a 

growth period between 2189-42637 years BP. Deposition of speleothem seem to have 

interrupted in 2 different periods called, possible hiatus zones. Oxygen-18 and carbon-13 

isotope analyses (reported in ‰ VPDB) have been done through the growth axis with 1 mm 

resolution at 379 points.  

3. RESULTS 

The Incesu stalagmite covers the period between 2-45 ky BP. In this time period, δ
18

O values 

vary between -4.63 ‰ and -10.04 ‰, and mean value is -8.31‰ [1]. The δ
18

O isotope profile 

has more positive values between 13-45 ky BP. After this time interval, between 2-13 ky BP, 

isotope trend changes to more negative values after a sudden depletion (Fig 1.). This sudden 

depletion is seen between 11-12 ky BP. This signal is related likely to Younger Dryas cooling 

event which was effective at global scale.  

 

 
Figure 1.  δ

18
O and δ

13
C isotope profiles of Incesu stalagmite. 

230
Th age data in the graph 

are marked by red points with error bars. Shaded areas are possible hiatus zones. Red circles 

in the photo are sampling points of 
230

Th analysis. Position of cave in the region is shown in 

the little map (modified from [1]) 

In general, during the 45 ky BP growth period more positive δ
18

O isotope values (mean value  

-6.75‰) are observed until the beginning of Holocene (10-12 ky BP) which reflect the cooler 

and less humid climate conditions. During the Holocene, oxygen-18 isotope values changed 

to more negative values (mean value -9.17‰) which indicate a relatively more humid and 

warmer period. δ
13

C isotope profile has the same trend with that of δ
18

O record. The isotope 

values change between -1.82 ‰ and -9.51 ‰, and mean value is -7.55‰ (Fig 1) [1]. Mean 

value of carbon-13 isotope signals until early Holocene (10-45 ky BP) is -5.36‰. This 

indicates that C4 plants which reflect the cooler and less humid climate conditions was 

dominant above the cave. After early Holocene (~10 ky BP) isotope values are depleted and 

have a mean value of -8.73‰. More negative isotope values are indicative of the C3 plant 

type activity in accordance with humid and warm conditions. 
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Incesu stalagmite has two types of oxygen-18 and carbon-13 isotope profiles. Until early 

Holocene, relatively cooler, less humid and decreased vegetation activity is observed with 

more positive isotope values. After ~12 ky BP isotope trend changed to more positive values 

that reflect relatively humid and warm conditions under which vegetation abundance is also 

increased above the cave. These isotope records suggest a paleoclimate similarity between 

the central Anatolia and its vicinity, including the eastern Mediterranean [1].  

Paleohydrological conditions during the growth period of the stalagmite (~ last 45 ky) is 

evaluated also with a precipitation-evapotranspiration (P-Etr) model. In this model, oxygen-

18 data obtained from speleothem was converted to equilibrium mean annual recharge 

temperatures which have been used to derive temporal effective recharge record (i.e. P-Etr) 

as a proxy for past hydrologic conditions above the cave (Fig 2). P-Etr values tend to increase 

(positive water balance) from recent to 15 ky BP. There is steep decline trend towards 

negative water balance conditions from ~12 ky BP to ~15 ky BP. In between ~15 and ~25 ky 

BP, there is a steady rise in P-Etr values (a trend towards positive water balance) and, a 

period of positive water balance conditions with relatively high and invariant P-Etr values 

from ~25 ky BP to ~42 ky BP is observed. This period is followed by declining P-Etr values 

from ~42 ky BP to ~45 ky BP. The P-Etr trend inferred from speleothem oxygen-18 record 

seem to be in agreement with the temporal water balance trend in the KCB in a manner that 

high and low P-Etr periods correspond to expansion and contraction of the paleo lakes in the 

KCB. 
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Figure 2. Calculated δ

18
O_precipitation and P-Etr profiles.  

4. CONCLUSIONS 

The oxygen-18 and carbon-13 isotope record obtained from Incesu stalagmite provide insight 

on the paleoclimate in the KCB during the last 45 ky BP. The speleothem records reveal less 

humid and cooler conditions until the beginning of Holocene whereas more humid and 

warmer conditions started to dominate during the Holocene. The positive and negative water 

balance periods suggested by a P-Etr model, calibrated with speleothem oxygen-18 record, 

are in agreement with expansion and contraction periods of the paleo lakes in the KCB. 
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Abstract: The chemical and isotopic composition of the atmosphere has drawn particular 

attention in climate-related research, both because it is the most accessible component in the 

tightly coupled land–ocean–atmosphere system and because the chemical composition of the 

atmosphere, in itself, influences climate, particularly via the concentrations of the radiatively 

active greenhouse gases such as CO2 and water vapor. Furthermore, as the atmosphere 

contains a rather small pool of carbon, relatively small changes, on a short timescale, can be 

easily observed in CO2. Information obtained by measurements of the atmospheric 

concentration of CO2 alone is limited; the additional measurements of the carbon and oxygen 

isotopic compositions of atmospheric CO2 provide information that cannot be obtained 

otherwise. Isotopic fractionations during chemical, physical, and biological processes in the 

ocean, land, and the atmosphere result in unique natural labels into the processes influencing 

the observed fluxes. Quantitative use of 
18

O and 
13

C in CO2 relies on precise observations, on 

experiments addressing the isotope effects underlying these observations, and on modeling 

that tests basic assumptions and extends applications beyond our measuring capabilities. It is 

now recognized that the 
18

O signal in CO2 reflects a unique coupling between the global 

hydrological and carbon cycles, and can provide an important tracer of sinks and sources of 

CO2, in particular, in the terrestrial biosphere. The use of 
18

O relies on the fact that CO2 

readily dissolves in water, allowing CO2–H2O oxygen isotope exchange to occur. 

 

The isotopic composition of soil water is influenced by the isotopic distribution in the 

hydrological cycle. At any given location, water in leaves is highly enriched in 
18

O, relative 

to local soil water because of evaporative fractionation. During evaporation, water containing 

the lighter isotope is preferentially lost and the water remaining in the leaves is enriched in 

the heavy isotopes. Because of the normally large ratio between the transpiration flux through 

the leaf and the leaf water volume, it is usually assumed that leaves are near isotopic steady-

state, so that the composition of the vapor flux is identical to that of incoming soil water flux, 

yielding an enriched pool of leaf water. At isotopic steady-state, the 
18

O enrichment of leaf 

water is usually estimated with the widely used evaporative enrichment model of Craig and 

Gordon.  

 

Consequently, CO2–H2O exchange in leaves versus that in soil and non-green plant tissue 

yields contrasting 
18

O signals in the CO2 which is released to the atmosphere. The enzyme 

carbonic anhydrase (CA) is present in all plant leaves and catalyzes CO2 hydration and 

isotope exchange. Therefore, in spite of the short residence time of CO2 in leaves, CO2 that is 

exposed to leaf water during photosynthesis is extensively relabeled by 
18

O-enriched leaf 

water. Approximately, two-thirds of this CO2 diffuses back to the atmosphere carrying with it 

the enriched leaf water influence. Such differences should allow identification of CO2 sources 

and sinks in the ecosystem and estimation of the individual photosynthetic and respiratory 

fluxes. Indeed, the limited ability to partition net ecosystem productivity (NEP) into 

photosynthetic CO2 assimilation (GPP) and ecosystem respiration (Re; where NEP=GPP-Re) 
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has been a critical limitation in obtaining insights into the causes of the observed interannual 

variations of global NEP, as well as in explaining past variations and predicting future levels 

of terrestrial carbon storage. Indeed, the potential for using 
18

O in CO2 as a tracer of gross 

fluxes in the terrestrial biosphere has been experimentally demonstrated. 

 

The 
18

O discrimination associated with the atmosphere-biosphere CO2 exchange (
18

∆=Ra/Rl, 

where Ra and Rl are the oxygen isotope ratios of CO2 in the air and in the CO2 flux taken up 

by plant photosynthesis) is regulated in leaves by three main factors: the isotopic composition 

of water, the CO2 concentration at the CO2–H2O exchange sites, and the extent of isotopic 

equilibrium between CO2 and H2O (θeq). This brings up another significant aspect of the 

atmosphere-biosphere 
18

O exchange since the estimated global mean θeq ~0.8 reflect low θeq in 

grasses and C4 plants (θeq ~0.4) and high θeq in non-grass C3 plants (θeq >0.9). This is 

significant because modeling indicates that the global land area favoring C4 plants after a 

doubling of atmospheric CO2 could be completely eliminated. Assuming current estimates of 

C4 productivity of ~25% of GPP on land and no net change in total productivity, a rough 

estimate of the upper limits of the associated 
18

O effect indicates a potential forcing of 

240 Pg ‰. Assuming that this elimination of C4 plants occurs after a doubling of the present 

atmospheric CO2 pool, the corresponding change in atmospheric 
18

O-CO2 could approach 

~0.2‰, a signal 10 times that of current analytical precision. Roughly estimating an upper 

limit for the 
18

O signal after considering also land use changes yields a possible trend of 

~0.02‰ year in atmospheric CO2 (under current CO2 concentrations). Although close to the 

detection limit, such a signal may be observed better on regional or local scales.  Because the 

lifetime of 
18

O in atmospheric CO2 is several years, this signal could accumulate and produce 

a secular (decreasing) trend in the 
18

O of atmospheric CO2.  

 

This review attempts to demonstrate the complex, but useful cascade of the 
18

O signal from 

the hydrological cycle to the carbon cycle. It also demonstrates both the usefulness of this 

hydrological imprinted signal as a tracer of carbon fluxes, but also the need to elucidate the 

chain of isotopic “events” across scales (leaf to globe) and across disciplines (hydrology, 

carbon cycle, ecology). We will also use this review to highlight some of Joel Gat 

fundamental contributions to this interdisciplinary science. 
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Abstract: Averaged across the globe, around 40% of precipitation that falls on land has been 

recycled, either through surface evaporation or plant transpiration. This recycling of water 

through terrestrial systems is an integral part of the hydrologic cycle, and constraining the 

response of recycling dynamics with changing climate is of vital importance to freshwater 

resource management, particularly in semi-arid and arid regions where a greater-than-average 

proportion of precipitation has been previously recycled. Numerous studies have 

demonstrated the controls of terrestrial recycling on isotopes in precipitation (δD and δ
18

O), 

both through the reduction of atmospheric moisture gradients via atmospheric recharge and 

through the partitioning of this recharge between evaporation (E, involving equilibrium and 

kinetic fractionation) and transpiration (T, involving no fractionation). In this study, we will 

examine the isotopic effects of moisture recharge and E/T partitioning on synoptic-scale 

isotopic gradients in precipitation over continents in order to assess the viability of using 

observed isotopic gradients to monitor large-scale changes in terrestrial moisture recycling 

into the future. 

 

Recent work has begun to quantitatively examine the combined effects of these two processes 

on continental isotopic gradients in precipitation using idealized 1-dimensional reactive 

transport models. In this framework, moisture recycling is quantified as a non-dimensional 

Damköhler number (Nd), calculated as the ratio of moisture recycled via ET to moisture lost 

via runoff and groundwater storage. We build on these previous models by incorporating 

mass balance effects into the apparent fractionation of surface evaporation. Using this 

updated model, we compare theoretical scaling relationships between Nd and atmospheric 

moisture gradients with observational data from GNIP (Global Network for Isotopes in 

Precipitation) and USNIP (United States Network for Isotopes in Precipitation) stations. We 

also quantify the controls of E/T partitioning on isotopic gradients across a range of Nd 

representing observed global variability. 

 

Across the globe, we find that length scales of atmospheric moisture generally vary linearly 

with Nd and the ratio of ET to moisture transport, as predicted by our model.  This scaling 

relationship, however, appears to break down in arid mountainous environments, potentially 

due to moisture divergence that is not captured in our simplification of transport pathways. 

Further, we find that the effect of varying E:T ratios on isotopic gradients is largest at 

medium Nd values of ~0.5-10, with this effect diminishing at low values when recycling is 

insignificant and at high values when mass balance overwhelms the fractionation associated 

with surface evaporation. This suggests that humid to semi-arid environments are optimally-

suited for calculating E:T ratios from isotopic gradients. 
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Abstract: We have been analysing the tritium concentration of precipitation for more than 13 

years. These results suggest a connection between the solar cycle and the tritium content of 

precipitation. Tritium is the radioactive isotope of hydrogen. In the nature, it is produced in 

the upper troposphere and lower stratosphere in nuclear reactions between atmospheric nuclei 

(mainly 14N) and secondary neutrons derived due to cosmic rays. Since the cosmic ray 

intensity correlates to the magnetic activity of the Sun, there must be a connection between 

the tritium content of precipitation and the 11-year solar cycle. Previous model calculations 

have shown that the tritium production rate has a periodic variability of 5% during a solar 

cycle. Due to the dilution effect of the atmospheric moisture, this effect is supposed to be 

further weakened in the surface precipitation. In our region − according to the temperate belt 

− the natural tritium level in the precipitation is around 5−10 TU. These low concentrations 

can be accurately measured only since the last 2−3 decades. Moreover, since the 50’s the 

atmospheric thermonuclear bomb tests increased the tritium amount of precipitation by 2-3 

orders of magnitude. After its maximum intensity in the early 60’s, the so-called bomb peak 

has already diminished to a stable level, and in the 2000’s years it is close to a natural level 

(~10 TU). In the period of 2001−2014, we have been continuously taking water samples from 

each precipitation events. Our study shows how the tritium concentration of monthly 

precipitations depends on the magnetic activity of the Sun. It can be observed that tritium 

concentration is varying by about 30% around mean value during the 11 years of the solar 

cycle. This is in accordance with the time series of other cosmogenic isotopes like
 7

Be, 
10

Be 

in the precipitation. 
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Abstract: Stable isotopes of meteoric waters are frequently used to understand the hydrologic 

cycle today as well as in the paleoclimatic record. Key to these interpretations are spatially-

extensive datasets of isotopes in meteoric waters that can deconvolve the influences of 

topography, seasonality, and multiple moisture sources. Here, we present 236 stable isotope 

measurements of precipitation, stream, river, and spring samples in central Mongolia, which 

fill a critical spatial gap in our knowledge of modern meteoric stable isotopes in Central Asia. 

We find that rivers are sampling a distinctly different seasonal regime than precipitation and 

that river isotopic values vary considerably over a short distance. We combine these results 

with back-trajectory modeling of air parcels over Mongolia, and show that a combination of 

variable moisture sources, topography, and steep climatic gradients control the large range of 

values in central Mongolia. Our results hold implications for understanding both the seasonal 

hydrologic cycle in Mongolia as well as past changes in the hydrologic cycle in Central Asia.  

 

1. INTRODUCTION 

 

Measurements of oxygen and hydrogen isotopes (δ18
O and δD) in meteoric waters have 

helped to elucidate important controls on the cycling of water through the atmosphere, 

biosphere, and hydrosphere, both on global and regional scales [1, 2]. Additionally, the 

isotopic composition of authigenic minerals is commonly measured in paleoclimatic studies 

to understand, for example, changing moisture sources through time or the impact of 

mountain uplift on climate [3, 4]. Critical to these studies is an understanding of the 

atmospheric and hydrologic processes driving spatial variations in δ18
O and δD. 

Measurements of δ18
O and δD in Central Asia are sparse, but have begun to differentiate 

seasonality and sources of moisture and interactions with topography [5-7]. Here, we present 

the first spatially extensive dataset of meteoric δ18
O and δD from central Mongolia. This 

dataset fills a critical, latitudinal gap between the more intensively sampled Tibetan Plateau 
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to the south and the many sampling campaigns in Siberia. We combine these data with back-

trajectory modeling to (1) understand sources and seasonality of moisture in Mongolia and 

(2) explore the interaction between moisture transport pathways, topography, and water 

isotopes in a deeply continental orogen.  

 

2. METHODS 

 

During the summers (June, July, and August) of 2011-2013, we collected 190 stream, river, 

and spring samples as well as 46 precipitation events. Much of our sampling focused on the 

Hangay Mountains, a high, flat-topped, NW-SE oriented range in central Mongolia. Samples 

collected in 2011 were measured for δ18
O and δD using 3 µl aliquots collected via a CTC 

PAL autosampler and analyzed using a Picarro cavity ring-down spectrometer at the 

University of Alaska Anchorage Environment and Natural Resources Institute. Measurements 

of stable isotopes of waters collected in 2012 and 2013 were made on 1 ml aliquots using an 

LGR 24d liquid isotope water analyzer at the Institute of Geoscience, Goethe University 

Frankfurt. At both laboratories, δ18
O and δD values were corrected based on internal lab 

standards that are calibrated against VSMOW. The analytical precision is typically better 

than 0.2‰ (2σ) absolute for δ18
O and 0.6‰ absolute for δD. 

 

3. RESULTS 

 

River δ18
O (-13.7 ± 2.0‰ (1σ)) is significantly lower relative to precipitation δ18

O (-10 ± 

4.7‰ (1σ)) (p < 0.001), while river d-excess (7.3 ± 4.3‰ (1σ)) is significantly higher than 

precipitation d-excess (2.2 ± 11.6 (1σ)) (p < 0.01) (Fig. 1). The data show no trend with 

sampling elevation, though they are largely congruent with the regional, latitudinal pattern of 

northward decreasing δ18
O. Interestingly, meteoric water δ18

O (and tentatively d-excess) 

increases from NW to SE along the length of the range (Fig. 1).  

 

 
Figure 1: δ18

O of river and precipitation samples collected in Mongolia. Larger circles are 

precipitation samples, while smaller circles are river samples. 
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Back-trajectory modeling reveals that the Hangay lie at the intersection of three dominant 

moisture transport pathways—from the west over the Altai, from the northeast, and from the 

southeast [8]. These distinct transport pathways interact to partially drive much of the spatial 

δ18
O variability. Low δ18

O in the NW-end of the Hangay reflect distillation from passage 

over the Altai and Sayan ranges, while high δ18
O on the SE-end of the Hangay likely reflect 

both mixing with southeastern air masses and conditions favorable for evaporative 

enrichment of meteoric waters. Higher precipitation δ18
O likely records the influence of 

summertime convective storms [9], while rivers and springs are sampling precipitation 

delivered earlier in the year by westerly cyclones. Higher d-excess in rivers supports this 

interpretation, suggesting rivers are sampling cold/colder-season precipitation [10, 11]. 

 

4. CONCLUSIONS 

 

We conclude that precipitation and rivers are sampling different seasonal hydrologic regimes, 

with rivers transporting largely spring (and perhaps) winter moisture, while precipitation is 

largely derived from convective activity. The spatial pattern of δ18
O is further modified by 

multiple moisture sources within central Mongolia that are themselves influenced by 

topography. These results indicate the complex relationship between topography, regional 

moisture transport pathways, and seasonality of precipitation. Such complexities, particularly 

in deeply continental settings with multiple moisture sources, may obscure the isotopic record 

of mountain building despite associated, substantial changes in climate.   
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Abstract: The goal of this research is to investigate the isotopic water balance of Lake Taihu. 

Lake Taihu is a large (2400 km
2
 in area) and shallow (mean depth 1.9 m) freshwater lake 

situated in the Yangtze River Delta in southern China. Our research strategy consists of 

continuous and in-situ measurement of isotopic compositions of the lake evaporation flux and 

periodic sampling of isotopic compositions of water across the lake and of river inflow and 

outflow water. These measurements have been made for more 2 years and are continuing. In 

parallel to these effects, an eddy covariance mesonet provides continuous observations of 

radiation fluxes, lake evaporation, water temperature and other micrometeorological variables 

at 5 locations in the lake. The experimental data are used to test theories regarding 

fractionation processes of open water evaporation, including the Craig-Gordon model on 

isotopic evaporation and the Merlivat-Jouzel prediction of the deuterium excess of 

evaporated water. In addition, we will explore the utility of lake water isotopic compositions 

as tracers for water circulation across the lake. 
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Abstract: Semi-arid ecosystems contribute about 40% to global net primary 
productivity, although water-availability limits carbon uptake. Precipitation shows 
periodical summer droughts and evapotranspiration accounts for up to 95% of water 
loss of the ecosystem. Thus functional understanding of evapotranspiration and the 
contributions of evaporation and transpiration from over- and understory vegetation to 
water cycling in semi-arid regions is key knowledge in forest management under 
future climate change. 
 
Water isotopes trace water through the compartments of an ecosystem from soil and 
the vegetation to the atmosphere. They are used to partition evapotranspiration ET 
into its components evaporation E and transpiration T. The method is, however, 
sensitive to the knowledge of the isotopic composition of water at the evaporating 
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sites. It led to a discussion recently about the dominance of transpiration in water loss 
from the terrestrial biosphere and how methodological problems could bias the 
results. 
 
Here we present observations from a Portuguese cork-oak woodland. It is a bi-layered 
system of widely spaced cork-oak trees and a herbaceous layer dominated by native 
annual forbs and grasses. Water fluxes and their isotopic compositions were measured 
on bare soil and vegetated plots with a transparent through-flow chamber and a water 
isotope laser. Soil moisture and temperature were measured in several depths and soil 
samples were taken for soil water isotope analysis. 
 
Based on these observations, we review current strategies of ET partitioning. We 
highlight pitfalls in the presented strategies and show uncertainty analyses for the 
different approaches. We show that the isotopic composition of evaporation is very 
sensitive to the sampling strategy but is described well by a steady-state formulation 
(Dubbert et al. 2013). The isotopic composition of transpiration, on the other hand, is 
not in steady state, most of the time (Dubbert et al. 2014a). We will demonstrate the 
consequences for the partitioning of ET of simplifications in soil moisture isotopes 
and the current steady-state assumption for transpiration isotopes. 
 
We then show the analysis of the water dynamics of the cork-oak woodland (Piayda 
et al. 2014). The herbaceous understorey layer contributed between 25 and 40% to 
total ET in spring while it was non-existent or very little in summer and autumn, resp. 
Soil evaporation E was a major component of ET during the return of precipitation in 
autumn where it contributed 50% or more to total ecosystem water loss. It was rather 
constant by value, which was largely driven by atmospheric moisture. However, E 
was not increasing with atmospheric demand at end of spring but stopped almost 
completely due to low soil moisture in the upper soil layers. Soil evaporation E in 
spring was, however, always lower than transpiration from the herbaceous 
understorey. In summer, transpiration was the almost single source of ET with more 
than 90% contribution (Dubbert et al. 2014c).  
 
The herbaceous understorey layer did, surprisingly, increase soil infiltration due to 
less runoff on vegetated ground (Dubbert et al. 2014c). The layer serves thus two 
purposes: 1. The legumes add nitrogen to the ecosystem that gets also used by the oak 
trees (Dubbert et al. 2014b). 2. The understorey layer needs more water in spring but 
facilitates infiltration of precipitation into soils throughout the year. It appears that the 
understorey layer in this savannah-type cork-oak stand has an overall positive effect 
on the ecosystem, both in terms of nutrient and in terms of water availability. 
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Abstract: Terrestrial water fluxes represent one of the largest movements of mass and energy 

in the Earth's outer spheres, yet the relative contributions of abiotic and biotic fluxes are not 

well constrained. At the level of watersheds, which can be potentially considered as closed 

loops, collation of oxygen isotopic measurements for rain and river waters enabled the 

development of methodology [1-4] that permits a first order partitioning of their water 

budgets into biological plant transpiration flux and the direct evaporative flux from soils, 

water bodies and plant surfaces. Complementary carbon isotope measurements enable, in 

turn, quantification of carbon export from the watershed and its partitioning into riverine 

discharge of DIC, DOC and CO2 evasion from water bodies into the atmosphere. The 

methodology was applied to 17 large watersheds in North America, South America, Africa, 

Australia, Southeast Asia, and New Guinea [2,5]. These results, complemented by lake based 

data of Jasechko et al. [6] - a publication that emulated, but not acknowledged, our concept - 

show that in wet, heavily vegetated tropical watersheds, with precipitation ranging from about 

1500 to 8000 mm H2O/m
2
/a, the biological transpiration flux oscillates around a plateau of 

1200 mm H2O/m
2
/a, irrespective of the amount of precipitation; this plateau reflecting 

principally the intensity of the incoming solar radiation. In higher latitude watersheds, with 

precipitation mostly less than 1500 mm/m
2
/a, the transpiration usually accounts for about 2/3 

of the annual precipitation. Globally, the terrestrial biological water cycle appears to be 

therefore solar driven/limited in the tropics and water limited at higher latitudes.  

The carbon isotopic compositions of DOC and DIC at high concentrations, document that 

they were sourced mostly from C3 plant material and soil respired carbon. However, the 

decline in DIC concentrations is accompanied by a 
13

C enrichment of about 10% relative to 

the C3 plant signature [5]. This enrichment could be due to entrainment of atmospheric CO2 

into river waters, carbonate mineral weathering, DIC speciation and loss, photosynthetic 

uptake, methanogenesis, or isotope fractionation via CO2 evasion. Sequential elimination 

leaves the last alternative as the most probable mechanism because the ubiquitous CO2 

overpressures in the river waters result in its diffusion into the atmosphere and the progressive 
13

C enrichment of the residual DIC pool. Balance estimates show that this process accounts 

for about 40-67% of the total export of carbon from the watersheds [7], a value equal to, or 

larger than, the combined outflow of DIC and DOC from the basins , and nearly equal to the 

total fluvial export of dissolved and particulate carbon. Nevertheless, the sum of all carbon 

losses via fluvial transport and gas evasion is only a small fraction of the total carbon 
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sequestered by the watershed ecosystems; about 3% or less. Thus, the carbon sequestered 

annually by photosynthesis (transpiration) in the watershed is returned almost wholesale to 

the atmosphere by respiration.  

In these ecosystems, the above latitudinal pattern of "radiation" and "water" -limited fluxes of 

water involved in transpiration are mimicked by the patterns of Net Primary Productivity 

(NPP), albeit offset by a factor of about 1000 due to the so called Water Utilization Efficiency 

factor. The respective NPP plateau is about 1300 g C/m
2
/a. This suggests that the terrestrial 

water and carbon cycles are inherently coupled via the biosphere through stomatal regulation. 

Transpiration (photosynthesis) appropriates about half of all solar energy absorbed by the 

continents [6] and almost all of this sequestered energy is required not for the actual 

photosynthesis, but for continuous pumping of huge amounts of water necessary for the 

delivery of nutrients to the plant. Potentially, this may change our perspective of the role that 

biology plays in the water cycle. The existence of this water conveyor belt may be a 

precondition for the operation of the terrestrial carbon cycle. In such a perspective, the global 

water cycle is the medium that redistributes the incoming solar energy across the planet, and 

the anatomical structures of plants help to optimize the energy transfer via the evaporation 

and precipitation loop in the hydrologic cycle. 
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Abstract: The IAEA organized a Cooperative Research Project (CRP) with participants from 
11 countries with the objective of developing and testing 3H/3He methodologies to improve 
assessment of groundwater recharge and discharge rates.  The turnover time of groundwater 
reservoir is directly related to storage volume and sustainable yield and therefore has the 
potential to contribute to sustainable management of groundwater resources. At the sites 
studied during the CRP, we found that samples collected using passive diffusion samplers 
typically had apparent 3H/3He ages that were about 10% lower than conventional copper 
tubes over a wide range of ages (0-45 years).  Noble gas recharge temperatures ranged from 5 
to 25 ˚C and were generally correlated with ambient air temperatures.  Initial 3H values 
(obtained by summing 3H and tritiogenic 3He) were typically near the atmospheric value for a 
recharge year given by the 3H/3He age, suggesting minimal mixing in the subsurface.  Depth-
specific samples typically showed increasing age with depth and can be interpreted to provide 
estimates of recharge rates.  The unique data set from this CRP suggests that the 3H/3He 
method is applicable to a wide range of hydrogeologic environments and is capable of 
providing valuable information for water resource investigations. 

1. INTRODUCTION 

Growing pressure on groundwater resources worldwide necessitate detailed characterization 
and quantification of groundwater dynamics, from the time of recharge to aquifers to 
discharge into rivers, lakes and the ocean so that resources can be managed sustainably.  
Environmental tracers such as 3H and 3He are potentially valuable tools for understanding 
hydrologic systems, but also present challenges in terms of sample collection and analysis 
along with the availability of local analytical laboratories.  The IAEA organized a 
Cooperative Research Project (CRP) with participants from 11 countries with the objective of 
developing and testing 3H/3He methodologies to improve assessment of groundwater 
recharge and discharge rates.  The turnover time of a groundwater reservoir is directly related 
to storage volume and sustainable yield and therefore has the potential to contribute to 
sustainable management of groundwater resources, if the logistical challenges of measuring 
dissolved nobles gases can be overcome.  This CRP (1) evaluated the usefulness of the 
3H/3He method for estimating recharge rates, (2) evaluated the use of 3H/3He age dating for 
understanding groundwater-surface water interactions, (3) evaluated the performance of 
different sampling techniques, and (4) compared recharge and discharge estimates with 
existing conceptual models. 

2. METHODS 

In general two approaches exist for utilizing 3H/3He ages for evaluating groundwater recharge 
[1]. The “age stratigraphy” approach makes use of profiles of ages collected at specific 
depths to evaluate vertical changes in transit times and thus recharge [2].  The second general 
approach is to estimate the mean transit time of discharge and then relate this to the ratio of 
the aquifer volume to total discharge.  Sites in 8 different countries with hydrogeologic 
environments ranging from sandy unconfined aquifers to fractured rock aquifers provided 
depth-specific samples to evaluate the “age stratigraphy” approach.  Sites from 7 different 
countries with hydrogeologic environments ranging from karsts springs to tunnel seepage 
provided samples to evaluate the “discharge” approach.  At most sites samples were collected 
in both conventional copper tubes and in passive diffusion samplers, and sent to the Isotope 
Hydrology Lab of the IAEA for analysis. 
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3. RESULTS 

Apparent 3H/3He ages from conventional copper tubes and passive diffusion samplers are in 
relatively good agreement over a wide range of (0-45 years) of ages.  However, ages from 
diffusion samplers are typically about 10% younger than copper tubes. This modest 
difference is larger than the analytical uncertainty and likely reflects sampling procedures 
(i.e. active pumping that is required for copper tube samples versus passive equilibration for 
diffusion samplers).  The preferred method depends on the application. 

Noble gas recharge temperatures range from 5 to 25 ˚C and are generally correlated with 
ambient average air temperatures.  In a given country, the range of noble gas temperatures 
appears to be correlated with the amount of topographic relief reflecting the correlation 
between recharge temperature and elevation. 

Cross plots of tritium plus 3He (that theoretically corrects 3H for radioactive decay) show that 
samples plot near the atmospheric 3H value in precipitation for a recharge year given by the 
3H/3He age.  This suggests that 3H and 3He are co-transported through the subsurface without 
excessive mixing between waters of different transit times.  Exceptions occur for samples 
collected from discharge areas where it is likely that flow paths with a large spectrum of 
transit times converge. 

At a given site where depth-specific samples were collected, apparent ages increase with 
depth below the water table.  At most sites, recharge rates calculated using the slope of the 
age versus depth curves are in reasonable agreement with other estimates of recharge rates.  
However, within a multi-porosity chalk (limestone) aquifer with a microporous matrix, no 
clear age versus depth structure was observed, and 3H/3He ages were generally 12 years 
younger than ages derived from SF6. 

4. CONCLUSIONS 

The CRP has resulted in a unique dataset that spans numerous hydrogeologic environments 
(from karst to fracture flow to sandy aquifers) and logistical circumstances (shipping 
specialized sampling contains and equipment, training sampling personnel to collect 
dissolved gas samples, etc.)  The consistency of the results suggest that most logistical 
difficulties have been overcome and further imply that the 3H/3He method is applicable to a 
wide range of (but not all) hydrogeologic environments.  The 3H/3He method appears to be 
capable of providing valuable information for water resource investigations.  
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Abstract:  Several karst springs in the Gacka area of Croatia were studied using environmental 

tracers (stable isotopes (
18

O, 
2
H), tritium (

3
H), chlorofluorocarbons (CFCs) and noble gases (

3
He, 

4He, Ar, Ne, Kr, Xe)). They provided valuable information regarding the mean residence time 

and age distribution of the spring waters. The variation of the precipitation’s isotopic signal in 
spring discharge indicates mixing of waters with different transit times. Comparison of CFC and 
3
H/

3
He data reveals that during the dry weather period some space in the karst groundwater 

systems is not filled with water. The results show that compared to single-tracer studies, multi-

tracer techniques may allow a better understanding and characterization of the system. 

1. INTRODUCTION 

Environmental tracers provide key information on groundwater dynamics. Some tracer 

techniques, such as tritium, CFCs and 
3
H/

3
He, are particularly suitable for tracing young water. 

Groundwater travel time information usually refers to time since exposure to the atmosphere (e.g. 
CFCs and 3H/3He) or since rainfall (3H). The 3H/3He age is reset immediately to zero when the 

water moves to the surface, but the CFC age is not reset to zero (due to a lower diffusion 
coefficient and a lower concentration gradient, the reset of the CFC clock is much slower 

compared to the 
3
H/

3
He clock). Thus, the fact that the 

3
H/

3
He age is much younger than the CFC 

age and/or tritium age can be used to recognize that the groundwater is re-exposed to the 

atmosphere at any time along its flow path. 

In a previous publication [1] we have used isotopic data (δ2H, δ18O and 3H) to study an important 

Croatian water reservoir, the Gacka River area. The area is part of the Croatian Dinarides which 

(due to its karst structure) provides a very complex hydro-geological situation:  the waters may be 

well-mixed from components of different ages (e.g., waters with exponential age distribution), or 

just a single component (piston-flow model). Between these two extreme situations, the apparent 
age of the water can result from complex mixing scenarios. Stable isotope data (δ2H, δ18O) 

together with tritium model calculations for the three main Gacka springs Majerovo (MAJ), 
Tonkovica (TON) and Pećina (PEC), showed that the ground water age distribution can be fairly 

well approximated by a combination of both extremes: 90% of water with single age and 10% of 
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water with exponential age distribution yielded a ground water age of about 12 years. In the 

present project, we have continued these studies for the time between 2008 and 2014. In addition 

to the stable isotopes 2H and 18O we obtained new data for several Gacka springs from 

measurements involving tritium, noble gases and CFCs. The aim of this study is to show results 

that stress the importance of combining different techniques. 

2. THE STUDY SITE 

Gacka is located in the mountainous area of Croatia at an elevated altitude. The area has a relief 

structure that changes quickly between mountains and polje or doline; it is separated by the 
Velebit Mountain from the Adriatic Sea. This limits the warm Mediterranean influence, but does 

not protect it entirely from moist maritime air masses from the South-West. From the North it is 
exposed to Atlantic influence. The spring zone of the Gacka river system consists of a number of 

karst springs (the largest being Majerovo vrelo, Tonkovića vrelo, and Pećina) situated in the 
south-eastern part of the Gacko polje (“Gacka field”) at an altitude of approximately 460 m a.s.l. 

The recharge area is approximately 480 km
2
, consisting of mountain parts and a few smaller karst 

polje. The altitudes in the region vary between approximately 450 m to more than 1000 m a.s.l. A 

large underground retention zone (about 400 x 10
6
 m

3
) in the hinterland of the initial spring group 

is responsible for the comparatively uniform flow rates of some springs. 

3. METHODS 

 
Stable Isotopes (2H, 18O): 

Stable isotope data (δ
18

O and δ
2
H) of the sampled spring waters were determined in the Stable 

Isotope Laboratory (SILab) at Rijeka University, using a Delta plus XP isotope ratio mass 

spectrometer fitted with an HDOeq 48/24 Equilibration Unit (ISOCAL) and Dual Inlet periphery. 
The results are expressed in the VSMOW/SLAP scale. The precision is better than 0.1‰ for δ18O 

and 1‰ for δ
2
H analysis. 

Tritium (3H): 

For the determination of 3H, water samples of about 1 liter were enriched electrolytically and 

analyzed by liquid scintillation counting at the IAEA isotope hydrology laboratory. The 

analytical precision for tritium analysis is better than ±0.2 TU. 

Noble Gases (
3
He, 

4
He, Ar, Ne, Kr, Xe): 

For the noble gas mass spectrometric analysis in the IAEA laboratory, water samples of about 

40ml were collected in copper tubes. The samples were quantitatively degassed on a vacuum line 

by water vapor transport through a capillary on liquid nitrogen cooled cold traps. Excellent 

agreement was achieved with measurements using the newly developed diffusion samplers. 

Chlorofluorocarbons (CFCs): 

The CFCs were determined in the IAEA laboratory using a purge-and-trap gas chromatography 

procedure with an electron capture detector (ECD). Details of the method are described in [2]. 
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4. RESULTS AND DISCUSSION 

4.1. Stable oxygen and hydrogen isotopes 

The stable isotopes for the Gacka aquifer were discussed in detail by Ozyurt et al. [1]. The 

springs’ δ
18

O values display a weak variation, indicating the existence of young water 

components. However, this variation is much smaller than the precipitation’s δ18O variation; 

therefore, older water components must be quite important, too. 

4.2. Tritium 

With the measured tritium 3Hobs and the 3He data, the initial tritium before decay 3Hini can be 

determined (
3
Hini = 

3
He + 

3
Hobs). The tritium input function 

3
Hinput has been calculated from the 

precipitation data recorded between 1975 and 1995 in Zagreb. Comparison of 3Hinput and 3Hini 

indicates that the spring waters arise from post-1980 recharges, i.e., the water ages are between 0 

and about 30 years, in agreement with our earlier data [1]. The actual 3H/3He ages were 

calculated using our noble gas and tritium data (c.f. [3]).The ages were corrected for air sources 

of He. Since the 3He concentrations were within the range expected for solubility equilibrium, no 

terrigenic helium correction had to be performed. As a consequence of such a small amount of 

terrigenic He, apparently the spring discharges do not contain water fractions with very old ages. 

The derived 
3
H/

3
He water ages are shown in Figure 1. 

4.3. CFCs 

The CFC concentrations in water can be translated into CFC concentrations in air which is in 

equilibrium with water. For this calculation we assume a temperature of 9.7 ºC, the mean value of 
the calculated noble gas temperatures. The measured CFC concentrations and the derived ground 

water ages are also displayed in Figure 1.  

4.4 Comparison between 3H/3He and CFC ages 

The waters collected in 2012 contain less tritium and CFCs, indicating that the younger water 

component has decreased. This may be attributed to the dry period, resulting in a reduction of the 
groundwater flow. Thus, in our karst system the groundwater may be exposed to air causing 

tracer exchange between water and air. Because CFCs tend to retain in water, the exchange will 
mainly affect helium. Consequently, the 3H/3He age will appear too young compared with the 

CFCs (Figure 1). 

5. CONCLUSIONS  

Stable isotopes 18O and 2H, tritium, CFCs, and noble gases were used to investigate groundwater 

discharge from springs in the Gacka Area, Croatia. The environmental tracers provided valuable 

information regarding the mean residence time and age distribution of the spring waters. 

Comparison of CFC and 
3
H/

3
He data reveals that some space in the karst groundwater system is 

not filled with water during the dry weather period in contrast to a wetter weather period. This 

information can be obtained only if multiple tracers are used. Since the reaction of the springs’ 

discharge to the variation of precipitation’s stable isotopic signal suggests mixing of young 

waters with older waters, we plan to combine the tritium, CFCs and noble gas data to further 

study the groundwater mixing in this specific scenario. 
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Figure 1. Ground water ages of the three main springs as derived from 
3
H/

3
He and CFC data 

(vertical axis: age; horizontal axis: year). For 2011 the results of both dating techniques are in 

fair agreement. The 
3
H/

3
He ages are far too low for 2012 compared with the CFC ages. 
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Abstract: Konya Closed Basin (KCB), located in central Anatolia (Turkey), is one of the 

major endorheic basins in the world. The basin hosts a confined aquifer system with an 

unconfined window along the regional groundwater flow path which terminates at the Salt 

Lake. The KCB has been subject to magmatic activity during the different periods of late 

Tertiary until early Holocene. This activity results in formation of large scale hypogenic karst 

development which manifests itself by the formation of giant collapse dolines and spatially 

widespread carbon dioxide discharges. In this study, evolution of noble gas content along the 

regional groundwater flow path of the KCB has been investigated to better understand the 

magmatic fluid transport in the system.  Data obtained from two transects revealed a 

systematic variation of noble gas content along the regional flow system. Both helium 

isotopes gradually increase along the regional flow path up to the mid plateau recharge zone 

where the aquifer becomes temporarily unconfined. Highest helium concentrations, 

indicating strong mantle/crustal flux observed at the zone where giant collapse doline have 

formed.   

1. INTRODUCTION 

The Konya Closed Basin (KCB), located in central Anatolia (Turkey), is one of the major 

endorheic basins in the world. The 53,000-km
2
 large basin is a semi-arid land where 

groundwater is the only water resource. Groundwater is fed mainly by the Taurus Mountains 

Belt at the south and flow toward Salt Lake at the north. The KCB hosts two plains (sub-

basins) separated by an intermediate plateau. The plains are covered by practically 

impermeable Plio-Quaternary paleo lake deposits whereas the plateau comprises mainly of 

Neogene lake carbonates. Numerous collapse dolines have formed in the plateau section 

while new dolines are formed every year mainly in the southern sub-basin [1]. The aquifer is 

confined in the plains while the plateau section is unconfined. Recharge of the aquifer is 

supplied mainly by the Taurus Mountains at the south where the system is unconfined and 

mean annual net precipitation input is estimated as 650 mm. In the plains part, the mean 

annual bulk precipitation and potential evapotranspiration amounts to 400 mm and 1,400 mm, 

respectively. The KCB is covered by fertile agricultural lands which are irrigated by 

groundwater. The annual groundwater abstraction is as estimated as 2.6×10
9
 m

3
.   

Previous studies demonstrated a steady increase of groundwater age from recent at the flanks 

of Taurus Mountains to about 45,000 years around the Salt Lake. The groundwater is tritium-

free along its entire flow path, except at sites near the mountain flank. KCB hosts unique 

hypogenic karst landforms called as obruk. These gigantic collapse dolines have been formed 

due to extensive and localized geogenic (i.e. mantle and crustal) carbon dioxide flux [2]. 

A systematic sampling of the groundwater has been conducted for its noble gas contents 

along the two transects of regional groundwater flow path to determine the evolution of 

helium isotopes as the origin markers of geogenic gas flux. The study has been conducted in 

collaboration with IAEA under the CRP entitled “Tritium-3He Dating and Noble Gas 
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Techniques in Water Resources Management: Recharge, Infiltration Conditions and 

Groundwater Balance”. The data obtained reveals an ongoing and strong hypogenic gas flux 

along the regional groundwater flow path of the KCB [3].  

2. METHODS 

Groundwater in the Neogene aquifer of KCB were sampled from 10 deep wells located along 

two transects extending from the recharge area to Salt Lake in August 2011 to determine 

noble gas composition (Figure 1). Copper tubes with clamps used for sampling and water 

samples have been analyzed at Noble Gas Isotope Laboratory of the IAEA. Except one 

sample (KCB7 the closest sampling point to the recharge area) groundwater of Neogene 

aquifer is found to have a considerable amount of helium isotopes originating from mantle 

and/or crust. 

 
Figure 1.  Noble gas sampling points in the KCB (August 2011). 

3. RESULTS 

Measured He-3 and He-4 concentrations vary from 10
-13

 to 10
-12

cm
3
 STP/g and, from 10

-7
 

and 10
-6

 cm
3
 STP/g, respectively (Figure 2). Except one sample (KCB7) which is very close 

to the recharge area, all samples have remarkable amount of helium-3 which is mainly 

released from mantle [3].  Quantifying the magnitude of mantle He-3 flux is difficult and for 

most cases is impossible because of the mixing of gases from various sources. He-3 content 

of groundwater along both transects reach maximum values just before the Obruk Plateau 

where the confined aquifer becomes unconfined so that the degassing of groundwater is 

likely. Beyond this point gas composition of groundwater diluted by recharge from plateau 

and/or degassing of unconfined groundwater (Figure 2).  Although, any R/Ra ratio greater 

than 1 is associated with mantle gas contribution, simultaneous increase in He-4 content also 

indicates presence of crustal He-4 production along the groundwater flow path of KCB. 

Combined interpretation of groundwater’s radiocarbon ages and evolution of He-4 along the 
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regional groundwater flow path may be used to infer He-4 flux rate along the flow path. He-4 

flux rate for KCB is calculated as 8 10
-17

 cm
3
STP/g_year. In a similar study, helium release 

rates are calculated to range between from 10
-12

 to 10
-10

 cm
3
STP/g_year for Great Artesian 

Basin (GAB) of Australia [4]. Helium releases rate calculated for GAB is much higher than 

those of KCB. Calculated He-4 release rates depend on grain size, mineralogy, temperature 

and geologic history of the aquifer [5]. 

 

Figure 2.  Evolution of helium isotopes along the groundwater flow path (modified after [3]). 

4. CONCLUSIONS 

Both helium isotope contents of groundwater gradually increase up to Obruk plateau (mid 

recharge zone). Higher He-3 concentration at the Obruk Plateau supports the geogenic carbon 

dioxide gas influx from mantle and crust for the development of giant collapse dolines. 

Beyond the intermediate recharge zone dissolved helium concentration deplete probably 

because of the intermediate recharge from surface.  Although, it is hard to make a firm 

discrimination of individual helium isotopes in the groundwater of KCB, results point that the 

Neogene aquifer have considerable amount of helium flux from mantle and/or crustal 

sources. Those observations are also critical for the assessment of the evolution of 

groundwater system, interpretation of karst development during the geologic evolution of the 

basin. Better understanding of the extreme void development in porous media by means of 

hypogenic gas flux from crust and mantle may be important both in groundwater and 

petroleum industry. 
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Abstract: A representative number of 14C analysis over the BAB area and the first 81Kr/Kr 
measurements from seven exploitation wells together with radiogenic 4He data were applied 
in order to study the potential influence glaciations deglaciations in the BAB area during the 
last several million years. Stable oxygen and hydrogen isotope values of 81Kr dated 
groundwater confirm that glaciations impact did not replace deep saline basinal brines with 
fresh and isotopically depleted meltwater over the all BAB area. 

INTRODUCTION 
 

The Baltic Artesian Basin with a surface of ~480,000 km2 is one of the largest artesian basins 
in Europe. The BAB covers the territory of Latvia, Lithuania and Estonia, parts of Poland, 
Russia, and Belarus as well as a large area of the Baltic Sea, including the island of Gotland. 
Geologically the BAB is situated in the north-western part of the East European platform on 
the southern slope of the Fennoscandian Shield. The bedrock consists mainly of Ediacaran 
and Paleozoic sedimentary rocks overlying the Paleo-Proterozoic crystalline basement, which 
gradually slopes towards the south by 2-4 m/km. The thickness of the sedimentary cover 
reaches 5000 m in the south-western part, while the crystalline basement reaches the surface 
at the northern and south-eastern parts of the BAB. Hydrogeologically, the BAB is a complex 
multilayered system where the water in the sedimentary formation can be divided into 5 
aquifer systems separated by 3 regional aquitards. General flow of the groundwater in the 
BAB is directed from southeast to northwest [1]. 

41



 
In most part of the deeply buried aquifer (>1000 m) the fluids within the system are 
represented by typical Na–Ca–Cl basinal brines (formation waters), which have salinities 
(total dissolved solids-TDS) of >1000 mg·l−1. However, in shallowly buried marginal areas of 
the aquifer, particularly in the northern part of the Baltic Basin, where the aquifer forming 
rocks outcrop, the water is fresh (TDS<1000 mg·l−1), drinkable and used for public water 
supply. Moreover in the northern margin of the BAB, the Cambrian-Vendian aquifer system 
(C-V) is the principal and most important source for the public water supply in Estonia. 
Earlier studies established that the groundwater in the northern part of this system has the 
lightest known isotopic composition in Europe (δ18 O values from - 18‰ to -23‰) 
[2,3].These values are much more negative than the reported δ18O values of – 10.4‰ for 
atmospheric precipitations in the area [2].  
 
To explain this phenomenon it was proposed that during the late Weichselian the 500 to 
1500 m thick Scandinavian ice sheet increased hydraulic pressure at the base of the glacier. 
The hydraulic gradient was at least 0.003, which is about one order of magnitude more than 
today and reversed the regional groundwater flow. This led to recharge of isotopically light 
glacial meltwater in Northern Estonia where the aquifer crops out. This occurred by drainage 
of aquifer system through tunnel valleys [3]. 
 
The age of the intrusion of glacial meltwater to the aquifer system has been constrained by a 
mass-balance model of the carbonate system coupled with the radiocarbon age of 
groundwater in the Cambrian-Vendian aquifer system, showing that the intrusion of the water 
occurred not earlier than 14000 to 27000 radiocarbon years ago [4]. This is coeval with the 
advance and maximum extent of the Weichselian glaciation in the area [5]. 
 
Before this work little data regarding groundwater residence time in the BAB , notably for 
brines in its deeper part  has been available, except radiocarbon ages of intrusion of glacial 
meltwater [3,4, ]. Genesis and age of basinal brines (formation waters) have been estimated 
only from geological development of the area [8, 9]. Based on the groundwater metamorphic 
degree (GMD), which characterizes the alteration of the groundwater chemical composition 
from the recharge area to the discharge area, it has been estimated that the age of deep 
formation waters in the southern part of BAB could be up to 60 Ma [6,7]. 
 
METHODS 
 
For long the only available quantitative method for dating old (5 x 104-106 a) groundwater 
was measurement of cosmogenic 36Cl (half-life 301ka). Since the saline formation waters and 
brines in the deep aquifers of the Baltic Artesian Basin do not meet the restrictive criteria for 
the application of the 36Cl method, 81Kr (half-life 229 ka) is the only applicable isotope for 
radiometric dating. Recent developments in the ATTA method, based upon laser 
manipulation of neutral Kr atoms [10] have enabled the analysis of 81Kr in Kr gas extracted 
directly from groundwater samples using a tabletop apparatus, providing a practical approach 
for dating very old groundwater. 
 
Samples were collected during three field campaigns (14C, 81Kr campaign, and noble gas 
campaign).  Wells were selected where radiocarbon was very low or could not be detected, 
based on earlier radiocarbon measurements. In Total, 7 wells were sampled: Two in Southern 
Estonia, two in Central Latvia and at three wells in Southern Lithuania. Two of the wells 
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(Riga and Kemeri) are artesian; at the other wells, the installed submersible pumps were used 
for sampling. 
 
The gas obtained by the degassing was analyzed for major gas composition on a quadrupole 
mass spectrometer before separating the Ar and Kr gases for further analysis. 
Krypton was extracted from the bulk gas at the University of Bern by cryogenic distillation 
and gas chromatography and the isotope ratios 81Kr/Kr and 85Kr/Kr were determined using 
the ATTA-3 instrument in the Laboratory for Radiokrypton Dating, Argonne National 
Laboratory. Based on the Atom Trap Trace Analysis method, ATTA-3 is a selective and 
efficient atom counter capable of measuring both 81Kr/Kr and 85Kr/Kr ratios of environmental 
samples in the range of 10-14 – 10-10. For 81Kr dating in the age range from 50 to 1,500 kyr.  
 
Argon was also extracted from the bulk gas by cryogenic distillation. 39Ar activities were 
measured by low-level gas proportional counting at the Physics Institute, University of Bern.  
Based on Cl- and δ18O data, a mixing model with three end members was proposed [4]: brine, 
glacial meltwater and recent meteoric recharge. To accommodate the results from the deep 
samples, the chloride concentration of the brine end member needs to be increased from 20 
g/kg to 100 g/kg, however. Based on the mixing model fractions of recent meteoric water, 
glacial meltwater and brine were determined. 4 of the 7 samples have a brine fraction of over 
50%. On the other hand, Värska and Häädemeeste are mostly composed of recent and glacial 
waters. Ignalina and Klaipeda are not containing any glacial water. Ignalina, Klaipeda and 
Genziai are outside the range reachable by the mixing model. This leads to the unrealistic 
estimation of 18% glacial meltwater in Genziai.  The deviations from the mixing model could 
be explained by mixing with seawater as a fourth end member (Klaipeda, Ignalina) or salt 
dissolution (Genziai). 
  
DISCUSSION 
 
The results from this study confirm the mixing model [4] with three end members: glacial 
meltwater with a lighter isotopic composition and high gas contents, recent meteoric water, 
and a saline, degassed brine. However, the deep samples from this study indicate a higher 
salinity for the brine end member (Cl- ≈ 90 - 110 g/kg, TDS ≈ 140 – 190 g/kg). The chemical 
signature suggests that the brine is up-concentrated seawater. 
 
In Kemeri and Genziai, 81Kr concentrations are below the detection limit (R/Ra=0.02) 
indicating water that is older than 1.3 Ma. From this it was concluded that the age of the brine 
is beyond the dating range of 81Kr of 1.3 Ma and that subsurface production of 81Kr is 
negligible. Under the assumption that the glacial end member was recharged during the last 
glaciation, the 81Kr age of the recent meteoric component was determined (for some of the 
wells only a lower limit could be given). The 81Kr age of the meteoric component ranges 
from 176 to > 900 ka and generally increases in the direction of flow. 
 
CONCLUSIONS 
 
For the first time, the deeper part of the Cm-V aquifer across the entire BAB was sampled for 
dating tracers, noble gases and chemistry. Chemistry and noble gases confirmed that the 
mixing model [4] with three end-members (meteoric water, glacial meltwater, brine) is 
suitable for northern Estonia and can be applied to the deeper parts of the aquifer as well. 
With depth the brine end-member becomes increasingly dominant and a more accurate 
composition for the brine end-member was established.  
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81Kr measurements all gave abundances less than half of today’s atmospheric abundance, 
confirming that groundwater in the Cm-V aquifer is indeed very old. For two samples, after 
correction for contaminated well casings using 85Kr, 81Kr abundances below the detection 
limit were found, indicating that these waters are older than 1.3 Ma. These are the first 
samples with a 81Kr abundance below detection limit, providing evidence that underground 
production is negligible. The absence of underground production in this case increases 
credibility that the still quite new 81Kr dating method is robust. 
 
Based on the mixing model and 81Kr measurements, the age of the meteoric end-member 
could be estimated. These confirm the modelling results [1] giving an average horizontal 
velocity of 0.34 m/a between the recharge area and the Gulf of Riga. As the brine was found 
to be beyond the dating range of 81Kr, mean ages for the samples as a whole cannot be given, 
only lower age limits. 
 

4He and 40Ar/36Ar measurements confirm the generally very high residence times of the 
waters. . However, 4He and 40Ar were found to be controlled by a combination of several 
factors, which makes them difficult to interpret and prevents their use as dating tools. 
Because 36Cl would also be problematic in the BAB, 81Kr measurements provided a unique 
tool to better understand and constrain flow patterns in the Cm-V aquifer of the BAB. 
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Abstract: The carbonate sediments of the Dammam Formation and the clastic sediments of 

the Kuwait Group, representing the main aquifers in Kuwait, where brackish groundwater 

(salinity of less than 5000 mg/l) has been produced from the fields of Ministry of Electricity 

and Water (MEW) since the early 1960s. The production from these aquifers increased at a 

very rapid rate over the past several decades, which lead to the significant drop in the 

potentiometeric heads in these two aquifers. Due to the importance of this valuable water 

resource in water deprived environment of Kuwait, an isotopic approach was used to 

determine the stable and unstable isotope contents of the brackish groundwater of the main 

aquifer and recommend an optimum management strategy that would prevent any 

deterioration in the quality and quantity of the groundwater. Groundwater samples were 

collected from both the aquifers and analyzed for chemical and isotopic parameters. It was 

concluded that the intensity of groundwater mineralization increases towards the east and the 

northeast, though it is higher in the Kuwait Group aquifer than in the Dammam Formation; 

there has been very little recharge to the aquifer system at present; the groundwater in the 

study area is rather old (i.e., 8000 to 24000 yr before present (BP)) and was recharged during 

a cooler, humid pluvial period; and evaporation has affected the isotopic composition of the 

groundwater in some cases. A more detailed hydrological investigation of the main aquifers 

in Kuwait, supplemented by tracer tests, has been recommended to gain further insight into 

the groundwater flow and quality behavior within the study area to establish an optimum 

management strategy to protect this important water resource. 

 1. INTRODUCTION 

The dolomitic Dammam limestone and the clastic Kuwait Group are the main aquifers in Kuwait 

providing useable groundwater for irrigation and other requirements like mixing with desalinated 

water to make it potable and livestock rearing. The production from these aquifers has increased 

at a very rapid rate over the past several decades from 7760 MIG (35.3 Mm3) in 1970 [1] to 

30280 MIG (137.65 Mm3) in 2009 [2] (with a maximum of 36214 MIG (164.63 Mm3) in 2006 

[2]. Since there is practically no direct recharge to the aquifers within the State of Kuwait, and the 

lateral recharge of approximately 67 Mm3/yr [3] from Saudi Arabia and Iraq is far less than the 

withdrawal, there are significant drops in the potentiometric heads in the two aquifers (more than 

50 m in the confined Dammam Formation aquifer and more than 10 m in the unconfined Kuwait 

Group aquifer) in the central and southwestern parts of Kuwait. Due to the importance of the two 

aquifers as sources of useable water in the water-deprived environment of Kuwait, and increasing 

demand on these resources, which is not being recharged at a sufficient rate causing their 

potentiometric heads to decline, it is very important to understand the history and pattern of 

groundwater flow within the aquifer systems so that sustainable exploitation of both are possible. 

An investigation involving isotopic data from the aquifers in the southern parts of Kuwait to 
decipher their hydrological history and flow regime was undertaken with this end in view.  
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2. METHODS 

All available data and information regarding the hydrogeology and hydrogeochemistry of the 

aquifers concerned in the southern parts of Kuwait were unloaded from the hydrogeological 

database maintained at the Kuwait Institute for Scientific Research (KISR) [4]. Additional 

data and information were collected from the Groundwater Project Department of Kuwait’s 

Ministry of Electricity and Water (MEW) and from various reports published by KISR. 

Subsequent to the collection of the available data, a number of wells were selected for water 

sampling and analysis, in consultation with Kuwait’s MEW and the IAEA. Groundwater 

samples collected from the selected existing wells were analyzed in the Water Research 

Center (WRC) laboratory for major cations and anions (calcium, magnesium, sodium, 

potassium, chloride, sulphate, bicarbonate, carbonate and nitrate), total dissolved solids 

(TDS) and microbiology. Samples were sent to the Laboratory of Radio-Analysis and 

Environment of the National School of Engineers in Sfax, Tunisia, as recommended by the 

IAEA, for isotopic measurements. The results of the isotopic analyses are presented in Table 

1. 

Table 1. Isotopic Data for the Kuwait Group and Dammam Formation. 

Formation 

Well No. 

18
O 

(‰) 
v-SMOW 

2
H   

(‰) 
v-SMOW 

Deuterium 

Excess 

Tritium 

(TU) 

a_C14 

(pMC) 

14
C 

Err 

13
C 

(‰) 

v-PDB 

Total 

depth 

(m) 

Kuwait 

Group 

SH-A-13 -3.3 -25 1.533 0.33 15.2 ±1.1 -10.3 187.44 

SU-85A -4.5 -20 15.55 0.51 38.3 ±1.4 -13.63 131.06 

UG-62 -3.4 -27 -0.13 0.27 20 ±1.6 -11.72 253.89 

UG-65 -5.7 -26 19.19 0.75 29.2 ±1.7 -12.25 234.68 

KF-32D -0.2 -12 -10.5 1.01  - - -13.36 50.78 

HS-16 -2.4 -27 -8  - 4.6 ±1 - 57 

KB-3K 0.7 -15 -21.1 0.33 20.5 ±2 -10.69 341.36 

KB-4K -0.3 -21 -18.5 0.16 19.5 ±1.3 -9.14 313.93 

WT-02 0.1 -7.7 -8.69  -  -  -  - 25 

WT-03 -2.8 -24 -1.86  - 17.8 ± 0.9 -9.61 25 

WT-04 1.3 6.1 -4.28  - 15  ± 0.8  - 29 

WT-13 0.8 -3.9 -10  - - -  - 29 

WFW-1 -0.4 -19 -15.5  - 8.2 ±0.9 -8.79 - 

WFW-2 0.4 -11 -13.7 0.45 16 ±0.8 -8.08  - 

Dammam  

SH-B-15 -5.5 -30 14.26 0.68 6 ±0.8 -8.05 358.12 

SH-B-27 -4.6 -24 12.85 0.15  - - -14.11 373.06 

SH-B-36 -5.6 -27 17.86 0.42 10 ±0.9 -9.84 380.98 

SH-C-1 -5.9 -31 16.17 0.22 17.5 ±0.8 -8.31 368.18 

SH-C-32 -6.4 -33 17.65 0.39 8.3 ±0.8 -8.76 377.94 

SH-D-6 -6.6 -30 22.63 0.2 10.7 ±0.7 -8.72 426.7 

SH-D-19 -6.3 -30 20.29 0.08 10.4 ±0.8 -9.72 426.7 

SH-E-25 -6.8 -33 21.49 0 10 ±1.1 -8.24 426.7 

SU-18 0 -21 -20.9 0.73 14 ±0.9 -10.62 182.87 

SU-106 1.5 -16 -28.1 -  28 ±1.4 -12.45 306.61 

SU-123 -1.4 -31 -19.8 0.21 6.2 ±1 -8.43 350.5 

WW-D-1 -1.8 -29 -14.7 0.26 14.6 ±1.4 -8.6 284.99 

WW-92 -0.8 -26 -19 0.69 16.3 ±1.1 -10.38 182.88 

WF-10L -0.8 -15 -8.96 0.17 12.2 ±0.9 -7.32 243.84 

WF-8 -0.5 -15 -11.5 0.43  -  - -12.81 -  

SW-4 -6.4 -29 22.16 0.4  -  - -7.87 252.97 
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3. RESULTS 

3.1 Salinity.  

Most of the groundwater samples collected were characterized by high total mineralization. 

The groundwater salinity of the Kuwait Group increases generally from southwest (from 

about 3500 mg/L, i.e., brackish water) to northeast (reaching more than 64500 mg/L, i.e., 

salty and brine water.  Groundwater samples from the Dammam Formation were 

characterized by relatively low mineralization, compared with those from the Kuwait Group, 

with TDS values ranging from 2500 mg/L in the southwest to 6900 mg/L in the northeast and 

central parts of the country with salinity increasing towards the east and northeast. Based on 

the relative abundance of different anions in the water, the water in the Kuwait Group in the 

southwestern part of the country was classified as Na-Cl while that in the Dammam 

Formation was classified as Na-Cl to SO4-Na (Cl > SO4). The water type gradually changes 

from sulphate-chloride to chloride-sulphate in the same direction. The water becomes saline 

to briny (i.e., TDS >10,000 mg/L and higher) further to the east, northeast and northwest with 

chloride predominating over sulphate (chloride-sulphate water). This change in water type 

can be related to the movement of the groundwater from its recharge zone in Saudi Arabia to 

its zone of discharge near the Arabian Gulf, where the water becomes almost stagnant, 

moving only very slowly. Diagrams of major elements versus TDS indicated the possible 

dissolution of halite, gypsum and/or anhydrite-bearing rocks, which are relatively abundant 

especially in the Kuwait Group.  

With continued exploitation of the aquifers, the vertical component of the hydraulic gradient 

has changed direction downward in the central and southern parts of the country. With this 

change in the flow direction, water from the Kuwait Group aquifer is flowing to the 

Dammam Formation aquifer in these areas, and the hydrochemical equilibrium is expected to 

be disturbed as a result. This should have some impact on the quality of the water currently 

being pumped from the aquifers. In fact, the Na-to-/Cl ratio increases progressively by 

cation-exchange as Na is removed from soil and replaced by Ca. This process is probably the 

result of the down-flow leakage of Kuwait Group groundwater towards the Dammam 

Formation and the dissolution of gypsum and carbonate minerals, which increases the Ca 

content in the aquifers. 

3.2 Isotope Content.  

Tritium: Tritium is an invaluable tracer for water flow and can give an indication of the 

relative age of waters varying on a timescale of around 60 yr before present (BP). In the study 

area, tritium analyses were conducted on 22 samples. The tritium values of Kuwait Group 

groundwater samples ranged from 0.16 to 1.01 TU. For Dammam Formation groundwater 

samples, the tritium values ranged from 0.08 to 0.73 TU. Tritium concentrations had played a 

limited role in the determination of the origin of recharge in this study, since they had 

practically the same range of variation (Table 1). However, the low values of 
3
H (<1 TU) 

characterizing the majority of boreholes indicate that, at present, meteoric water makes very 

little contribution to the groundwater of Kuwait.  

Radiocarbon: The 
14

C activity measured in selected well samples was relatively low, ranging 

from 4.6 pmc (Well No. SH-16) to 38.3 pmc (Well No. SU-85A) in the Kuwait Group, and 

from 6 pmc (Well No. SH-B-15) to 28 pmc (Well No. SU-106) in the Dammam Formation, 

while the δ
13

C varied in the Kuwait Group from -13.63 (Well No. SU-85A) to -8.08 VPDB 

(‰) (Well No. WFW-2) and from -14.11 (Well No. SHB-27) to -7.32 v-PDB (‰) (Well No. 

WF-10L) for Dammam Formation.  
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Stable Isotopes: The δ
18

O values of the Kuwait Group groundwater samples range from -5.74 

to 1.29‰ VSMOW, and the δ
2
H values vary from -27.34 to 6.1‰ VSMOW. For the 

Dammam Formation groundwater samples, the δ
18

O values ranged from -6.8 to 1.47‰ 

VSMOW and the δ
2
H values varied from -33.45 to -15.13‰ v-SMOW (Table 1).  

In the study area, variations in stable isotope composition of the groundwater are large 

suggesting differences in origin as well as in groundwater evolution. These significant 

differences in the isotopic signatures are thought likely to indicate separate flow paths and 

recharge areas. However, two main trends are apparent when examining the relation between 

δ
18

O and δ
2
H in detail. The first trend show clustering of groundwater samples in the depleted 

pole, plotting on or close to the Global Meteoric Water Line (GMWL). These clustering 

indicate that the origins of these waters were presumably recharged during a cool regime in 

the past. The second trend shows a trailing cluster of groundwater samples along an estimated 

evaporation line. This hypothesis seems to be in good agreement with the runoff regime that 

shows stagnation of surface waters. 

4. CONCLUSIONS 

The groundwater in both the Kuwait Group and Dammam Formation becomes more and 

more mineralized towards the east and northeast as it moves toward its discharge zone 

bordering the Arabian Gulf. This observation is in line with the general trends for 

groundwater salinity variation and flow regime in Kuwait, as determined by previous MEW 

studies. The intensity of mineralization is higher in the Kuwait Group than in the Dammam 

Formation, possibly due to the high concentrations of evaporitic minerals like carbonates, 

halite, gypsum and anhydrite in the former. The change in the vertical component of the 

hydraulic gradient from upwards to downwards in the central and southern parts of the 

country due to the exploitation of the aquifer system has caused a reversal in the flow 

direction within the system. Water from the overlying Kuwait Group aquifer is now flowing 

to the Dammam limestone aquifer instead of vice versa. Readjustments in the chemical 

equilibrium within the system are expected, leading to changes in the quality of the water. 

Low tritium values in the groundwater of the study area suggest that, at present, there is very 

little recharge of meteoric water in the study area. Radiocarbon age data indicate that the 

groundwater of southern Kuwait is relatively old (at least 8,000 to 24,000 yr BP) and was 

recharged during a cooler, humid pluvial period. The stable isotope data (
18

O and 
2
H) reveals 

two main trends: a clustering of samples near the meteoric water line, suggesting that these 

water samples are recharged during a cool pluvial cycle in the past; and spread along an 

estimated evaporation line indicating high evaporation while the recharge was taking place. 
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Abstract: Tritium analyses were conducted on water from the Potomac River between 1963 

and 1991 at Point of Rocks, Maryland, 100 km northwest of Washington D. C. [1]. The data 

show a continuous drop in tritium following the bomb peak of the early 1960s from a mean 

annual value of 704 TU (tritium units) in 1963 to 14.5 TU in 1991.  The data have been 

analyzed in the past using an exponential mixing model to assess whether the drainage basin 

can be represented by 50 percent surface runoff that discharges within one year, and 50 

percent base flow that has a mean residence time of approximately 20 years [1]. Recently a 

groundwater model of the upper Potomac River basin (UPRB) was constructed of the 

drainage basin that is upstream of the tritium sampling location [2]. The region is underlain 

by fractured Paleozoic sedimentary rocks located mostly within the Valley and Ridge 

physiographic province of the United States.  The model was calibrated using water levels 

from 200 wells across the basin and base flow measurements in twelve different drainage 

subbasins within the model.  The calibration revealed that the large-scale permeability of the 

subsurface rocks decreases with depth by several orders of magnitude within the top 300 m of 

the land surface.  A travel time analysis of the drainage basin was also conducted using a 

groundwater-pathline tracking program to develop cumulative base-flow age profiles for the 

UPRB.  The tritium data from the Potomac River could then be used to calibrate a regional 

value for effective porosity of the UPRB model.   As the subsurface travel-time of a pathline 

from the water table to a stream is inversely proportional to the effective porosity, that value 

could be adjusted until a best-fit was obtained between the observed and simulated tritium 

signal in the river. An optimal single porosity value of 2-3 percent was obtained from the 

calibration, which was consistent with predominantly fracture flow. This value corresponds 

to a median residence time of the groundwater in the basin of less than one year, but with an 

old fraction of the base flow having a residence time of several decades. These residence time 

values are consistent with, yet somewhat less than, the original exponential model estimates 

of the water residence time for the Potomac drainage basin. 
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Abstract: The age of groundwater is one of the most crucial parameters for water resource, 

waste management, subsurface reactive transport and paleoclimate research. For the older 

groundwaters, such that their ages extend beyond 10
4
 years, quantitative methods for dating 

are limited to those utilize cosmogenic 
36

Cl and 
81

Kr – these methodology require target 

isotopes purified from significant amount of water samples (1000 L or more) and sometimes 

complicated by variations of the initial activity and by input from external sources. Beside, 

analytical technique is not always easily accessible to many countries. Radiogenic isotope of 
4
He produced in minerals in continental crust is known to be continuously transferred into 

groundwater, and has a great potential as an age proxy for older groundwater. One major 

obstacle in the 
4
He dating method is a difficulty in assessing a rate constant of 

4
He input into 

aquifers (namely, the entering basal 
4
He flux). We will present our resent development in 

assessing 
4
He input flux into the Guarani aquifer in Brazil by utilizing a groundwater ages 

determined by 
81

Kr and a conceptual groundwater model. 
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Abstract: The evolution in approaches for age adjustments associated with groundwater age 
dating are illustrative of the adjustments in thinking required when the realities of complexity 
intrude upon historical practices. Take, for example, carbon-14 dating of groundwater. Over 
some 50 years, there has been a slow evolution in practice to “correct” measured values, 
starting with approaches based on simple formulae that were superseded by mass-balance, 
geochemical inverse approaches based on models like NETPATH or PHREEQC and 
analytical corrections for matrix diffusion.  Yet, it was just 2008 when Bethke and Johnson 
called for new paradigm that recognized the inherent complexities of processes and 
parameters. Multicomponent reactive mass transport theory and models provided them with a 
framework for the inversion of C-14 measurements in the context of an entire 3-D flow 
system. Such new thinking, however, has been slow to spread into areas of paleoclimate 
reconstructions using lake sediment archives. Commonly, interpretations involve stacking 
time series of various chemical, isotopic, and other indicators next to each other and 
correlating the common fluctuations to provide indications of aridity/wetness.  Our work has 
provided preliminary indications of deteriorations in paleoclimate signals because lakes in 
some circumstances exhibit time lags directly related to the complexity of their settings. The 
paper will provide examples from the Northern Great Plains of North America, where a 
variety of geochemical and isotopic indicators are being used.  In some respects, the 
challenge of creating a framework for inverting indicators from lake sediments within a 
model is even more daunting than the groundwater-age problem because it is inherently more 
complex involving climate, coupled hydrologic systems and the uncertainties of climate 
fluctuations in the past. 
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Abstract: The functioning of a karst system can be characterized by different 
hydrogeological methods. This work demonstrates the usefulness of isotopic methods for 
karst hydrogeology during almost three years of field investigations in Merinos-Colorado-
Carrasco karst aquifer (southern Spain). δ2H and δ18O isotopes were measured in 
groundwater at five selected karst springs (Cañamero, Carrizal, Ventilla, Barranco and Prado 
Medina -overflow spring-) and an outflowing borehole (Cerezo) and in meteoric waters. The 
aims were to precise the water origin, the recharge processes and the behavior of the aquifer. 
Atlantic (prevailing) and Mediterranean fronts constitute main recharge waters in the studied 
aquifers. A comparative computation using weighted mean seasonal isotopic compositions 
(δ18O and δ2H) was used to estimate the average recharge contribution of the autumn (26-
37%) and winter rains (50-59%) to springs flow. Strong evaporation effects were observed, 
mostly in the northern part of the study area. This indicated important losses of effective 
rainfall occurring in the shallow areas of this aquifer sector. Variability of δ18O and 
temperature data suggested short residence times of waters drained by the majority of karstic 
springs. Isotopic composition and water mineralisation evidenced different flow patterns 
among groundwater monitoring points. Cañamero and Prado Medina springs showed marked 
karst behaviour and a highly developed conduit network which provoked a rapid transferring 
of isotopic signals from recharge to discharge areas. 

52



ID: 106 

GROUNDWATER RENEWAL RATES, SEASONAL RECHARGE 

DYNAMICS AND PALEOCLIMATE RECORDS 

S. JASECHKO 
University of Calgary, Calgary, Canada  
E-mail address: sjasechk@ucalgary.ca 

T. GLEESON 
University of Victoria, Victoria, Canada 
 
Abstract: Groundwater replenished by precipitation traversing vadose zones supplies one 
third of human water use and represents ~99% of unfrozen terrestrial water. In this report we 
examine the seasonal dynamics of recharge/precipitation ratios, the global groundwater age 
distribution, and the isotopic composition of groundwater having recharged during the last ice 
age. First, the seasonality of groundwater recharge is mapped at 54 locations spanning a 
variety of biomes on the basis of isotopic differences between groundwater and precipitation. 
A pronounced seasonality in the ratio of groundwater recharge as a proportion of 
precipitation is revealed. This recharge/precipitation ratio seasonality suggests that a unit 
change in the wet-season or winter water balance will be more important to groundwater 
recharge than the same unit change to the dry-season or summer water balance. Second, 
tracer-based groundwater ages are synthesized to quantify the global volumes of groundwater 
recharging over decadal time scales. Third, isotopic compositions of ice age groundwaters 
indicates that the natural warming of Earth’s climate over the past 20,000 years induced 
significant, large-scale hydrological changes, with important ramifications for predicting the 
impacts of ongoing and anticipated climate change.  

1. INTRODUCTION 

Isotopic data have been applied by hydrologists for 50 years to examine the seasonality of 
groundwater recharge [1-2], groundwater ages [3-4] and ice age meteorology [5-7]. 
Comparisons of groundwater and precipitation isotopic compositions are indistinguishable in 
some regions [8]; however, groundwater and precipitation isotopic compositions are different 
in other regions because of selective filtering of precipitation during recharge [9]. 
Groundwater ages have been analyzed to quantify groundwater residence times and recharge 
rates [10-11]. Groundwater radiocarbon and stable isotopic data have been applied to 
decipher atmospheric dynamics and circulation patterns of the last ice age [12-14]. 

2. METHODS 

The seasonality of the groundwater recharge ratio – defined as the ratio recharge/precipitation 
– is calculated using an isotope mass balance [15]: 
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	�) �  Equation 1. 

where R is recharge flux, P is the precipitation flux, δgroundwater is the isotopic composition of 
groundwater, and δP(annual) and δP(wet season), δP(dry season) are annual, wet season and dry season 
amount weighted precipitation isotopic compositions, respectively. 
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Tritium-based groundwater ages are calculated by applying a “threshold age” mixing model 
rather than targeting a mean groundwater age because of problems associated with mean 
groundwater ages due to mixing of old and new water [16]. Instead tritium data are instead 
applied to quantify the fraction of a water sample having recharged after 1950: 
mpost-1950/msample [15]: 

����� �!"#
��$%�&' = (�$%�&'� (�)' �!"#**

(���� �!"#* � (�)' �!"#*       Equation 2. 

where 3Hsample represents the 3H concentration of a given sample, and 3Hpre-1950 or 3Hpost-1950 
represent the range of possible 3H values for groundwater that recharged prior to, or 
following 1950.  

Paleo-groundwater isotopic compositions were synthesized from multiple studies having both 
carbon-14 data (for groundwater age dating) and stable oxygen and hydrogen isotopic data. 
Isotopic compositions of groundwaters having recharged more than 19,500 years age (δice age) 
were compared to groundwaters having recharged during the late-Holocene (δlate-Holocene) 
following: (δice age − δlate-Holocene). 

3. RESULTS 

Pairings of groundwater and precipitation isotopic data reveal a pronounced seasonality in 
groundwater recharge ratio [15]. Generally, groundwater δ18O and δ2H values lower than 
amount weighted annual precipitation. Extra-tropical groundwater recharge ratios are higher 
during the winter than during the summer. Tropical groundwater recharge ratios are 
maximized during the wet season. Isotope-based results compare closely to outputs from the 
global hydrological model PCR-GLOBWB [17] for most, but not all, locations. 

Groundwater age distributions reveal the fraction of renewable defined here as recharging 
since 1950 (consistent with groundwater management timeframes on decadal scales). The 
global 3H-based estimate of renewable groundwater estimate is ~6% of the total groundwater 
volume in the upper 2 km of the crust. The 3D distribution of renewable groundwater shows 
that renewable groundwater is largely confined to the uppermost ~250 m of the crust. 

Paleo-groundwater isotopic compositions are available at more than 60 locations. The 
majority of aquifers have negative δice age − δlate-Holocene values (i.e., δice age < δlate-Holocene).  
Negative δice age − δlate-Holocene are observed at both coastal and inland aquifers. Aquifers with 
positive δice age > δlate-Holocene values (i.e., δice age > δlate-Holocene) are found exclusively near to 
coasts. The lowest δice age − δlate-Holocene values are found in regions having inputs from 
subglacial recharge during the last ice age [18-19]. 

4. CONCLUSIONS 

Synthesized groundwater and precipitation isotopic data are used to (i) quantify the seasonal 
difference in the groundwater recharge ratio (recharge/precipitation), (ii) estimate the fraction 
of groundwater having recharged over decadal time scales, and (iii) define the spatial 
distribution of groundwater isotopic compositions recharging during the late-Holocene (δlate-

Holocene) and during the last ice age (δice age). 

(i) The seasonal difference in the efficiency of groundwater recharge suggests that 
changes to winter (temperate and arid regions) and wet season (tropics) 
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hydrological processes will be the most important to future changes in 
groundwater recharge fluxes. 

(ii) Groundwater recharging over a “human” (i.e., decadal) timespan represents only 
~6% of the global groundwater volume and is largely confined to the uppermost 
250 metres of the crust. 

(iii) Observed (δice age − δlate-Holocene) spatial patterns can be reconciled by seven 
partially-overlapping hydrological processes including changes to: seawater δ18O, 
sea surface climate, oceanic moisture sources, rainout history, moisture recycling, 
precipitation seasonality, and seasonality of the groundwater recharge ratio.  
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Abstract: In order to assess the effectiveness of artificial recharge of flood waters on the 

groundwater of Haouz basin through the dikes-Threshold installed on the bed of the wadi 

Zat, we used the stable isotopes (
18

O, 
2
H) and tritium of the water molecule. These 

isotopic tracers have been widely used in semi-arid to arid areas to estimate the artificial 

recharge through hydraulics structures (threshold, dykes ...). The results of these isotopic 

tracers and also those obtained by the used of the mass balance equation applied to 

oxygen-18 shows that the impact of artificial recharge of groundwater of Haouz at the 

Zat basin is positive. However, the importance of this recharge is closely related to the 

seasonal effect and the conditions of the exploitation of the aquifer. 

1. INTRODUCTION 

The groundwater of Haouz basin has known for several years an almost continuous 

decline in piezometric level due to the combined effect of intense exploitation and its very 

irregular rainfalls in time and in space. The hydrological regime of rivers is also very 

irregular and marked by low flows very pronounced in the summer and strong and fast 

floods during the humid season, which can generate a surface flow of about 

154 M m
3
/year flowing out of the basin through the tensift basin to reach the sea.  

In order to minimize this water wastage and raise its piezometric level, the Haouz basin 

has benefited from a national support program of overexploited groundwater by using the 

process of artificial recharge.  

Wadi Zat is the site that was chosen at the Haouz basin for the experiment of artificial 

recharge. The Wadi is a tributary of the left bank of the Tensift River, whose sub-

watershed is one of the most active parts of the Haouz watershed. Its total length is 

24 km; its orientation is generally SSE-NNW and SE-NW (Figure 1). The flow rate 

calculated over a period of forty years (1962-2004) gives an average of 3.56 m
3
/s [1]. The 

water begins to flow from the autumn's floods (October, November), winter (January, 

February), and the largest share of flood flow is removed in the spring (March, April and 

May). The experimental set up on this wadi is a series of thresholds to spread the water in 

the largest possible number of channels and maximize the infiltration of flood water [2]. 
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Figure1. Location map of the watershed of wadi Zat in the watershed of Tensift-Haouz. 

2. METHODOLOGY 

To evaluate the effectiveness of this artificial recharge technique in terms of quantitative and 

qualitative impacts, it was necessary to apply the isotopes of environment (oxygen-18, 

deuterium, and tritium), in addition to hydrogeological and hydrochemical studies. 120 water 

samples of groundwater from 10 to 100 m deep in Plio-Quaternary aquifers were collected in 

floods periods for isotopic and hydrochemical analysis. 

 

The sampling interested also the surface waters taken upstream and downstream of the wadi 

Zat and the rain waters that were collected at the Taferiat station, during the period 2008-

2012. The measurements in situ were performed at each water points (geographical 

coordinates (longitude, latitude and altitude), static water levels of the aquifer and the 

calculation of piezometric level, depth of capture and the measure of physico-chemical 

parameters (T°C, pH, conductivity and alkalinity). 

 

Standard methods were used for chemical and isotopic analysis of the water samples. All 

samples were analyzed at Water and Climate unit of the CNESTEN of Morocco. These 

samples were carefully collected in order to avoid the kinetic fractionation through the 
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evaporation. Oxygen and deuterium are expressed in standard delta (δ) notation per mile, 

relative to the conventional standard VSMOW normalisation.  The analytical error is ± 0.2 ‰ 

for δ
18

O and ± 2 ‰ for δ
2
H. The tritium is analyzed by electrolytic enrichment and liquid 

scintillation accounting method and the concentrations are expressed in tritium units (TU). 

Cations and anions were analyzed by ion chromatography (DIONEX 1200). 

3. RESULTS 

The local meteoric water line in the area was established on the basis of 120 measurements of 

stable isotopes of rainwater collected at the station Tafériat for 4 years (2008-2012). The 

equation of this line has been calculated for effective rainfalls greater than 10 mm (Figure 2), 

by imposing a theoretical slope of eight that reflect the thermodynamic equilibrium 

conditions in the condensation [3]. This equation is: δ
2
H=8δ

18
O+15. It is noted that the 

upstream part of the basin is marked by very important altitudinal gradient, that which 

influences the isotopic signature of surface water and therefore groundwater. 

 

 
Figure2. δ

18
O-δ

2
H diagram of rainwater collected from the Taferiat station during the study 

period (2008-2012) 

 

The results of stable isotopes obtained show that the hydrodynamics of the aquifer after 

artificial recharge is the same as before. Except we note some increase in the rate of recharge 

in the thresholds area including the area downstream where the unsaturated zone is very 

developed. However, this artificial recharge is confronted in Zat basin to climate constraints 

related to the seasonal effect and/or to human action by a strong pressure on the aquifer by 

pumping. Thus, the hydrodynamics of the aquifer is disturbed and makes it difficult to 

evaluate the impact of the artificial aquifer recharge by conventional techniques [4]. The 

results of tritium and of hydrogeochemistry confirmed the same situation. 

 

So it is imperative to determine the mixing rate of the main water that contribute to 

groundwater recharge in order to better assess the share of artificial recharge of the aquifer. 

Taking account of this situation, we used the stable isotopes (
18

O, 
2
H) to evaluate the 

effectiveness of this artificial recharge by the application of mass balance equation of the 

Local Meteoric Water Line ( Station of Taferiat) 

LMWL : 2H = 818O+ 15               R = 0,99
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isotopic mixing model [5-7]. The calculation results show that in some wells this impact is 

very positive with 100% of rate of artificial recharge by floodwaters wadis. 

4. CONCLUSION 

The isotopic and geochemical study applied allowed to better characterize the relationship 

between the different compartments of hydrological system (surface and underground) that 

exists in the basin study and also confirmed the great features previously defined by 

hydrodynamic analysis and specified them. 

 

In natural regime, the aquifer is controlled mainly by the flood waters of the river and direct 

infiltration of rainwater. However, this recharge is subject to constraints climatic by seasonal 

effect or related to the anthropogenic effect by the great pressure of pumping performed on 

the aquifer. 

 

In the artificial regime, the isotopic and geochemical study identified the same scenario that 

has been identified in a natural regime, except we note a increase in  recharge rate  by the 

waters of the river downstream in the area thresholds on wells on the left bank has reached 

100%, hence the positive impact of this on the aquifer recharge either quantitatively by 

increasing the recharge rate or quality by decreasing the salt content including Nacl and 

nitrate levels in the water of the aquifer.  
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Abstract: Chlorine is a nearly uniquely useful element for tracing hydrological processes 

because it has very few sinks.  It does, however have numerous potential sources in both the 

surface and the subsurface. These can in some cases help elucidate subsurface hydrological 

processes, but can also introduce ambiguities.  The long-lived stable isotope of chlorine, 
36

Cl, 

adds a time-dependency to the tracer properties of Cl that is very useful, but the chlorine 

geochemistry must be understood in order to interpret 
36

Cl measurements.  If the chlorine 

geochemistry is simple, 
36

Cl can constitute something close to a true means of establishing 

quantitative residence times. If the chorine geochemistry is complex and ambiguous, the 
36

Cl 

may be better treated as a semi-quantitative indicator of trends in residence time.  In either 

case, useful information on flow systems can generally be obtained.  This talk will re-

examine several classic studies of 
36

Cl in groundwater, such as the Great Artesian Basin and 

the Milk River aquifer and will place these in the perspective of newer studies in the western 

United States and Africa. 
  

61



ID: 284 

CHLORINE 36 DATING OF THE DEEP CONFINED AQUIFER 

GROUNDWATERS OF LAKE CHAD BASIN 

C. BOUCHEZ, P. DESCHAMPS, J. GONCALVES, B. HAMELIN, F. SYLVESTRE 

CEREGE, UMR Aix Marseille Université-CNRS-IRD-Collège de France, Technopôle 

Méditerranéen de l'Arbois, Aix-en-Provence, France 

E-mail address: bouchez@cerege.fr 

 

J. C. OUMNANG, A. MAHAMAT NOUR 

LGGT, Département de géologie, Université de N’Djaména, N’Djaména, Chad 

 

I. B. GONI 

Department of Geology, University of Maiduguri, Nigeria 

 

G. FAVREAU, P. GENTHON, J.L. SEIDEL 

UMR HydroSciences Montpellier, Université de Montpellier II- Montpellier I-CNRS-IRD, 

Montpellier, France 

 

Abstract: 
36

Cl measurements in groundwaters of the deep confined aquifer of the Lake Chad Basin 

were performed in order to constrain groundwater apparent ages and residence times. Twenty-seven 

wells were sampled in Nigeria, Niger and Chad in the southern parts of this large (700 000 km
2
) 

multilayered aquifer. 
36

Cl/Cl values range between 11±1.10
-15

 to 148±8.10
-15

 at/at. The highest ratios 

are observed near the recharge zone of the Nigerian part of the aquifer, while the lowest ones are 

found in wells located near the southern fringe of the present-day lake Chad. Chlorine concentrations 

are low (below 100mg/l) and not correlated to the 
36

Cl/Cl values, indicating negligible dissolution of 

evaporites in most samples. Reliable 
36

Cl ages can be calculated along the different flow paths 

investigated, suggesting residence times of the deep groundwaters larger than 300 000 years. These 

results are consistent with new AMS-
14

C data below the detection limit but are in contradiction with 

previous 
14

C data. 

1. INTRODUCTION 

Large sedimentary aquifers of northern and western Africa contain important groundwater resources 

[1]. In these semi-arid to arid regions, they are essential to ensure water supply for local populations. 

However the hydrological behavior and recharge of these aquifers must be investigated to assess 

availability and sustainability of these resources. This is specially the case for the multi-layer aquifer 

system of the Lake Chad Basin (LCB) that remains poorly studied. Located in Central Africa, at the 

transition between Sahel and Sahara, the LCB is one of the greatest endorheic basins of the world. It 

encloses a multi-layered aquifer composed of two main aquifer units: the unconfined Quaternary 

aquifer and the confined Continental Terminal and early Pliocene aquifers. The latter are subdivided 

into Lower (Continental Terminal formation) and Middle (Pliocene formation) aquifer sub-units in 

the Nigerian part of the LCB [3, 4] but, for the sake of simplicity, in this study they are 

undifferentiated and both named Continental Terminal. The Continental Terminal is mostly artesian, 

but increasing withdrawal in the populated area of northeastern Nigeria leads to a significant pressure 

decline. 

According to a comprehensive review of the rare hydrogeological study carried out on the 

Continental Terminal system [2], the waters flow from the South West of the Basin (present-day 

recharge zone) to the North East depression of the ”Bas-Pays”(present-day outlet zone). 
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Geochemical investigations in the Nigerian part of the Continental Terminal aquifer show waters 

recharged during humid periods 
14

C-dated around 20 or 40 ka [3,4]. However, these 
14

C-derived ages 

are questionable since 
14

C contents are within the range (0-10%) where classical techniques may be 

significantly biased by atmospheric contamination during sampling [5]. Moreover, the recharge 

periods are not fully consistent with paleoclimatic reconstructions, especially during the Last Glacial 

Maximum, 21 ka ago that is generally recognized to be an arid period in this part of Africa [6]. 

In this study, we propose to use, alternatively to 
14

C, another cosmogenic nuclide, the chlorine-36 to 

provide further constraints on groundwater dynamic in a large part of the Continental Terminal 

aquifer that extends over Niger, Nigeria and Chad. Chlorine-36 is a powerful tool in hydrological 

studies and in groundwater dating because of the conservative behavior of chorine and its half-life of 

3.10
5
 a

-1
. Although this tool was largely applied in many large aquifer systems around the world [7], 

it is the first time that 
36

Cl analyses were performed on LCB aquifers. 

 

Figure 1. Potentiometric map of the confined aquifer. The dots represent the water sample locations 

and the arrows three different groundwater flow paths. The Lake Chad Topographic Basin (LCB) is 

drawn on the map of Africa (DEM: blue=3000 m; red=200 m). Groundwater flows are represented 

on a SW-NE cross-section of the sedimentary basin [2]. 

2. METHODS 

Groundwaters of twenty-seven wells from the Continental Terminal aquifer were sampled in the 

Nigeria Niger and Chad parts of the Basin from 2008 through 2013. With the exception of two wells 

located near the recharge zone (in blue in the Figure 1), all wells were artesian. 
36

Cl measurements 

were carried out at the French AMS National Facility ASTER, CEREGE following the procedure 

described in [7]. No spike was added to the samples to avoid 
36

Cl contamination. All samples have 
36

Cl/Cl ratios at least ten times above the chemical blank ratio (5-10.10
-16

at/at). Chloride 

concentrations were measured at HydroSciences Montpellier by Ion Chromatography. 
14

C-AMS 

analyses (Artemis-AMS facility) were performed on four samples originating from the Chadian zone 

investigated in this study. Because of the very low 
14

C contents measured in previous studies, special 

care was taken to avoid contamination during 
14

C-dedicated water sampling and inox bottles with 

two entries were used. This device allows flushing air outside the bottle and ensuring no contact with 

the atmosphere.  

3. RESULTS 

36
Cl/Cl ratios range between 11±1.10

-15
 and 148±8.10

-15
 at/at and chloride concentrations range 

between 2 and 117 mg/l (see Figure 2). The two samples characterized by the highest 
36

Cl/Cl values 

(~ 145.10
-15

 at/at) and very low chloride content waters (below 5 mg/l) are close to the outcrop of the 

63



Continental Terminal formations. This 145.10
-15

 value may reflect the initial 
36

Cl/Cl ratio of water 

recharging the aquifer system at this location. It is noteworthy that the Holocene groundwaters of the 

Chadian part of the Quaternary aquifer are characterized by a pre-anthropic initial 
36

Cl/Cl ratio of 

200.10
-15

 at/at [8] that very likely reflects the initial 
36

Cl/Cl ratio of the southern part of the LCB. 

This significant discrepancy of initial 
36

Cl/Cl ratios between the Nigerian and Chadian parts might be 

explained by spatial variations of 
36

Cl fallout and/or Cl
-
 content in precipitation [9,10] over the LCB. 

 

Figure 2.  
36

Cl/Cl as a function of 
36

Cl concentration. The blue area depicts the 
36

Cl/Cl value of 

recharge zone while the yellow one the mean range of 
36

Cl/Cl ratio observed in the Quaternary 

aquifer [8]. The brown area is the secular equilibrium. The dot colors are the same as used on 

Figure 1 for sample location. Flow lines #1 and #2 can be associated with two radioactive decay 

lines. The arrows show the correction from potential dissolution of evaporites. The influence of 

evaporation, dissolution of evaporites and evaporation on both the 
36

Cl/Cl and the 
36

Cl content are 

also represented. 

The lowest 
36

Cl/Cl ratios (around 10 to 15.10
-15

 at/at, n=7) are measured in groundwaters from Chad 

and the eastern part of Nigeria. The equilibrium ratio found in sandstone formation similar to the 

Chadian formations is usually below 10.10
-15

 at/at [11]. Although this requires complementary data, 

we hypothesize that these waters have not reached the secular equilibrium. 

Low chloride concentrations and the absence of correlation between the 
36

Cl/Cl and [Cl
-
] suggest the 

absence of dissolution of evaporites in most samples. Therefore the general decrease trend in both 
36

Cl/Cl and 
36

Cl observed along the two flow paths #1 and #2 (green and black points, Fig.2) can be 

interpreted at face value as 
36

Cl radioactive decay. Assuming initial 
36

Cl/Cl ratio of 145.10
-15

 at/at, 
36

Cl ages can be estimated and lead to groundwaters older than 300 000 years for most of the 

samples (with the exception of 3 samples of the flow path #2 that are likely younger). For the 

samples situated at the end of the three flow paths investigated here and characterized by 
36

Cl/Cl 

ranging from 10 to 20.10
-15

 at/at, 
36

Cl ages attain 1 Ma. 
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These results are highly consistent with the four 
14

C analyses that are below the detection limit of 

Artemis-AMS facility. With the limitation of the small number of 
14

C-analyse samples, these data 

clearly indicate ages older than 50 ka, in agreement with the 
36

Cl-derived ages. These results, in 

contradiction with previous studies [3,4], give new insights to the paleohydrology of the survey area. 

It also confirms that special care is highly needed in the sampling of waters for 
14

C measurements.  

4. CONCLUSIONS 

36
Cl is a suitable tracer for groundwater dating in the deep confined aquifer of the Lake Chad Basin 

because of low chloride content waters compared to other large aquifers of northern Africa. Its 

application provides robust evidence that residence time of these groundwaters are superior to 

300 ka. Recent waters are found to be restricted to the recharge zone, indicating very limited active 

recharge of the system. These first results are pivotal for its sustainable water management. 

REFERENCES 

[1]  MACDONALD, A.M., BONSOR, H.C., DOCHARTAIGH, B.E.O., TAYLOR, R.G., Quantitative maps of 
groundwater resources in Africa,  Environmental Research Letters 7 (2012). 

[2]  SCHNEIDER, J.L, Géologie-Archéologie-Hydrogéologie de la République du Tchad, BRGM (2004) 

[3]  EDMUNDS, W.M., FELLMAN, E., GONI, I.B., Lakes, groundwater and paleohydrology in the Sahel 

of NE Nigeria : evidence from hydrogeochemistry, Journal of the Geological Society, 156 (1999). 
[4]  MADUABUCHI, C., FAYE, S., MALOSZEWSKI, P., Isotope evidence of paleorecharge and 

paleoclimate in the deep confined aquifers of the Chad Basin, NE Nigeria, Science of the Total 

Environment 370 (2006).  
[5] AGGARWAL P.K., ARAGUAS-ARAGUAS, L., CHOUDHRY, M., VAN DUREN, M., FROEHLICH, K., 

Lower groundwater 14C age by atmospheric CO2 uptake during samoling and analysis, 

Groundwater 52 (2014). 

[6]  HOELZMANN, P., GASSE, F., DUPONT, L.M., SALZMANN, U., STAUBWASSER, M., LEUSCHNER D.C., 
SIROCKO, F., Paleoenvironmental changes in the arid and subarid belt (Sahara-Sahel)Arabian 

peninsula) from 150 kyr to present. Past climate and variability through Europe and Africa, 

6:219-256 (2004). 

[7]  PHILIPS, F.M., Chlorine 36 in Environmental Tracers in Subsurface Hydrology, SpringerLink 
(2000) 

[8]  BOUCHEZ, C.,  DESCHAMPS, P., GONCALVES, F., HAMELIN, B., SYLVESTRE, F., Characterization of 

recharge in the Quaternary aquifer of the semi-arid Lake Chad Basin using 36Cl data, in prep. 

[9]  PLUMMER, M.A., PHILLIPS, F.M., FABRYKA-MARTINS, J., TURIN, H.J., WIGAND, P.E., SHARMA, P., 
Chlorine-36 in Fossil Rat urine: an archive os cosmogenic nuclide deposition during the past 

40,000 years, Science 277 (1997). 

[10]  DAVIS, S.N., MOYSEY, S., DEWAYNE CECIL, L., ZREDA, M., Chlorine-36 in groundwater of the 
United States: empirical data, Hydrogeology Journal 11 (2003).  

[11]  FABRYKA-MARTIN, PhD, Production of radionuclides in the earth and their hydrogeologic 

significance with emphasis on chlorine-36 and iodine-129, University of Arizona (1988). 

65



ID: 244 

 

GROUNDWATER RECHARGE INVESTIGATIONS USING STABLE 

WATER ISOTOPES OF SOIL AND GROUNDWATER COMBINED 

WITH DEPTH-SPECIFIC AGE DATING OF FRESHWATER LENSES 

AT LANGEOOG ISLAND, GERMANY 
 
P. KOENIGER,  G. J. HOUBEN, L. STOECKL, T. HIMMELSBACH  
Federal Institute for Geosciences and Natural Resources (BGR), Hannover, Germany 
paul.koeniger@bgr.de. 

J. SÜLTENFUSS 
Institute for Environmental Physics, University of Bremen, Bremen, Germany. 
 
Abstract: The age stratification of groundwater contained in a freshwater lens of Langeoog 
Island, Germany, was reconstructed based on depth-specific sampling and the tritium helium 
dating method. The vertical distribution of groundwater ages is spatially strongly variable. 
This is an effect of the variable land use and the resulting differences in groundwater 
recharge. Dune valleys contribute significantly more groundwater recharge per area than 
dune tops and up to four times more than other land uses such as forests and urban areas. The 
fresh groundwater shows a distinct decrease of stable isotope ratios with increasing depths. 
This mirrors an evolution of the climatic conditions at the time of recharge. Combined with 
dating of groundwater, this pattern could be matched to observed climate data, which show a 
distinct air temperature increase during the last 50 years. Groundwater investigations were 
complemented by unsaturated zone studies on vertical water movement over a two year 
period to estimate recharge via the unsaturated zone.  
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Abstract: The radioactive decay of 
235

U, 
238

U and 
232

Th series provide a variety of 

radioactivity and daughter nuclides in aquifers that can be transferred to the groundwater. 

Among such decay products are radon
 
and radium isotopes that may become health hazards if 

they exist in relatively large amounts in groundwater. Despite the importance of knowledge 

on the content of the 
235

U, 
238

U and 
232

Th in aquifers, data are practically absent in the United 

Arab Emirates where groundwater comprise an essential resource of water for agriculture. 

Here we present, to our knowledge, the first data on 
235

U, 
238

U and 
232

Th distribution in 

carbonate outcrop samples and show that they can be a vital source of radioactivity to the 

groundwater. These rocks act also as recharge conduits and the radioactive isotopes probably 

travel for long distances due to the high solubility in carbonate complexes especially at 

alkaline conditions. The isotopic data of the carbonate rocks were also compared with similar 

aquifer systems in arid regions as well as with aquifers in other climatic regions.  
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Abstract: In the Northern Cape of South Africa, both shallow and deep groundwater is 

variably saline. Management of the saline groundwater in terms of access to drinking water 

by local communities is an ongoing problem and likely to be exacerbated by predicted 

climate change. In this study, various isotope tracers were used to determine where the salts 

are derived from in order to develop a more holistic plan for management of the saline 

groundwater. O and H isotopes point to evaporative concentration of salts facilitated by the 

arid to semi-arid environment. Some of these salts may be derived from marine salts, most 

likely through wind-blown deposition on older land surfaces. However, extremely high 

radiogenic Sr isotope values indicate an important contribution from weathering of 

Mesoproterozoic gneisses that form the basement terrane.  

1. INTRODUCTION 

Salinization of groundwater reserves is arid to semi-arid environments is reaching critical 

proportions in many countries around the world. Several important processes are leading to 

increasing salinization of groundwater but two of the most important are (1) poor agricultural 

practices (Ghassemi et al., 1995) and (2) over abstraction of coastal aquifers leading to 

mixing of seawater and groundwater (Cardona et al., 2004). In such cases there are various 

remediation plans that can be implemented to manage and remediate the salt loads. However, 

some aquifers have high levels of salinity for which there is no clear anthropogenic source 

that could be remediated. Such examples would include groundwater hosted by saline 

formations such as evaporate deposits.  

In the Northern Cape of South Africa, the Buffels River is an important ephemeral river 

running through a region of historical Cu mining. Even in the earliest mining reports, the 

groundwater within the valley of the Buffels River was reported as saline (Marais, 1972). 

Development within the region is tightly constrained by access to potable water supplies and 

the extensive distribution of saline groundwater in the region posing serious challenges. 

Previous studies have looked at the spatial distribution of the saline groundwater as well as 

the total salts loads in different parts of the groundwater system (Titus et al., 2002; Adams et 

al., 2004). These studies did not examine the source of the salts in detail but speculated that 

there were derived from the very high evaporation rates prevailing in the dry coastal region, 
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possibly with a contribution from wind-blown marine salts. In this study, we attempt to better 

constrain the source of the salts in the Buffels River through a combination of O, H, Sr, 
3
H 

and 
36

Cl isotopes. 

2. METHODS 

Twelve sites along the Buffels River where sampled from the top of the escarpment down to 

the coastline over a distance of approximately 60km. Only the shallow perched aquifers 

within the bed of the Buffels River were sampled. The boreholes sampled had variable depths 

but were generally less than 10m from surface. Two sampling points involved hand dug wells 

within the river and were very shallow at less than 0.5m. In addition to the groundwater, 

rainwater was also collected from two locations, at the Naries Namaqua Guest House at the 

edge of the escarpment and at the town of Kommagas, approximately 20km south of the 

Buffels River on the coastal plain. O and H isotope ratios were determined using a Los Gatos 

(LGR) DT-100 laser system at the University of KwaZulu Natal. Sr isotopes were determined 

using a NuPlasma HR-MC-ICP-MS in the Department of Geological Sciences, at the 

University of Cape Town. For the 
36

Cl isotopes, an AgCl salt was produced by reacting the 

waters with AgNO3 in a dark environment because of light sensitivity of AgCl. This AgCl 

salt was sent to the Department of Nuclear Physics at the Australian National University for 

analysis via accelerator mass spectrometry.  

3. RESULTS 

The results of O and H isotope analyses for rainwater and samples from the shallow aquifer 

(boreholes and hand dug wells) are shown in Fig. 1. O and H isotope data for rainwater in the 

region show a similar trend to the GMWL but offset with a deuterium excess of 9.4 above the 

GMWL. The regressed LMWL has an equation of δ
2
H = 7.8δ

18
O + 19.4. In comparison to 

the rainwater, water taken from boreholes shows a clear evaporation trend. There is also a 

general trend of samples collected closer to the coast having a more pronounced evaporation 

impact whilst samples further from the coast are generally more negative in nature and less 

evaporated.  

 

Figure 1: δ18O and δ2H values for rainwater samples (left) and water samples from the shallow alluvial aquifer 
in the Buffels River (right).  

Sr isotope values for water samples from the shallow aquifer are extremely radiogenic. Of the 

nine values obtained the lowest value was 0.72225 whilst the highest was 0.74740. The 

shallow aquifer overlies and in places in hosted by the Mesoproterozoic basement gneisses of 
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Namaqualand, principally the Spektakel Suite megacrystic granites. These granites are highly 

radiogenic in themselves with 
87

Sr/
86

Sr modern values routinely in excess of 0.8. 
36

Cl/Cl 

ratios are variable between 189.9 x 10
-15

 and 22.0 x 10
-15

. Tritium values were obtained on 

6  samples of the shallow aquifer and are between 1.5 and 0.4 TU. 

4. CONCLUSIONS 

Stable isotope data indicates that the groundwater in the shallow aquifers is variably 

evaporated. Rainwater does not indicate an evaporation trend so evaporation is happening 

after the rainwater has reached the ground surface. This might be happening in the shallow 

soil horizon or once the rainwater has entered the shallow aquifer system. However, given the 

very low rainfall amounts in much of Namaqualand, typically less than 100 mm per year, 

recharge into the shallow aquifers likely only occurs during flood events. This is supported 

by the fact that the groundwater samples, which show the least evaporation, are more 

negative and possibly generated during the large rainfall events needed to overcome the soil 

absorption capacity to enter the aquifer system. This would then support a conclusion of 

evaporation occurring directly from the shallow aquifer. 

However, this does not seem to be the only source of salt as Cl concentrations vs 
36

Cl 

concentrations suggest a mixing trend between young salts (derived from evaporation) and 

old salt. Whilst initially the source of the old salt was thought to be marine salts, the Na:Cl 

ratios of the groundwater samples are not consistence with a marine source. We therefore 

suggest that the old salts are being derived from interaction of the basement rocks and 

specifically the radiogenic granitic rocks of the Mesoproterozoic Spektakel Suite. This is 

supported by the extremely radiogenic Sr isotope values of the groundwater that are most 

easily explained by derivation from the radiogenic granites. 

Remediation of the saline groundwaters in the Buffels River would therefore seem to be 

extremely difficult given the natural source of the salts. Future work will involve modelling 

of the relative influences of evaporation vs weathering of the basement rocks in particular to 

assess how climate change might affect the evaporative component.   
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Abstract: With the advent of shale gas development facilitated by horizontal drilling and 

hydraulic fracturing it has become increasingly important to develop tracer tools to 

scientifically determine potential impacts of stray gases, formation fluids, or fracturing 

chemicals on shallow aquifers. We demonstrate based on an 8-year monitoring program 

conducted in Alberta (Canada) that a multi-isotope approach (δ
2
HH2O; δ

18
OH2O; δ

13
CDIC; 

δ
34

SSO4 and δ
18

OSO4; δ
13

CCH4; δ
2
HCH4; δ

13
CC2H5) in concert with chemical analyses is highly 

capable of identifying potential contamination of shallow aquifers with stray gases or saline 

fluids, provided that sufficient baseline data have been collected. At baseline conditions, we 

found that methane in shallow groundwater is predominantly biogenic in south-eastern 

Alberta. Hence, potential stray gas contamination by isotopically distinct deeper, more 

thermogenic gases can be effectively detected by suitable monitoring programs.  

1. INTRODUCTION 

With the rapid expansion of natural gas exploitation from unconventional hydrocarbon 

reservoirs including shale gas, there is public concern about potential future contamination of 

shallow groundwater with stray gases, formation waters, or chemicals used during hydraulic 

fracturing [1]. In order to enable a scientifically sound assessment of potential future 

deterioration of freshwater resources, it is essential to first establish a baseline of shallow 

groundwater quality including its dissolved or free gas phases. In addition to standard 

geochemical analyses for assessing water types and redox conditions in shallow aquifers, 

stable isotope approaches play a crucial role in baseline water testing in regions of 

unconventional natural gas exploitation. The isotopic composition of water (δ
2
H and δ

18
O) 

provides insight into the sources of groundwater [2]. The isotopic composition of sulphate 

(δ
34

S and δ
18

O) reveals sulphate sources and indicates whether bacterial dissimilatory 

sulphate reduction has been occurring in the aquifers [3]. Carbon and hydrogen isotope 

analyses on methane constitute a powerful tool to assess whether methane in groundwater 

originates from shallow biogenic or deeper thermogenic sources, and δ
13

C values of 

dissolved inorganic carbon (DIC) may help to identify the methane formation pathways [4]. 

To assess the potential impact of leaking gases or fluids on shallow aquifers, it is also of 

critical importance to characterize the chemical compositions and carbon isotope ratios of 

gases from the intermediate zone located below the shallow aquifers and above the shale gas 

target formation during drilling of energy wells, since these gases are a potential source of 

stray gas contamination. Finally, the chemical and isotopic compositions of the produced 

gases and reservoir and flowback waters from the produced formation should be known.  

The objective of this study was to demonstrate the effectiveness of various stable isotope 

tracer tools (δ
2
HH2O; δ

18
OH2O; δ

13
CDIC; δ

34
SSO4 and δ

18
OSO4; δ

13
CCH4; δ

2
HCH4; δ

13
CC2H5) for 

assessing potential impacts of flowback fluids or stray gases on shallow groundwater in areas 

of unconventional gas development in Western Canada. 
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2. METHODS 

Since 2006, we have continuously sampled groundwater and free gases from more than 150 

groundwater observation wells in Alberta, Canada, for detailed chemical and isotopic 

baseline analyses. Many of these wells have been sampled repeatedly. We have also collected 

mud-gas samples from the intermediate zone and formation fluids and gases from production 

zones for chemical and isotopic characterization. Major cation and anion concentrations of 

the waters were determined by titration, ion chromatography and ICP measurements using 

standard techniques. δ
2
H and δ

18
O values of the water samples were analyzed by off-axis 

cavity output spectroscopy [5]. The δ
13

C values of dissolved inorganic carbon were 

determined via acidification with phosphoric acid [6] and δ
34

S and δ
18

O values of dissolved 

sulphate were determined by thermal decomposition of BaSO4 to SO2 and CO and 

subsequent isotope ratio mass spectrometry [7]. In free gas samples, the δ
13

C values of 

methane, ethane and CO2 and the δ
2
H values of methane were determined by GC combustion 

or pyrolysis coupled with isotope ratio mass spectrometry [8]. Measurement uncertainties 

were better than ± 3 ‰ for δ
2
H values of methane, ± 1.0 ‰ for δ

2
H values of water, and 

better than ± 0.5 ‰ for all other isotope ratios expressed in the delta (δ) notation. 

3. RESULTS AND DISCUSSION 

Formation waters have often total dissolved solids (TDS) of >30,000 mg/L and are NaCl-type 

waters, whereas most shallow groundwaters had TDS < 2,000 mg/L and are predominantly 

Na-HCO3 type waters [9]. δ
2
H and δ

18
O values of shallow groundwater ranged from -190.8 

to -79.6 ‰ and from -24.3 to -6.6 ‰, respectively. The isotopic composition of groundwater 

was found to plot close to the regional meteoric water line (RMWL [10]), whereas deep 

formation waters are often enriched in 
2
H and 

18
O plotting off the RMWL [11]. Sulphates in 

shallow groundwater are often derived from pyrite oxidation yielding low δ
34

S and δ
18

O 

values. In contrast, sulphates in deep formation waters are often derived from anhydrite 

dissolution resulting in elevated δ
34

S values. Hence the combination of TDS, δ
18

O values of 

water, and the δ
34

S values of sulphate is a good indicator for identifying potential infiltration 

of deeper formation waters or flowback waters into shallow aquifers in our research area.  

Analyses of dissolved and free gases in shallow aquifers revealed that methane and often also 

ethane occur frequently in baseline groundwater samples. The majority of samples had δ
13

C 

values of methane of less than -58 ‰ and wetness parameters (the concentration ratio of 

methane over the sum of higher alkanes such as ethane, propane, butane and pentane) of 

>500 (Figure 1). Hydrogen isotope ratios of methane were on average -290 ‰, and hence 

approximately 150 ‰ lower than the average hydrogen isotope ratios of shallow 

groundwater. Therefore, joint evaluation of gas compositions, wetness parameters, and δ
13

C 

and δ
2
H values of methane indicate that the majority of the baseline samples contained 

methane of biogenic origin (Figure 1).  

Isotopic analyses on methane and higher n-alkanes from gases obtained from the intermediate 

zone and producing formations revealed progressively increasing δ
13

C values with increasing 

depth suggesting an increasing predominance of thermogenic gas. Hence, we conclude that a 

potential intrusion of stray gases from deeper formations into shallow aquifers can be 

effectively monitored by determining the δ
13

C values of methane and ethane in dissolved or 

free gas in shallow groundwater due to the distinct isotopic fingerprints of shallow and deep 

gas sources in the study area. Provided that baseline data for shallow groundwater have been 

determined, and that chemical and isotopic data for gases in the intermediate and production 
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zones are known, it may even be possible to identify the formation from which potential gas 

leakage occurs [12].  

 

Figure 1: Bernard plot [13] comparing gas wetness and δ
13

C values of methane for free gas 

samples collected from monitoring wells accessing shallow groundwater. Depth refers to the 

mid-production depth in meter. C2+ corresponds to higher alkanes n>2 with CnH2n+2. 

 

Of critical importance in baseline groundwater testing is also to assess whether methane 

oxidation occurs in aquifers, since enrichment of 
13

C in the remaining CH4 may lead to 

erroneous interpretation of the source of the methane. Therefore, a joint interpretation of data 

on gas composition, δ
13

C and δ
2
H of methane, δ

13
C of CO2 and dissolved inorganic carbon 

(DIC) is critical for evaluating which samples have been affected by methane oxidation 

within shallow aquifers. 

4. CONCLUSIONS 

Stable isotope techniques provide a highly effective tool to quantify contributions of 

flowback fluids or stray gases potentially impacting shallow aquifers, provided that sufficient 

baseline data have been obtained. Furthermore, it appears feasible to identify the formation 

from which potential gas leakage may occur provided that baseline data for shallow 

groundwater have been determined and that chemical and isotopic data for gases from the 

intermediate and production zones are available. Therefore, carbon isotope fingerprinting is 

increasingly incorporated into regulatory requirements for baseline well water testing in 

jurisdictions where the exploitation of unconventional gas resources proceeds. We suggest 

that an expanded stable isotope toolbox has the potential to provide major new insights with 
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respect to the identification of potential contamination of shallow aquifers with stray gases 

and saline fluids from unconventional energy plays.  
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Abstract: Contaminated groundwater problems at Fukushima Daiichi Nuclear Power Station 

and countermeasures for them have been reported in various ways since its accident on 

March 11, 2011. However, it seems that few reports accurately describe the local natural 

environment, and the purpose and conditions of countermeasures for contaminated 

groundwater (Marui, 2014). Consequently, many misunderstandings have occurred and many 

proposals and criticisms have been made in the media. In this report, based on the latest 

knowledge on the local geological and groundwater conditions, current problems and 

countermeasures taken are described considering the long-term plan of the national 

government and Tokyo Electric Power Company for reactor decommissioning, and future 

challenges are discussed based on them. 

The manuscript was submitted in the end of the 2014, and it tells the latest information and 

the schedule of that time, however, the situation is changing day by day, and now, the frozen 

wall project is delayed by the reason of technical difficulty at the point of underground 

structure like tunnel.  They should additional measure for that point; a typical one is a parallel 

setting of the frozen pipes.  The author will introduce the recent problems and troubles to 

delay the plan on the presentation. 

 

The current position and volume of contaminated water; the trench means a kind of tunnel 

from the building to the sea, through which pipes and wires run. It became widely known 

because contaminated water leaked out immediately after the accident and contaminated the 

surrounding soil and sea. Although the surrounding soil was improved using water glass 

(chemical feeding), 11,000 tons of contaminated water still remains in it as of October 2014. 

The contaminated water flew out directly from the turbine building, and high concentration 

contaminated water exist in the trench. Currently, the trench is isolated from the buildings 

with the frozen soil method, and countermeasures to remove the internal contaminated water 

are being taken with a method of filling in the trench. 

 

There are melt-down fuels in the reactor, which are being cooled every day. Consequently, a 

large amount of contaminated water that leaked out from the reactor exists in the reactor 

buildings and the turbine buildings next to them. In addition, because measures to prevent the 

leakage of contaminated water from the buildings are taken by letting surrounding 

groundwater leak into the buildings, contaminated water is increasing by about 400m
3
 per 

day (groundwater in middle-grained sandstone beds flows into the buildings). To treat it and 

transfer it to the tanks, the process building and the HTI building are also temporarily used 

for storage of contaminated water. It is estimated that about 89,300 m
3
 of contaminated water 

exists in these buildings currently, and prompt treatment is desired. 

 

The place where the largest amount of contaminated water is stored is the land-based tanks. It 
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is said that they hold about 200,000 tons of contaminated water treated using radioactive 

material removal equipment (described later) and about 360,000 tons of high concentration 

contaminated water that waits for treatment or that has been treated. Because 400 tons per 

day of surrounding groundwater flows into the buildings, contaminated water is anticipated to 

increase by about 130,000 tons per year. This would be an appropriate estimate because in 

addition to a large amount of contaminated water generated for cooling at the early stage of 

the accident, more than three and half years have passed since the accident. 

 

For decommissioning, debris which melted down has to be retrieved finally.  

Countermeasures for contaminated groundwater are discussed below considering what should 

be done and the steps to be adopted for retrieval. The overall decommissioning plan is as 

follows: 

 

1) Drying-up:  

2) Circulative cooling:  

3) Retrieval of debris:  

 

Based on the current conditions, it is scheduled that dry-up is finished within 10 years after 

the accident, circulative cooling is performed for about 15 years after then, and debris is 

retrieved during the next 15 years or more. Because there are many technologies to be 

developed and many challenges found at present (contaminated groundwater problems, etc.), 

it is inevitable that completion of decommissioning will become in the latter half of this 

century. 

 

I will discuss about the condition of groundwater, countermeasures and perspectives at the 

NPS. 
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Abstract: Over the past ca. 50 years measurements of isotopes have contributed greatly to 

our understanding of the dynamics of the oceans. They have been used to outline pathways of 

water masses, rates of water mass transformation and mixing, mean residence times of 

specific water masses, or exchange of gases between the ocean and the atmosphere. In this 

contribution we briefly review the contributions of the isotopes tritium, He-3, C-14, Ar-39, 

Kr-85, O-18, and D to our understanding of the modern ocean and its variability. We use case 

studies from the high latitude and global oceans to illuminate how radioactive clocks shed 

light on mean residence times of waters in the upper (tritium/He-3; Kr-85) and deep oceans 

(C-14; Ar-39), how transient tracers depict pathways of water masses from the surface into 

the interior of the oceans (tritium/He-3), how isotope signatures indicate sources of specific 

water masses (O-18 and D), and how repeat observations can be used to explore variability in 

ocean dynamics. Finally, we explore future applications of isotopes in oceanographic studies. 
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Abstract: The long-lived noble-gas isotope 
81

Kr is the ideal tracer for old water and ice in the 

age range of 10
5
 – 10

6
 years, a range beyond the reach of 

14
C. 

81
Kr-dating, a dream pursued 

over the past five decades, is now available for the first time to the earth science community 

at large. This is made possible by the development of an atom counter based on the Atom 

Trap Trace Analysis (ATTA) method. In collaboration with earth scientists, we are dating 

groundwater and mapping its flow in major aquifers around the world. 
81

Kr-dating is now 

available to the earth science community at large (Lu et al., 2014).  Due to its simple 

production and transport processes in the terrestrial environment, 
81

Kr (half-life = 230,000 yr) 

is the ideal tracer for old water and ice in the age range of 10
5
-10

6
 years, a range beyond the 

reach of 
14

C.  An instrument based on the Atom Trap Trace Analysis (ATTA) method (Chen 

et al., 1999) is capable of measuring both 
81

Kr/Kr and 
85

Kr/Kr ratios of environmental 

samples in the range of 10
-14

-10
-10

.  For 
81

Kr-dating in the age range of 150 kyr – 1500 kyr, 

the required sample size is 5 micro-L STP of krypton gas, which can be extracted from 

approximately 100 kg of water or 40 kg of ice (Jiang et al., 2012).  For 
85

Kr/Kr analysis, the 

required sample size is 20 kg of water.  We are continually developing the ATTA method 

towards a higher counting efficiency, and therefore expect to require smaller sample sizes in 

the future. 

In the past two years, the Laboratory for Radiokrypton Dating has measured both 
81

Kr/Kr and 
85

Kr/Kr ratios in over 100 samples, which had been extracted by collaborators from all seven 

continents.  The samples were from groundwater wells in the Great Artesian Basin 

(Australia) and Guarani Aquifer (Brazil) (Aggarwal et al., 2014); from brine wells of the 

Waste Isolation Pilot Plant (New Mexico) (Sturchio et al., 2014); from geothermal steam 

vents in Yellowstone National Park (Yokochi et al., 2013); and from near-surface ice at 

Taylor Glacier, Antarctica (Buizert et al., 2014).  Sample purification was performed by 

collaborators at IAEA Vienna, the University of Illinois at Chicago, University of Bern, and 

the University of Chicago. ATTA is a laser-based atom counting method, not a mass 

spectrometry method.  Individual neutral atoms, not ions, of the desired isotope are captured 

by laser beams, and their fluorescence detected with a CCD camera. ATTA is unique among 

trace analysis techniques in that it is free of interferences from any other isotopes, isobars, 

atomic or molecular species. 

The Laboratory for Radiokypton Dating is supported by the U.S. DOE, Office of Nuclear 

Physics, under contract DE-AC02-06CH11357, and by Argonne LDRD grants. Research 

website: http://www.phy.anl.gov/mep/atta/.   
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Fig. 1. Schematic of an Atom Trap Trace Analysis apparatus. The total length is about 2.5 m. 
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Abstract: We have succeeded in applying Atom Trap Trace Analysis (ATTA) for the 

analysis of 
39

Ar in groundwater. With its half-life of 269 yr, 
39

Ar is an ideal dating tool 

for water and ice, closing the dating gap between about 50 and 1000 yr. Due to the 

extreme selectivity of multiple resonant photon scattering, ATTA is immune to 

interferences, but it is an experimental challenge to meet the necessary efficiency and 

stability to enable analysis of environmental samples. A count rate of 3.6 ± 0.1 atoms/h 

has been achieved for atmospheric Ar. The Ar activities of the analyzed groundwater 

samples cover the whole dating range and are confirmed by intercomparison with low-

level counting. For these first groundwater analyses several tons of water were used, but 

improvements currently underway are likely to reduce the required sample size well into 

the range needed for convenient application in oceanography. 

1.  INTRODUCTION 

The advantages of the noble gas radioisotope 
39

Ar (half-life 269 yr) as a dating tool for 

groundwater, ocean water, and ice - in particular its ability to close the “dating gap” for 

the age range between about 50 and 1000 years - have long been recognized [1]. This 

dating range is in particular ideally suited for oceanographic studies, where 
39

Ar data 

would strongly improve constraints on transit time distributions [2]. However, due to the 

extremely low abundance of this isotope (
39

Ar/Ar = 8-10"
16

 in modern air), its clean and 

quantitative detection is a true experimental challenge. The new analytical method Atom 

Trap Trace Analysis (ATTA), which has recently rendered 
81

Kr-dating feasible [3], has 

been shown to provide an alternative to the classical 
39

Ar detection by low-level counting 

(LLC) [4]. Here we report on our development and first application of the method for 
39

Ar. We have implemented dedicated methods for sample preparation and ATTA 

analysis for 
39

Ar at Heidelberg University. Significant improvements in the sensitivity 

and stability of 
39

Ar trapping and detection have recently enabled us to obtain the first 
39

Ar groundwater ages based on ATTA-analysis [5]. 
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2.  METHODS 

ATTA is an ultra-sensitive counting method for rare isotopes based on laser cooling and 

trapping techniques [6]. After more than a decade of development it is now available for 

routine analysis of Kr isotopes in ice and water samples at the Argonne National 

Laboratory [3]. The method makes use of the extremely high selectivity of multiple 

resonant photon scattering during laser cooling and detection by fluorescence in order to 

separate the desired rare isotope from the abundant isotopes without any interferences. 

Since with ATTA the atoms are detected directly rather than their decay products, it has 

the potential for being applicable to much smaller samples than LLC. Hence, it expands 

the applicability range of 
39

Ar to routine oceanographic sampling, glacier ice, and 

possibly other environmental systems. 

 

We took groundwater samples from different wells, aiming to cover the complete range 

of 
39

Ar ages based on available data of other dating tracers such as 
3
H and 

14
C. Up to 

2500 L of groundwater were degassed and typically about 1 L STP of pure Ar was gas 

chromatographically separated from the obtained gas. For sample analysis, the ATTA 

apparatus was operated in through-flow mode, where the sample is continuously inserted 

and pumped out of the system. Calibration was performed by measurements of 

atmospheric Ar, for which a count rate of 3.58 ± 0.10 atoms/h was achieved and kept 

stable over a time span of 13 weeks. 

3.  RESULTS 

The 
39

Ar count rates of the samples ranged between 0.5 and 3.2 atoms/h, corresponding to 

between 13 and 89 % of the count rate for modern Ar (pmAr). Within their uncertainties 

of between 5 and 16 pmAr, these 
39

Ar activities were in good agreement with 

intercomparison measurements performed by LLC at the University of Bern, 

demonstrating that dating of groundwater with 
39

Ar-ATTA is feasible. We could therefore 

determine 
39

Ar ages for the sampled wells, enabling us to clearly distinguish a young, 

tritium-bearing groundwater (44 ± 71 yr) from a mixed sample with a mean age of 

572 ± 95 years. Furthermore, an almost 
14

C- free groundwater from a deep well yielded a 

low but non-zero 
39

Ar activity of 13 ± 6 pmAr. 

 

A specific strength of the ATTA method is this regime of relatively old waters, but 

further studies with 
39

Ar dead samples are needed to better characterize the blank level of 

our analytical system. 

4.  CONCLUSIONS 

The agreement of the 
39

Ar-ATTA results with the LLC measurements show that 

groundwater dating by 
39

Ar-ATTA is now for the first time possible. Current 

developments on the ATTA setup aim at increasing the 
39

Ar count rate to improve 

analytical precision. After reducing the 
39

Ar contamination resulting from previous tests 

with 
39

Ar-enriched gas, the system can be operated in recycling mode, without loss of 

sample gas during the analysis. We expect that the apparatus can then operate with as 

little as 0.1 mL STP of Ar, enabling the dating of conveniently sized samples (< 1 kg) of 

ocean water and glacier ice. 
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Abstract: We have previously reported [1] an ultra-sensitive laser-based analytical 

technique, intracavity optogalvanic spectroscopy (ICOGS) that could meet the requirements 

for 
14

C quantitation at zeptomole 
14

C levels with sub-milligram samples in a laboratory based 

instrument.  Subsequent studies have confirmed the ICOGS concept, but as in the original 

publication, have had great difficulty in calibration and reproducing consistent results for 

standard samples.  Recently, a different laser technique for radiocarbon detection, molecular 

saturated absorption cavity ringdown spectroscopy (SCAR)
 
[2] was reported with a detection 

limit of ~240 attomoles 
14

C using ~70 mg C samples. Other cavity ringdown systems are also 

under study. The cavity ringdown technique has certain commonalities with ICOGS and 

results from these studies have helped in understanding the fundamental laser interactions 

involved.  In this paper we report on a new physical descriptions of the ICOGS process, 

explaining the apparent inconsistencies noted in previous studies and providing a protocol 

that allows straightforward calibration and extraction of unambiguous 
14

C content in CO2 

samples. Historical background on laser based radiocarbon detection will be reviewed and the 

outlook for widespread dissemination of the new technologies will be considered. 
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Abstract: Stable isotopes of the water molecule (δ
18

O, δ
2
H) have proven to be powerful tools 

in hydrology with a long record of applications in all parts of the water cycle. This refers to a 

wide range of both spatial and temporal scales. Traditionally, the determination of the 

isotopic composition of liquid water is conducted with discrete samples being analyzed in the 

laboratory with isotope ratio mass spectrometers (IRMS). This is time-consuming and costly 

and consequently the conduction of isotope studies implies a trade-off between limited 

spatiotemporal resolution and extensive (and expensive) lab work. With the recent 

development of laser-based isotope analyzers like off-axis integrated cavity output 

spectroscopy (OA-ICOS) or Cavity Ring-Down Spectroscopy (CRDS), there is now the 

opportunity to analyze stable isotopes much faster and less expensive. Laser-based 

instruments are capable of analyzing vapor directly and continuously, thus they should allow 

the observation of real-time processes in the liquid phase, once the isotopic signal from liquid 

water has been transferred continuously to the vapor phase. We present two methods to 

determine in-situ and in high temporal resolution the isotopic composition of freely flowing 

liquid water as well as matrix-bound water in soils. 

For the first purpose a microporous hydrophobic membrane contactor (Membrana) was 

combined with an isotope laser spectrometer (Picarro). The contactor, originally designed for 

degassing liquids, was used inverse in order to transform liquid water to water vapor. The 

water vapor was then analyzed continuously (0.5 Hz) by the Picarro analyzer and calibrated 

with vapor from water of known isotopic composition, taking into account the parallel-

measured temperature at the interface. Both, temperature and isotopic composition of the 

liquid water were intentionally changed rapidly in order to test the setup under highly 

dynamic conditions. Nonetheless, with precisions of 0.16 ‰ (δ
18

O) and 1.1 ‰ (δ
2
H), 

calculated isotope values corresponded well with those of liquid samples taken 

simultaneously and analyzed subsequently by traditional means (Herbstritt et al., 2012). 

Therefore, we conclude that this method supersedes taking liquid samples while at the same 

time providing data much faster. Furthermore, it employs relatively cheap and readily 

available components only. It can be applied in both the field and laboratory, whenever real-

time isotope data of freely flowing water is required at high temporal resolution. Examples of 

this application at lab-scale with soil columns as well as measurements of precipitation 

(open-site vs. throughfall) are shown. 
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In a second approach, we developed a non-destructive, continuous in-situ monitoring system 

for stable isotope signatures of matrix-bound water. For this purpose, water vapor of soil air 

was continuously extracted via a branching network of small microporous probes into the 

Picarro analyzer. Two different modes, based on advective versus diffusive vapor extraction 

as well as permanently installed probes versus a repeatedly inserted probe were tested. They 

were compared among each other, as well as with measurements of destructively collected 

samples. Calibration was conducted by probes, placed in sealed sand-boxes which were 

prepared with oven-dried sand, adjusted to defined soil moisture (20%) with isotopically 

different in-house standards. The isotope distribution along soil profiles with naturally 

occurring small-scale variations could be resolved with sufficiently high accuracy and 

precision at sampling intervals of less than four minutes (Volkmann and Weiler, 2014). 

Hence, we conclude that this approach provides a powerful tool towards a detailed 

quantitative understanding of dynamic and heterogeneous vadose zone processes. We will 

show examples of this application at large scale lysimeter studies and infiltration experiments 

with enriched water 
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Abstract: The major fraction of Dissolved Organic Matter (DOM) is still chemically 

uncharacterized, and little is known about its sources and cycling. The very low concentration 

of organic matter dissolved in natural waters compared with the significant amounts of 

inorganic salts is a major challenge in analytical chemistry. Though techniques for the 

separation or isolation of DOM and subsequent analysis for molecular studies have been 

published, methods for isotopic characterization of DOM are limited. This paper reports a 

modified method based on solid phase extraction and mass spectrometry for extraction of 

DOM and subsequent determination of stable C, N, and S isotopes simultaneously. This new 

method is simple, rapid, robust and efficient. It can be applied to reasonably small samples of 

natural waters with a typical range of DOM concentrations. 

1. INTRODUCTION 

Stable isotope characterization of DOM can be used to understand the sources of DOM, its 

interactions with other nutrients, and significant biogeochemical transformations. Although 

the analysis of δ
13

C of dissolved organic carbon (DOC) has been used in many environmental 

studies, measurement of the δ
15

N and δ
34

S composition has been much more difficult. Having 

the ability to understand DOM cycling and applying this to diverse ecosystems will provide 

insight into how different land uses, human activities, and the resulting impacts to aquatic 

ecosystems influence nutrient and organic matter dynamics. The isotopic composition of 

DOM can provide valuable new information about nutrient and organic matter sources in 

complex aquatic ecosystems. Understanding interactions between nutrients, DOM, and 

particulate organic matter including microbial organisms can be achieved through DOM 

isotope measurements. The majority of previous isotopic DOM studies have usedδ
13

C 

analysis to assess organic matter sources, cycling and food web relationships in aquatic 

environments [1, 2]; however, microbial degradation can modify the δ
13

C signature [3]. The 

use of multiple isotopes including carbon (
13

C), nitrogen (
15

N) and sulphur (
34

S) can help 

understanding the above aspects and clarifythe relative contribution of DOM to functionally 

distinct but hydraulically interconnected regions. Not many studies deal with multi-isotope 

analysis of DOM and its applicability to complex aquatic systems due to complexities in 

analytical procedures. The aim of this paper is to outline an analytical procedure to measure 

the δ
13

C, δ
15

N, and δ
34

S of DOM extracted from low volume natural water samples and to 

demonstrate its applicability to evaluate the DOM sources and processes in San Francisco 

Bay waters. 
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2. METHODS 

A modified styrene divinyl benzene polymer type sorbent was chosen for extracting DOM 

from natural waters [4]. These columns(referred to as “PPL” columns) show better extraction 

efficiency (typically 60%) compared to other available materials, and are capable of 

extracting a wide range of highly polar to non-polar substances from large volumes of water. 

Before processing, the water samples were filtered to 0.2 µm and acidified to pH 2 with high 

purity HCl (32%). Prior to passing the water sample through the column, each new column 

was washed with 3 ml of methanol (HPLC grade) and rinsed with 6 ml of Milli Q water 

acidified to pH 2. For DOM uptake by columns, the water samples were placed in a reservoir 

with an outlet opening directly dripping in to the column. This was performed under gravity 

and the typical flow rate was about 100 ml/ hr. The presence of inorganic salts will alter the 

apparent DOM isotope values, therefore the salts need to be removed from the column prior 

to elution of the DOM. For this purpose, 6-9 ml of milli Q water (pH 2) was passed through 

the DOM loaded column. For elution, 3 ml of methanol was used to strip the DOM adsorbed 

on to the cartridge and the eluate was collected directly into a clean glass vial. The methanol 

eluates were finally dried in to smooth walled liquid capsules by using in house made air 

flushing unit. High purity N2 was used for flushing purpose, which helped produce faster 

drying times and low method blanks. The typical drying times were 2-3 hrs. The complete 

dryness was ascertained by observing the capsules under microscope for any liquid drops. 

For the simultaneous measurement of 
13

C, 
15

N and 
34

S isotopes, the dried DOM in the 

capsules was weighed (typically between1and 5 mg) and V2O5 (~ 0.5mg) was added to each 

capsule to ensure completed combustion, and the capsules were placed in auto sampler. The 

samples were then combusted in an elemental analyzer (Vario CUBE) and analysed by 

continuousflow - isotope ratio mass spectrometry (CF-IRMS). One commercially available 

elemental standard (NIST 1577b Bovine Liver, superseded by 1577c) and two internal 

standards were used for quantifying C, N, and S content and isotopic composition. These 

standards were calibrated against international standards appropriate to each element. The 

standards were selected in order to bracket the expected natural sample isotopic composition, 

and were run in a range of sizes (approximately 0.3 to 5mg) based on expected sample 

compositions.  

3. RESULTS 

Evaluation of extraction and elution processes 

During the extraction and elution processes there is a possibility of isotopic fractionation 

resulting from incomplete recovery of DOM whereby some isotopically distinct fraction is 

not recovered. To determine whether significant isotopic fractionation occurs during 

extraction, we characterized a solid reference material, Natural Organic Matter (NOM, 

procured from IHSS), for its C, N, and S content and isotopic compositions. A known amount 

of this NOM was dissolved in 1 L of acidified milli Q water and passed through the PPL 

column, and the eluted DOM was dried and measured for its elemental and isotopic 

composition. A comparison of the solid NOM and PPL processed NOM results are shown in 

table 1.The C, N, and S composition and isotope values match for pure solid NOM and PPL 

processed NOM, indicating that there is no significant isotope fractionation occurring during 

extraction and elution process.The recoveries calculated from measuring a known 

concentration of the reference material (NOM) was found to be 70-80%. 

Optimizing elution volume 

In order to optimize the elution volume for maximum recovery of DOM from the column, a 

synthetic sample representing estuary water (1 L) was passed through a PPL column and later 
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eluted using methanol in 4 steps of 1 ml each, which was collected and dried separately. The 

dry weight distribution of methanol eluates clearly indicates that >95% of the extractable 

DOM elutes in the first 1 ml methanol eluate (Figure 1). 

For assessing the blank contribution that may influence the measured isotopic values of DOM 

in the case of small sample volumes and/or low DOM concentrations, a test was conducted 

by taking two samples representing fresh and saline end members. This test involved 

processing 0.75 to 3.5 L of acidified and filtered pond water and seawater through the PPL 

columns. Milli Q water (acidified and filtered) was also processed in addition to the above 

samples to evaluate the relationship between sample volume and method blank. It was found 

that isotope values don’t vary much with different volume loadings of sample. The isotope 

values cluster tightly and variations fall within 1 SD of standards employed. 

Table 1.A comparison of the solid NOM and PPL processed NOM results 

NOMSolid 

( n=13) 

  

  N-15(‰) C-13(‰) S-34(‰) N% C% S% 

Mean 1.94 -28.96 12.92 1.20 43.89 1.57 

SD 0.48 0.58 0.43 0.11 1.09 0.09 

NOM –

PPL 

processed 

(n=3) 

              

Mean 1.73 -28.38 12.35 1.28 44.99 1.51 

SD 0.17 0.25 0.57 0.06 0.05 0.07 

 

Effects of salinity on DOM recovery 

The effect of salinity on percent recovery of total DOM was evaluated by processing 7 

samples collected in a transectwith salinities ranging from 0.1 to 31psu. The DOC 

concentration was also measured for these samples by high temperature TOC analyzer in 

order to compare yields. Recovery was calculated as the ratio of DOC concentration (mg) in 

methanol eluate to that obtained from high temperature TOC analyzer (mg). The percent 

recovery of this method was found to be 56 - 69%, a similar recovery was reported by 

Dittmar [4]. It was found that salinity does not affect the DOM recovery indicating that this 

method is equally effective for fresh as well as saline samples (Figure 2). 

Field investigations 

A preliminary study was conducted along a surface water transect in San Francisco Bay (709 

km) to test the applicability of the method across a freshwater to marine estuarine gradient. 

Surface samples were collected at a depth of 2 m in 1 L bottles from 7 stations along a 

transect from mouth of the Bay up to the confluence region of the San Joaquin and 

Sacramento Rivers. The DOM isotopes were correlated with annual average of particular 

organic matter (POM) isotopes of same location during previous year. The results seem to be 

different from what is conventionally perceived that the dominant source of DOM is often 

terrigenous and more refractory in comparison to POM [1,5]. From the similar trends of POM 

and DOM, it can be conceived that the sources of both DOM and POM are similar. The C:N 

ratios and isotopic compositions of the DOM and POM suggest that algal or plant sources 

contribute to the DOM pool significantly. If the DOM is refractory as suggested by previous 

researchers, it would be expected that DOM content and isotopic composition would not 

show little variation along the transect, however we see a clear change in the DOM content 

and isotope values. 
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4. CONCLUSIONS 

The new method presented here for DOM extraction and simultaneous analysis of δ
13

C, δ
15

N, 

and δ
34

S can be successfully applied to a wide range of environmental water samples with 

varying DOM concentrations and salinities. The percent recovery of total DOM measured in 

field samples was found to be comparable to other extraction methods typically used for the 

chemical characterization of DOM. The salinity effect on DOM extraction was not significant 

and the process blanks were low. This method can be field deployable and can be applied to 

both fresh and saline samples without compromising the recovery. Measurement of the multi-

isotope composition of environmental water samples can provide new insights into the 

sources, cycling, and fate of DOM in a wide range of aquatic environments, and will also 

help expand our understanding of biological nutrient transformations. 
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Figure 2. Percentage DOC recovery in 7 

samples with increasing chloride contents 

 

Figure 1. Dry weight of DOM obtained in each 

1 ml aliquot of methanol. B1 and B2 are test 

samples. In set shows enlarged Y axis (from 0 – 

0.1 mg). 
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Abstract: Noble gases and other quasi-conservative transient trace gases (SF6, CFCs) in 
aquatic systems have commonly been used to determine water residence times and to 
reconstruct past environmental and climatic conditions [1, 2]. However, these analyses were 
hampered by the occurrence of a surplus of atmospheric gases in natural ground water, e.g. 
the presentence of excess air (EA) which in former days was only considered as 
contamination. 
 
Recent developments in understanding the physics of air (gas) / water partitioning (AWP) in 
porous media as well as revisiting noble gas diffusion in water now allows EA formation to 
be understood in mechanistic terms and facilitates the robust interpretation of EA as a proxy 
for the hydraulic conditions during groundwater recharge, e.g. in permafrost and ice covered 
areas [3, 4]. The advanced AWP understanding is completed by experimental breakthroughs 
allowing analysis of noble gases in sediment pore fluids and in fluid inclusions of calcite 
precipitates with the aim to reconstruct environmental conditions from minute amounts of 
water [5]. 
 
Furthermore, the coupling of mass-spectrometry with chromatographic methods now allows 
simultaneous analysis of noble gases and other gases (e.g., SF6, CFCs, O2, N2) from a single 
water sample. These advanced protocols significantly improve SF6 and CFCs dating in 
(ground) water as it facilitates a reliable and direct EA correction [6]. Finally, portable 
membrane-inlet mass spectrometers enable continuous and real-time analysis of dissolved 
(noble) gases directly in the field, allowing, for instance, quantification of O2 turnover rates 
on time scales as small as minutes [7]. This presentation will touch some of these recent 
achievements with the intention of stimulating a broader discussion on the future applications 
of gases in conventional and unconventional aquatic systems. 
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Abstract: Transport models used to predict migration of pollutants in groundwater systems 

are generally based on flow models calibrated to the observed hydraulic heads and recharge 

rates. However, transport models need independent calibration and environmental tracers 

offer an attractive possibility to solve this problem.  

1. INTRODUCTION 

Nowadays, the numerical flow and transport models are widely used to characterize flow of 

water and transport of contaminants in groundwater systems. In the calibration process of 

groundwater flow model the transmissivity is typically chosen as a fitting parameter. 

However, transmissivity and volumetric flow rates obtained from numerical flow models do 

not define the flow velocity in a unique way, even for a homogeneous medium [1]. Flow 

velocity constitutes in turn the central parameter governing migration of pollutants. As 

transmissivity is a product of hydraulic conductivity and thickness of water-bearing strata, 

different pairs of these two parameters corresponding to different migration velocities can 

lead to identical transmissivity values. This fundamental ambiguity in the calibration process 

of flow models can be removed if environmental tracers are used to quantify migration 

velocities independently, using transport model associated with the flow model. Calibration 

of transport models with the aid of environmental tracers is by no means a straightforward 

process. Usually, several calibration steps are required in order to get satisfactory agreement 

between modeled and measured concentrations of applied tracer(s) in different parts of the 

studied system. 

Environmental tracers were used as a calibration tool for 3D flow and transport models 

available for two aquifer systems located in the southern Poland: (i) the Bogucice Sands 

aquifer, and (ii) the Czestochowa aquifer. The Bogucice Sands constitutes a typical porous-

sandy aquifer with two confined water-bearing layers whereas the Czestochowa aquifer is a 

phreatic, fissured-carbonate aquifer.  
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2. METHODS 

The MODFLOW and MT3DMS codes [2-4] were used to model flow and transport in the 

studied aquifers. Transport of environmental tracers in both aquifers was performed in a 

transient mode, with the steady-state flow field calibrated using present-day distribution of 

hydraulic heads and discharges of streams draining the studied aquifers [5, 6].  

Tracer studies of the Bogucice Sands aquifer begun more than three decades ago. Over the 

years, extensive set of environmental tracer data has accumulated and was subsequently used 

to investigate dynamics of groundwater flow in various parts of this system [7, 8]. For the 

Czestochowa aquifer, time series of tritium data were available for 21 production wells and 

springs, some of them extending over the period of more than 20 years.  

The calibration strategy employed in the Bogucice Sands aquifer comprised the usage of SF6 

and 
3
H for calibration of the transport model in the zone of young waters, and 

39
Ar and 

14
C 

for intermediate and distant parts of the aquifer, respectively. After each step of transport 

model calibration, recalibration of the flow model was needed mainly by changing hydraulic 

conductivity, while maintaining the hydraulic head and transmissivity constant. In the 

Częstochowa aquifer, time series of 
3
H concentration available for several production wells 

were used to calibrate the flow transport model available for this system.  

3. RESULTS 

Figure 1 shows the comparison of modeled and measured SF6 concentration in selected 

production wells of the Bogucice Sands aquifer. Initially, large differences between the 

measured and modeled SF6 concentrations were observed (Fig. 1a). The SF6 concentrations 

were calculated with the use of MT3DMS code and the flow model calibrated to hydraulic 

heads. Subsequent recalibration of the flow and transport model resulted in better agreement 

between measured and modeled SF6 concentrations, although for some wells deviations from 

the 1:1 line were still observed (Fig. 1b), pointing to the need for further calibration steps. 

 
 

Figure 1. Modeled versus measured concentrations of SF6 in the selected production wells of 

the Bogucice Sand aquifer. (a) - initially modeled SF6 concentrations, (b) - modeled SF6 

concentrations after improvement of the model. 

In case of the Czestochowa aquifer, the initial runs of transport model using bomb-tritium 

input data yield tritium concentration histories in the production wells which were in 

disagreement with the measured time series of tritium in those wells. One example is shown 
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in Fig. 2a. This forced significant changes in the conceptual model of the system and 

appropriate recalibration of the flow model, resulting in satisfactory agreement between 

measured and modeled 
3
H concentrations for most of the wells (Fig. 2b). To achieve this, 

significant increase of the recharge rate and the hydraulic conductivity of the aquifer water-

bearing layers was necessary. 

 
 

Figure 2. Comparison of modeled and measured bomb-tritium concentration data for well 

No. 27/28 in the Czestochowa aquifer. (a ) - initially modeled time series of 
3
H content, (b) - 

modeled 
3
H concentrations after improvement of the model. 

Tracer-calibrated numerical flow and transport models can be a source of important 

information about time scales of groundwater flow and transport of contaminants in aquifer 

systems. Quantification of time scales of contaminant transport is a critical step for assessing 

groundwater vulnerability against pollution. In particular, the knowledge of residence time 

distribution (RTD) functions of key pollutants in the studied aquifer can provide the basis for 

designing adequate mitigation strategies aimed at improving the quality of groundwater. 

Figure 3 shows ensemble of RTD functions generated for selected locations in the Bogucice 

Sands aquifer using tracer-calibrated flow and transport model available for this system. The 

RTD functions were generated using instantaneous injection of a conservative tracer (delta 

function).  

 

Figure 3. Ensemble of RTD functions generated for selected locations in the Bogucice Sands 

aquifer using tracer-calibrated flow and transport model available for this system. 
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4. CONCLUSIONS 

Apart of providing information about time scales of groundwater flow, environmental tracers 

are becoming nowadays a key tool for calibration of 3D flow and transport models widely 

used in hydrology. This tracer-aided calibration is usually an iterative process. The choice of 

appropriate tracer(s) for this process should be aided by expected time scales of groundwater 

flow.  

Tracer-calibrated flow and transport models enable generation of residence time distribution 

functions of conservative solutes for any desired location in the modeled aquifers. The 

knowledge of RTD functions can in turn provide the basis for designing adequate mitigation 

strategies aimed at improving groundwater quality in those systems. 
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Abstract: Water isotopes were applied in Virttaankangas artificial groundwater recharge 
project which aims to a long-term production of potable water for the SW coastal region in 
Finland. Stable isotopes of oxygen and hydrogen are known as conservative tracers in mixing 
studies of isotopically distinct water bodies. A significant isotopic difference between the 
natural groundwater and the infiltrated river water was recorded in the study site. The 
isotopic composition of oxygen and hydrogen was successfully applied to monitor continuous 
recharge processes and applied these results to validate the 3D hydrogeological flow model 
simulation results. Isotope separation method is used as a tool for production monitoring of 
the artificial recharge plant. 

1. INTRODUCTION 

Isotopes of oxygen and hydrogen are known as conservative tracers in mixing studies of 
isotopically distinct water bodies, such as groundwater and surface water mixing promoted 
by artificial recharge (AR). In the northern regions with abundant surface water resources and 
glaciofluvial deposits, artificial groundwater recharge is a commonly used as a continuous 
method for natural water treatment enhanced by mineral soil. Virttaankangas AR project aims 
to a long-term production of potable water for the SW coastal region in Finland [1]. This 
aquifer has been extensively studied e.g. for the water isotopic composition before and after 
the initiation of the AR [2]. Comprehensive baseline records on natural trends of water 
isotopes (18O, 2H) since year 2000 addressed a significant isotopic difference between the 
natural groundwater and the infiltrated river water, being approximately 3‰ in 18O and 15‰ 
in 2H. 

The infiltration water for the Virttaankangas AR plant is derived from the River 
Kokemäenjoki, located north of the AR site. River water was led to the infiltration ponds at 
the very first time in early September, 2010, which launched a unique isotope tracer test. 
Groundwater flow is strictly controlled by hydrogeological structures of the esker aquifer. 
The multi-layer groundwater flow model simulations can be used to study the shapes and 
volumes of the plumes of infiltrated water. In addition, the ratio between the infiltrated river 
water and the natural groundwater in the aquifer can be estimated and illustrated in three 
dimensions. 
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In this study, the isotopic composition of oxygen and hydrogen were used to monitor 
recharge processes and incorporate these results to validate the 3D hydrogeological flow 
model simulation results. 

2. METHODS 

During the first year test phase of the artificial groundwater recharge, the isotopic 
composition of oxygen and hydrogen was monitored weekly in the area between the 
infiltration ponds and the production wells. In production stage, water sampling was 
conducted on a monthly basis. Both laser and IRMS water analyzing techniques have been 
used during the AR project. Laser analytics (Picarro), introduced to the GTK's laboratory in 
2009, enabled such a frequent cycle of water sampling and analyzing. 

A huge amount of geochemical and hydrogeological information has been generated in the 
AR project, and thereby an Oracle® relational geodatabase was built to store, manage and 
introduce three-dimensional spatial information to every record affiliated to the AR project. 
The multi-layer groundwater flow model simulations were used to study the shapes and 
volumes of the plumes of infiltrated water. 

3. RESULTS 

Artificial groundwater recharge began in the Virttaankangas area in early September, 2010. 
During the first year test phase, infiltration and water intake rates were 20 000 m3 per day. 
Since the start up of AR, the infiltrated river water was first recognized by 18O and 2H in the 
monitoring wells near the infiltration areas within 6 days to 1 month from the start. In the 
uptake well areas, the water residence time was generally 3 – 4 months. Gradual increase in 
the proportion of infiltrated water was recorded in the function of residence time and distance 
from the AR ponds. Comparison of the Virttaankangas flow simulation and isotopic results is 
illustrated in Figure 1. Based on oxygen isotopes, from 14 to 35 percent of infiltrated water 
were recorded in the uptake wells after the 26 weeks test period of artificial recharge. This 
agrees reasonably well to the volumes of infiltrated water plume reaching the wells simulated 
by the 3D hydrogeological flow model. 

After the startup of the plant the infiltration volume has been gradually raised to the 
production of 62 000 m3 per day by the end of year 2013. At the production stage of the AR 
plant, the proportion of infiltration water pumped up from the intake wells varies between 60 
to 100 %. Isotope separation method is used as a tool for production monitoring in the AR 
plant. 

4. CONCLUSIONS 

Distinct isotopic composition of stable oxygen and hydrogen in natural groundwater and the 
infiltrated river water was successfully used as a natural tracer for monitoring both start up 
the artificial recharge and production of the AR plant. 

Water isotopes were used to validate the 3D hydrogeological flow model simulation results. 
Comparison of the isotope separation method and the simulation results derived from the 3D 
hydrogeological flow model agreed reasonably well concerning the volumes of infiltrated 
water plume entering intake well areas. 
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Figure 1. Comparison of the calculated percent of the infiltrated water entering four 

groundwater intake wells after the 26 weeks test phase of AR in the Virttaankangas aquifer. 

Dark gray column illustrated the proportion of infiltrated water generated by the 3D 

hydrogeological flow model. Light gray columns denote the percent of infiltrated water 

attained from the mass-balance mixing calculation using the oxygen isotopic composition of 

the well water. 
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Abstract: Consideration of aquitards and aquicludes as geological barriers for waste isolation 
requires an understanding of the origin and age of their porewaters. Low-permeability 
(10-20 m2) environments are essential for the long-term isolation of nuclear waste (e.g., 
Russell and Gale 1982), where isolation from the biosphere is sought on geological time 
scales.  Constraints on reliably extracting and analyzing fluids are, paradoxically, greatest for 
the lowest permeability materials that are sought. Nonetheless, the fidelity of measurements 
of porewater tracer concentrations to in-situ conditions must be ensured to establish spatial 
distributions and allow interpretation of porewater origin. This is particularly the case for 
reactive solutes, which can be altered by mineral dissolution, cation exchange and/or ion 
filtration during extraction. Methods for the extraction of porewaters from aquitard materials 
range from squeezing and ultracentrifugation to equilibrium exchange methods (e.g. Altinier 
et al. 2006; Wassenaar et al. 2008) although low water content and high salinity remain 
challenges. Vacuum distillation has, however, been demonstrated effective in yielding water 
and solutes from even the most recalcitrant materials (Clark et al., 2013). Although mineral 
leaching and clay interlayer waters must be considered, much can be learned from the tracers 
most conservatively extracted and analyzed; halides and the stable isotopes of water. 
Dissolved gases can provide an additional constraint. Here, we present profiles  (Figure 1) of 
isotopes and halides in porewaters recovered from 860 m of Cambrian to Devonian strata on 
the eastern flank of the intracratonic Michigan Basin, formed by mid-continental rifting (Van 
Schmus 1992) and sediment accumulation during Cambrian to Jurassic time (Catacosinos et 
al. 1991).  Within this section, the middle Ordovician Cobourg limestone with 200 m of 
overlying cap shales, are being considered for a low and intermediate level nuclear waste 
repository. Site characterization studies (Intera 2011) show hydraulic conductivities to be 
lower than 10–13 m/s. The volumetric water content in the Ordovician section varies from an 
average of 7% in the shales to less than 2% in the carbonate units. The low water content and 
low permeabilities of these rocks required that porewater composition be characterized with a 
new method using vacuum distillation of rock chips (2 to 4 mm) at 150°C for 6 hours with 
on-line trapping of H2O for determination of δ18O, δD and gravimetric water content. The 
predominantly illite composition of the clay fraction in the shales has unlikely contributed 
significant interlayer water to the yields. Porewater chemistry was determined by leaching the 
dry rock chips. The analyzed masses of solutes in the leachate were then normalized to the 
mass of recovered water to give porewater concentrations. The good reproducibility of the 
isotope ratios and geochemistry in the four replicates carried out for each sample extraction 
demonstrated high fidelity, particularly for the halides and stable isotopes shown in Figure 1.  
Also shown in these profiles are the isotopes and geochemistry of free flowing groundwaters 
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sampled in this section from boreholes, including shallow karstic groundwaters in the upper 
180 m, two water-bearing zones in the lower Silurian dolostones, and groundwater from the 
basal Cambrian sandstone.   

 

Figure 1. Stratigraphy on the eastern flank of the Michigan Basin (proposed DGR in the 
Cobourg lower member) and porewater tracer profiles. Small dark points represent the mean 
of four replicate extractions. Coloured discs are 3-point running averages. Groundwater 
measurements (light blue discs) are for shallow groundwaters and the three deep water-
bearing units: lower Silurian Salina A1 dolostone, Guelph dolostone, and Cambrian 
sandstone. 

 

The porewater δ18O and Cl– profiles in Figure 1 record a detailed history of porewater 
evolution.   Porewaters have generally low salinity and 18O through the overlying Silurian 
and Devonian dolostones, with Cl– dropping in some zones to less than that of seawater. Both 
increase to maximum values at the top of the Ordovician shales, where Cl– reaches close to 
6 mmol/kgw and δ18O near –3‰. Both show a minor decrease downward through the shales, 
with greater decreases in the underlying limestones to minimum values in the lowest 
carbonate unit; Cl– to 3 mmol/kgw and δ18O to –8‰. Both then sharply increase over the 
basal 50 m to values measured in the Cambrian Formation groundwater.  Within the 
Ordovician section, the high salinity porewaters are considered to originate as brines from 
evaporated seawater that penetrated the section during the Silurian. The inversion to low 
salinity/low δ18O is enigmatic, particularly as the depletion in 18O is not supported by 
depletion in deuterium. In the deeper Ordovician section, deuterium becomes uncoupled from 
18O, showing little overall change with depth. 
Unraveling the various inputs to this porewater profile is greatly aided by the use of 
deuterium excess, d = δD – 8 δ18O, which records the deviation of the co-isotope effect from 
that of the linear correlation characteristic of equilibrium condensation in precipitation. 
Meteoric waters have d values close to 10‰ while waters with more complicated histories 
will have depletion or enrichment in deuterium excess. Deviations from meteoric values 
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record secondary processes such as evaporation producing negative values for d, but also can 
arise from long-term exchange processes occurring between minerals, water and gases. 
 
The d–profile for the Ordovician section in Figure 1 shows that the negative values of –20 to 
–25‰ associated with the highly evaporated Michigan basin brines increase down-section to 
highly enriched values up to +30‰ in the middle Ordovician carbonates. Deuterium excess 
values of this order are observed for the deep brines in the Canadian Shield and have been 
attributed to feldspar hydration reactions (Frape et al., 1984). Moreover, such shield brines 
are also characterized by 18O-depletion. The down-section evolution in isotopes is shown in 
Figure 2, as a cross plot of δ18O with d. Here, the Silurian section is shown to be a diffusive 
mixture between the shallow system dominated by meteoric waters and highly saline 
Michigan Basin brine in the porewaters of the lowest Silurian Cabot Head Formation and 
upper Ordovician Queenston Formation. The profile then reverses onto a mixing trend with 
18O depleted shield brine with strong deuterium excess.  

 

Figure 2 Cross plot of δ18O and deuterium excess for porewaters (average for each 
formation) and groundwaters in the section, with regional mixing endmembers for Shield and 
Basin brines.  

 

However, at the base of the section, this mixing trend between shield and basin brines 
reverses towards the Cambrian groundwaters.  It is surmised that this reflects, in part, the 
influence of glacial isostatic adjustment and transient surface boundary conditions during the 
Pleistocene that drove over-pressured basin brines up-dip within the confined Cambrian. 
Other Pleistocene influences are observed in the upper tracer profiles where strong isotope 
and Cl– depletion trends in the permeable Silurian formations are interpreted as glacial 
meltwater penetration. Deviations of the porewater isotopes in the Silurian section from a 
meteoric value of 10 are attributed to fractionation with hydration waters of gypsum (Fontes, 
1965), which is abundant in the Silurian strata. 
 
Authigenic helium and methane have accumulated within the halite-mineralized Ordovician 
shale cap rocks and are used to constrain the ages of the porewaters to some 400 million 
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years suggesting limited solute transport within these strata since Paleozoic time (Intera, 
2011; Clark et al., 2013; 2015). These gases support the primary observations made on the 
integrated interpretation of the Cl– - δ18O – d  triumvirate for a Silurian-age brine mixing 
down-section in the Ordovician strata with an older Canadian Shield brine. This occurrence 
of Paleozoic brine preserved as porewaters in an intracratonic sedimentary basin 
demonstrates the existence of deep aquicludes that can provide containment on geologic time 
scales.  
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Abstract: The main results obtained during the last 50 years are presented as a synthesis 

taking into account the different hydrogeological conditions. This includes hardrock aquifers, 

coastal basin and large continental multilayer aquifers as well unsaturated zone, considering 

present and past variable recharge conditions and processes. Progress and evolution of 

isotope hydrology techniques as well as investigation strategies are then highlighted.   

1. INTRODUCTION 

Over the last five decades many IAEA’s Technical Cooperation projects dealing with isotope 

hydrology allowed to build national and regional scientific capacity and infrastructure 

helping to solve practical and scientific issues for groundwater management [1]. Due to its 

great variety of hydrogeological systems and mechanisms of recharge, the Sahel Zone is a 

privileged setting for isotope application The presentation is a synthesis aiming to show the 

different isotope approaches and global results according to the different aquifer systems 

(hard rocks, Continental or coastal basin) investigated and their evolution according to 

increasing knowledge in isotope hydrology science and new strategies 

2. METHODS 

Environmental isotopes are powerful tools to obtain space and time characteristics of 

groundwater systems including recharge and discharge processes, flow characteristics, 

interconnections between aquifers or aquifers and surface waters. To cover all the different 

hydrogeological aspects, namely nature and size of the reservoirs, variable recharge 

conditions (present, ancient, from rain or flooding..) we present results obtained on Mali and 

Niger hard rock systems, Senegalese coastal sedimentary basin and some great continental 

basin filled by CI or CT formations (Iullemuiden, Nubian..). All these systems have been 

investigated over several TC project since 1960.  

3. RESULTS AND CONCLUSIONS 

Despite unequal results obtained from numerous studies, this synthesis highlights the 

important input for understanding groundwater systems, brought by conventional isotopes 

techniques, which could be used to assess and manage water resources. It also shows the 

considerable gain in scientific knowledge and sustainable management brought by new 

isotope techniques and new strategies developing partnerships with other development 

Agencies, and considering aquifer systems as a whole (shared aquifers). 
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Figure 1. Different aquifer systems and specific hydrogeological conditions of the Sahel Zone 

(from[2]). 
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Abstract: Within the framework of project RAF 7011 “Integrated and Sustainable management 

of shared Aquifer Systems in the Sahel region” more than 1400 water samples were collected 

from diverse aquifers of the five shared basins at different regions (Iullemeden Aquifer 

System, Liptako Gourma-Upper Volta System, Senegalo-Mauritanian Basin, Chad Basin, and 

Taoudeni Basin) during several rainy and dry seasons. Isotopic investigations were made in 

combination with conventional methods which include among others, geological, 

hydrochemical and hydrological/hydrogeological investigations in order to provide valuable 

understanding of the different aquifer systems such as recharge mechanisms, surface water-

aquifer interconnection, salinization processes and relationship between different aquifers. In 

a future step, the isotopic data and information obtained from the project will be used to 

develop a mathematical model to improve the management of this Sahel Region. This model 

based on the analysis of the collected information will be used for forecasting simulations in 

accordance with development strategy in each basin to ensure a concerted management of the 

water resources. 

 

1. INTRODUCTION: 

 

The Sahel region, covering an area of about 3,053,200 km
2
,
 
is considered vulnerable in regard 

to security, energy and broader geopolitical interests. It faces major and continual challenges 

that include rapid population growth, poverty, food insecurity, environmental problems and 

adverse climate change effects, increasing social tensions and deteriorating security 

conditions. These challenges not only affect local populations but intensify the vulnerability 

of the region as an entire. 

 

The major part of available fresh water of the Sahel region is situated in several Aquifer 

Systems/Basins shared by over 13 countries (Figure 1): Iullemeden Aquifer System(Algeria, 

Benin, Mali, Niger and Nigeria); Liptako Gourma-Uppper Volta System(Benin, Burkina Faso, 

Ghana, Mali, Niger and Togo), Senegalo-Mauritanian Basin(Mauritania and Senegal), Chad 

Basin(Cameroon, Central African Republic, Chad, Niger and Nigeria), Taoudeni Basin 

(Algeria, Burkina Faso, Mali and Mauritania). Over the past few years the number of wells 

and irrigation systems in various aquifers has increased with no/or not enough regulation of 

groundwater abstraction causing an overexploitation of groundwater resources. This has 

resulted in a subsequent decline in the quantity of available groundwater resources and 

lowering in water levels. In addition, the deterioration of groundwater quality has been 

observed in some areas.  

 

On the other hand, the information on the aquifer geometry, groundwater availability (quantity 

and quality) and renewability is still inadequate. The lack of this information affects decision 

making regarding sustainable development and management of this scarce resource.  
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The main issue to be addressed under this project is the rational and effective management of 

shared groundwater resources in the Sahel region, by an appropriate assessment of water 

resources, protecting it from risks, uncontrolled draw-off and degradation of quality, and to 

study the impact of climate variability/change. Due to the large variety of hydrogeological 

systems and functioning, the Sahel zone is an advantaged setting for the use of environmental 

isotope techniques producing practical information which cannot be obtained by other way. 

This presentation will review the overall progress of the project and will try to present some 

preliminary results and discussions on the Sahel region. 

 

Figure 1.Location map of Sahel basin and sampling points 

2. MATERIALS AND METHODS: 

More than 1400 water samples were collected during the rainy and dry seasons of 2013 and 

2014 at various parts of the five shared basins, from different aquifers (Figure 1). These 

samples interested groundwater (well and borehole) and surface water (Niger, Senegal, Sota, 

Bouli, Alibori and Komadougou Yogé Rivers). Hydrochemical (Cl
–
, SO4

2-
, NO3

-
 , HCO3

-
, 

Ca
2+

, Mg
2+

, Na
+
, K

+
)  and isotopic (

18
O,

2
H,

3
H,

13
C,

14
C) investigations were made on all 

samples. Physical parameters of sampled groundwater (temperature, pH, electrical 

conductivity) were measured in situ. Major chemical elements were analyzed by ion liquid 

chromatography with an analytical precision of 5%. The ionic balance for all samples is 

within±5%. 

 

Stable isotope (
18

O/
2
H) contents of the groundwater samples were measured by laser 

spectrometry. The isotope contents are reported in the usual δ notation relative to the Vienna 

standard mean ocean water (V-SMOW) standard. Typical analytical uncertainty of the 

reported values is about ±0.1‰ for δ
18

O and ±1‰ for δ
2
H. Tritium (

3
H) contents were 

measured using electrolytic enrichment following a scintillation counting (error estimation is 

0.3 TU). A large number of Chemical and isotopic analyses was performed at the Laboratory 

of Radio-Analysis and Environment of the National Engineering School of Sfax (Tunisia) and 

CNESTEN in Morocco. 
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3. PRELIMINARY RESULTS  

Despite unequal progress observed from one country to another and from one basin to 

another, the implementation of the project is relatively good and meets partially the agenda of 

the work plan. Indeed, about 1450 water samples have been collected and analyzed (chemical 

and isotopic tracers) under the five aquifer systems/basins. A preliminary Hydrochemical 

characterization shows that the groundwater in the Sahel region has low mineralization, with 

values of Total Dissolved Solids not exceeding generally 1500 mg/L. Piper diagram indicate 

that groundwater presented several water types: Cl-SO4-Ca-Mg, HCO3-Ca-Mg, HCO3-Na-K 

and Cl-Na-K. In general, the less mineralized water samples are characterized by HCO3-Ca-

Mg water type. The rise of groundwater salinity is generally traduced by an increase of 

chloride, sodium and sulfate contents as the case of Illuemeden and Taoudeni aquifers (Figure 

2). The high TDS values are measured in surface water in relation to the evaporation process.  

Although water quality was satisfactory in many samples, based on the results of 

hydrochemical analysis, several samples had very high nitrate values and high salinity. 

 

Figure 2. Piper Diagram of water samples of Illuemeden and Taoudeni Aquifer systems 

A preliminary isotopic discussion shows that the δ
18

O and δ
2
H values of all data available 

(surface and groundwater) are quite variable with δ
18

O changes from about -8.5 ‰ to +11‰ 

and between -58‰ to + 47‰ for δ
2
H. The mean value of δ

18
O and δ

2
H is about -4.2 and 

-26.50 ‰ for water collected from the entire basin.  

 

The correlation diagram of δ
18

O/δ
2
H shows that the majority of groundwater samples plots 

near or on the Global Meteoric Water Line (GMWL: δ
2
H=8 δ

18
O+10). The collected surface 

water samples show, generally, an enriched isotopes composition which seems to be related to 

the evaporation process.   

 

Three groups could be distinguished (Figure 3): 

- A first group includes some water samples (about 5%) representing the most depleted values 

generally in relationship with well depth. This group represents the water of Continental 

Intercalaire or similar aquifers and suggests paleoclimatic water or ancient-recent mixed 

groundwater. The stable isotopes values are in good agreement with the low 
14

C activities 

ranging between 40 and 17 pmC and the absence of tritium in this groundwater. 

- A second group is composed generally by groundwater samples (about 90 %) representing 

the Complexe Terminal and unconfined Quaternary aquifers and located on the GMWL, 

107



suggesting direct recharge by rapid infiltration of modern precipitation before significant 

evaporation. Furthermore, in some basin the surface water contributes, through several 

important Rivers (e.g. Senegal River), to the alimentation of the shallow aquifers.  On the 

other hand, 
18

O/
3
H diagram shows that tritium content in shallow groundwater is 

generally greater than 1 TU and confirms the presence of modern infiltration water 

(Figure 4). 

-The third group represents the surface water and few shallow wells characterizing by 

enrichment in stables isotopes contents. This group is plotted below GMWL (slope less 

than 8) indicating the evaporation process. This group of water shows also high tritium 

values. This can indicate that Rivers contribute to the groundwater recharge.  

 

Figure 3. δ
18

O/δ
2
H diagram of analyzed water samples of Sahel Basins 

 

Figure 4. δ
18

O/
3
H diagram of analyzed water samples of Sahel Basins 

 4. CONCLUSIONS 

This isotope hydrology project has begun to reveal the characteristics of different aquifer systems in 

the Sahel region, differences between shallow and deep layers, and interactions with river with the 
goal of providing information for a best management of water resources in Sahel Basin. 
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Abstract:  The hydrochemistry of major ions and environmental isotope compositions (
18

O, 
2
H, 

13
C, 

3
H and 

14
C) of water samples have been used to investigate the characteristics of 

rainfalls, surface water and groundwater in the Surma basin, north eastern of Bangladesh. In 

most cases groundwaters are Na-HCO3 type indicating fresh water in the aquifer. Stable 

isotope data distinguishes two different sources of water; one is enriched δ
18

O values (-2.2 to 

+3.5 ‰) indicating very old and fresh water, and the other is slightly or more depleted δ
18

O 

values (-4.0 to 5.6 ‰) indicating sub-modern to old water. The low tritium (<1 TU) and 
14

C 

(1.8 –39.8 pmC) contents indicate predominance of older water being recharged during the 

Pleistocene and Holocene periods. However, a few boreholes which exhibit high tritium (1.1 

– 5.49 TU) and 
14

C (41.7 – 65.6 pmC) values indicate some mixture with recent water likely 

through faulting and vertical drainage from the upper to deeper aquifers as well as lateral 

flow along flow paths to the piezometric depressions created by pumping.  

1. INTRODUCTION 

Urbanization, population increase, dewatering of aquifers for irrigation and extensive use of 

domestic and small industries are some of the factors that have direct effects on quantity and 

quality of groundwater resources in Sylhet district, north-eastern of Bangladesh. Most part of 

the study area is consisted of alluvial aquifer. A few parts have exposed Dupitila formation. 

Groundwater is the main source of drinking water. Presently, the water is exploited from deep 

aquifer for providing safe drinking water to the inhabitants. Some deep wells are reported as 

high arsenic concentration (>50 ppb). In some areas the iron and manganese contents in the 

shallow and deep wells are found high. Sylhet is the high rainfall area in the country. Because 

of faulting effect and presence of sub-surface structure in the Surma basin, the groundwater 

flow system needs to be identified. The study was carried out under the framework of IAEA 

Regional Cooperation Agreement (RCA) project RAS/7/022. The overall objectives of this 

study are (i) to assess the status of groundwater, especially origin and recharge condition of 

water, groundwater age, mixing pattern and water dynamics, and (ii) to identify aquifers with 

acceptable concentrations of arsenic and other constituents. 

2. METHODS 

Several sampling campaigns were undertaken in the study area during 2011–2013. The 

sampling sites as shown in Figure 1 had covered eleven upazilas. Total 87 groundwater 

samples, having 22 nos. for shallow (depth range 30 – 70 m), 25 nos. for intermediate wells 
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(71 – 145 m) and 40 nos. for deep wells (depth range 146 – 270 m) were collected. Five and 

seven samples were collected from Kushiyara and Surma river respectively. 

 

 

 

 

 

 

 

 

 
Figure 1.  Map of the study area and location of the water sampling network. 

Prior to groundwater sampling, purging of the public hand tubewell was done for at least one 

hour. The production wells did not need to be purged due to the fact that these boreholes used 

for water supply. On site measurements of geographical coordinates, physico-chemical 

parameters (pH, Eh, EC, T, DO) and total alkalinity of water samples were conducted at each 

sampling ponits [1]. The samples destined for anion and cation analysis were filtered (0.45 

µm) and stored in new pre-rinsed 250 mL HDPE bottles. Additionnaly, the cation samples 

were acidified to a pH<2 by ultrapure nitric acid. A bottle of 500 mL capacity was collected 

for tritium (
3
H) measurement; and a small bottle of 50 mL was taken for the determination of 

stable isotopes (δ
18

O and δ
2
H). For 

13
C and 

14
C measurement of intermediate and deep 

groundwater, the carbonate precipitations (SrCO3) were taken using IAEA type precipitator. 

3. RESULTS 

High arsenic concentrations (>50 ppb) are found in seven intermediate wells and four deep 

wells. It is assumed that the migration of shallow arsenic contaminated water to intermediate 

and deeper depth of the aquifers may be due to improper well construction or as a result of 

groundwater pumping [2]. The aquifers in this case are in mid-Holocene stage where the 

aquitard or clay lenses are absent. The groundwaters sampled in Sylhet area have stable 

oxygen and hydrogen isotope ratios ranging from -2.20 to -5.62 ‰ VSMOW and -7.70 

to -34.84 ‰ VSMOW respectively (Fig. 2). The equation of Local Meteoric Water Line 

(LMWL) was derived from the precipitation samples collected for the period 2009-2013. As 

observed in figure 2, the LMWL closely follows the Global Meteoric Water Line (GMWL) 

estimated by Craig, 1961 [3]. This is an indication that rainfalls in Sylhet are not evaporated 

during precipitation due to short and heavy event storms occurring [4]. Most of the samples 

plot on the Meteoric Water Line indicating meteoric origin of groundwater. The large range 

and depth trends of isotopic values including the geological features of local area indicate that 

groundwater at different depths has been impacted by one or more of the following processes: 

mixing with other source of water, direct recharge from local rainfall and rainfall recharge 

under different climatic conditions [2]. This situation helps to designate two different sources 

of water in the aquifer system of Surma basin. TYPE-I has -2.2 to -3.5 ‰ VSMOW (enriched 
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water, which is old and fresh water) and TYPE-II has -4.0 to 5.6 ‰ VSMOW (slightly or 

more depleted water, sub-modern to old; and mixing due to long flow path and geochemical 

reaction). 

 

 

 

 

 

 

 

 

 

 

Figure 2.  δD-δ
18

O relation for the groundwater and river water samples collected 

 

The plot of oxygen-18 vs. tritium (Fig. 3) of groundwater in Sylhet area also deciphers two 

sources of groundwater. TYPE-I has more enriched 
18

O values indicating Pleistocene aquifer 

(old and fresh water). Conversely, TYPE-II has slightly or more depleted 
18

O values 

indicating Holocene aquifer (sub-modern to old; and blended water). The Surma river shows 

some connectivity with the adjacent shallow aquifers during monsoon. 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Tritium vs. δ
18

O of groundwaters compared with river water and rainfall. 

 

The tritium contents of shallow to deep wells are in the range of 0.00 – 5.49 TU, indicating 

old to sub-modern age of water in the aquifer. Present day rainfall in Sylhet is estimated to 

have a 
3
H content of 2.4 – 4.6 TU.  River water in the region also has a similar 

3
H content, 

less in post-monsoon and high in monsoon. High 
3
H content of shallow groundwater is 

consistent with recharge from local rain. Absence of 
3
H in many of the shallow samples 

indicates relatively large travel times in the unsaturated zone (several years to tens of years), 

resulting in the loss of tritium by radioactive decay before reaching the aquifer [2]. In one 
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intermediate well and two deep wells, high positive tritium values are found. The presence of 
3
H in this well is likely due to due to presence of drilling water or other well construction 

effects or leakage from other sources.  

As seen from δ
13

C vs. 
14

C plot (Fig. 4), carbon-14 increases with the depletion of δ
13

C values. 

The enriched C-13 values with lowest C-14 values indicate old and fresh groundwater. With 

the higher C-14 and depleted C-13 values, it shows some mixing trend. The δ
13

C values of 

groundwater range from -1.43 to -19.54 ‰ VPDB. These slightly enriched δ
13

C values 

(ranging from -1.43 to -9.58 ‰ VPDB) in groundwaters reflect derivation of DIC from 

dissolution of carbonate minerals. On the other hand, the high δ
13

C values of the other 

intermediate and deep wells may reflect an isotopic exchange with atmospheric CO2 [5]. 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Stable carbon isotope and carbon-14 compositions of groundwater of Sylhet area. 

 

Samples with no tritium have lower C-14 values of 1.8 to 18 pmC. The Carbon-14 contents 

of intermediate to deep groundwater samples vary from 1.8 to 65.6 pmC. The apparent 

groundwater ages range from 3,000 to 33,000 years BP, i.e., the sampled groundwater 

recharged the aquifers a long time ago. The spatial distribution C-14 of intermediate and deep 

aquifers reflects low 
14

C activity in the northern part GW representing the old age recharged 

water. The presence of high 
14

C activity in the southern part GW reflects an open system 

unconfined aquifer and thus represents sub-modern to modern recharge. The C-14 data 

confirms the observation based on 
18

O isotope values that these relatively fresh, intermediate 

and deep groundwaters have been recharged in different climatic regimes thousands of years 

ago.The enriched C-13 values with lowest C-14 values indicate old and fresh groundwater. 

With the higher C-14 and depleted C-13 values, it shows some mixing trend. As observed 

from the equipotential flow lines, groundwater flow is controlled by single or coupled 

processes; such as, topographically driven flow, free convection and tectonically driven flow.  

4. CONCLUSIONS 

The multilayered aquifer constitutes a complex hydrogeological system in the Surma basin. 

Increasing exploitation with regards to water demand is of concern for the water authorities to 

ensure sustainability of this valuable resource. This study presents results of stable isotope 

and age dating in an attempt to clarify the origin of recharge water, recharge mechanism, age 

of groundwater resources and flow dynamics. Geochemical data mainly indicate low 

mineralization of the groundwater with EC less than 1000 µS/cm. The water type is 
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dominantly Na–HCO3 type, reflecting ‘Fresh Type’ water in the aquifer. The results of stable 

isotopes, and age dating using 
3
H and 

14
C data confirm that most of the investigated 

groundwater of intermediate and deeper depth are palaeowaters and recharge occurred mainly 

during the Pleistocene period. A few exceptions of high tritium and carbon-14 values are 

found in the intermediate and deep wells indicating sub-modern to recent recharge. Mixing of 

old waters and recently recharged (tritiated) waters are existed in few exploited boreholes 

indicating vertical and/or lateral leakage of recent superficial water to intermediate and 

deeper aquifers. The results of this study, including information about recharge areas and 

groundwater age, will be used to conceptualize a groundwater flow model, leading to develop 

groundwater management plans for a meticulous exploitation of this fragile water resource. 

Because of faulting effect and presence of sub-surface structure in the Surma basin, the 

groundwater flow system is assumed to be controlled by single or coupled processes; such as, 

topographically driven flow, free convection and tectonically driven flow. 

 

 REFERENCES 

[1] U.S. GEOLOGICAL SURVEY, National Field Manual for the Collection of Water-Quality 

Data, Book 9, Handbooks for Water- Resources Investigations (1998). 
[2] AGGARWAL, P. K., ET. AL., A Report on Isotope Hydrology of Groundwater in 

Bangladesh: Implications for Characterization and Mitigation of Arsenic in Groundwater, 

Report No. IAEA-TCR-0159, IAEA, Vienna, Austria (2000). 

[3] CRAIG, H., Isotopic variations in meteoric waters, Science 133 (1961) 1702. 
[4] MADIOUNEA, D.H., ET. AL., Application of isotopic tracers as a tool for understanding 

hydrodynamic behavior of the highly exploited Diass aquifer system (Senegal), Journal of 

Hydrology 511 (2014) 443. 
[5] MAZOR, E., Chemical and Isotopic Groundwater Hydrology, 3

rd
 edn, Marcel Dekker, Inc. 

USA (2004). 

 

 

113



ID: 198 

DETERMINATION OF GROUNDWATER RESIDENCE TIMES IN THE 

NORTHEASTERN PORTION OF GUARANI AQUIFER SYSTEM 

(BRAZIL) USING 
81

Kr, 
14

C AND 
4
He 

H.K. CHANG, D. GASTMANS, 
Centro de Estudos Ambientais – Universidade Estadual Paulista (CEA-UNESP), Av. 24A, 
1515 – Rio Claro (SP) – Brazil 
E-mail address: chang@rc.unesp.br mailto:myemail@gmail.com 
 
P.K. AGGARWAL, T. MATSUMOTO, L. ARAGUAS-ARAGUAS, 
Isotope Hydrology Section, International Atomic Energy Agency, Vienna, Austria. 
 
N.L.STURCHIO,  
Department of Geological Sciences, University of Delaware, Newark, Delaware 19716, USA. 
 
W. JIANG, Z.T. LU, P. MUELLER, 
Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA 
 
R. YOKOCHI 
Department of Geophysical Sciences, The University of Chicago, Chicago, Illinois 60637, 
USA 
 
R. PURTSCHERT,  
Climate and Environmental Physics, Physics Institute, University of Bern, 3012 Bern, 
Switzerland.  
 
T. TORGENSEN 
National Science Foundation, Arlington, Virginia 22230, USA. 
 
Abstract: Three radioactive isotope tracers were used to determine residence times of 
groundwater along two transects in the Northeastern portion of the Guarani Aquifer System 
(Brazil). Isotopic ratios for 81Kr/Kr, 14C activities and 4He concentrations were determined, in 
selected samples. Groundwater residence time increases towards the deeper portion of GAS, 
according to the groundwater flow lines, reaching 81Kr ages up to 600 kyr. 4He calculated 
groundwater ages based on helium production in the aquifer is overestimated compared to 
14C and 81Kr, indicating the existence of an external continental degassing component for 
helium. A calibration of 4He ages and external fluxes using 81Kr data set was performed, 
allowing the wider use of this isotope to estimate residence times in GAS. Decay in 14C 
activities (<2 pcm) takes place in a short distance, about 50 km, from the recharge zones, 
indicating a limit for the hydrological active zone of the aquifer, where GAS is connected to 
surficial waters. In the deeper sections of the GAS, groundwater is mixed with deeper, more 
saline waters. 

1. INTRODUCTION 

The determination of groundwater ages and its spatial distribution along aquifers has crucial 
significance for water resources management, waste management and subsurface reactive 
transport. The associated stable isotope composition of these waters constitutes an important 
archive of climatic information that can provide deeper insights into long-term aquifer 
behavior under conditions of changing climate [1]. 
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Some of the major aquifer systems in 
the world present groundwater 
residence times exceeding 40,000 years, 
beyond the range of measurable 14C. 
This is especially common to the deeper 
confined portions of these aquifer 
systems. Examples of such very old 
aquifer systems are found in Australia 
[2-4], the Nubian Aquifer of Egypt-
Libya-Chad-Sudan [1] and the Guarani 
Aquifer of Brazil-Argentina-Paraguay-
Uruguay [5]. 

The use of radioactive isotopes as 
tracers is a powerful technique to 
estimate residence times of 
groundwater, especially when it is used 
coupled with conceptual groundwater 

flow models based on geological and water level information. In situations where 
groundwater ages are over 40,000 years, only few isotopic tracers can be used; namely, 4He, 
36Cl and 81Kr. 

The Guarani Aquifer System (GAS) is one of the most important groundwater reservoirs in 
South America, representing a typical example of transboundary aquifer, shared by 
Argentine, Brazil, Paraguay and Uruguay. The GAS is composed of Mesozoic, continental 
clastic units from Paraná and Chacoparanaense sedimentary basins, bounded at its base by a 
Permo-eotriasic regional unconformity and the top by lava flows of the Serra Geral 
Formation. Geometry and groundwater flow are controlled by geological framework of these 
basins. Recharge occurs in outcrop areas, located at eastern and northern borders, and 
groundwater flows toward the South along the axis of the Paraná Basin [6] (Figure 1). 

This study presents the results of groundwater residence times based on 81Kr, 14C and 4He 
measurements in 19 wells located at the Northeastern sector of Guarani Aquifer. The 
association of these groundwater residence time with hydrodynamic and hydrogeochemical 
information provide a revised hydrogeological conceptual model for the GAS, and highlights 
possible mixing of groundwater between underlying aquifer units.  

2. METHODS 

Nineteen groundwater samples were collected from artesian or submersible pump installed 
water supply wells in the Northeastern portion of GAS (Figure 1). These samples were 
collected during two sampling campaigns (2010/August and 2012/November), as a part of a 
Research Project, entitled “Complementary isotopic studies in the Northern compartment of 
the Guarani Aquifer System (Brazil) – groundwater dating along defined flow paths” of the 
International Atomic Energy Agency (IAEA). 

Samples for 14C determination were stored on amber glass bottles and analyzed by 
Accelerator Mass Spectrometry at the University of Groningen, The Netherlands. For 4He, 
40 cm-three aliquots were collected in cooper tubes fixed in aluminum channels sealed on 
both ends with pinch-off metal clamps to avoid gas exchange with atmosphere. Dissolved 
gases were extracted from cooper tubes on a vacuum line, and helium analyzed using 
magnetic sector mass spectrometer at the International Atomic Energy Agency, Vienna, 
Austria. 

Figure 1. Simplified hydrogeological map and 

geological cross section of the study area 
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For 81Kr, dissolved gases (20-30 LSTP) were extracted from groundwater in the field using a 
compact field degasing system, based on membrane contactor [7, 8], and compressed into 
aluminum cylinders with appropriate capacity. Krypton was purified by cryogenic distillation 
and gas chromatography at the University of Illinois at Chicago, USA or at the University of 
Bern, Switzerland to produce an ~10 µLSTP aliquot for Atom Trap Trace Analysis (ATTA) 
method [9, 10] at the Laboratory for Radiokrypton Dating of the Argonne National. 

3. RESULTS 

Samples of SAG present 14C activities 
ranging from 88.5 pcm in recharge zone to 
< 1.0 pcm indicating groundwater residence 
times ranging from modern to 30 ka. These 
values represent the upper limit of 
groundwater ages due to water-rock 
interactions, which act to lower these values. 
The decay observed in 14C activities takes 
place about 50 km from recharge zones, 
indicating very low velocities for 
groundwater flow (Figure 2). 

81Kr contents are expressed in terms of air-
normalized ratios, R/Rair = 
[81Kr/Kr]sample/[

81Kr/Kr]air where Rair is the 
modern atmospheric ratio, [81Kr/Kr]air= 1.10 
(±0.05) x 10-12 cm³ STP g-1 H2O, measured by 
ATTA [10]. R/Rair values range from 0.81 to 
0.08. Using the simple expression for 
radioactive decay and the 81Kr decay constant 
λkr = 3.03 (±0.14) x 10-6 y-1, the range of 
apparent groundwater ages calculated from 
this equation is 66.6 - 834.4 x 103 y in samples 
collected in São Paulo state, and 99.5 - 729.2 
x103y in Parana state. 81Kr ages increase 
progressively along transects in São Paulo and 
Paraná. Groundwater ages in São Paulo state 
increase about 1.8x103 y/km, while in Paraná 
state the increase in 81Kr ages is about 12.7x10³ 
y/km (Figure 3). 

Measured He concentrations (4He) range from 
58.5 to 0.06 (x10-6 cm³ STP g-1 H2O) with higher 
concentrations in samples from greater distances 
from recharge area (Figure 4). 3He/4He ratios 
show a similar trend, presenting a decrease in 
isotope ratios as far as the well is from the 
recharge area. 4He ages based on radiogenic 
helium production are much higher than 14C and 
81Kr ages, indicating an important 4He contribution from continental degassing flux [11]. 
Corrections based on external flux equivalent to the whole crust and a modification of a 
depth-dependent aquifer model for 4He [12] leads to results in agreement to 14C and 81Kr 
residence times. 

Figure 2. Measured 
14

C activities 

Figure 3. Calculated 
81

Kr residence times 

for GAS groundwater. 

Figure 4. Measured 
4
He concentrations for 

GAS groundwater. 
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4. CONCLUSIONS 

The evaluation of groundwater residence times using a multisotope approach indicates 
residence times longer than previously assumed using only 14C determinations (up to 40 ky). 
Despite the small number of determination, these results allow to establish a hydrogeological 
zoning for the aquifer: In outcrop GAS is an active hydrological system connected to rivers, 
towards the confined portion aquifer present stagnant water (residence times up to 100 ky). In 
deeper confined portion of the aquifer the mixture of ascending groundwater is observed. 

Calibration of 4He groundwater ages using 81Kr lead to identification of components of 
helium flux in the GAS, allowing a wider use of this isotope for the determination of 
groundwater residence time, providing a powerful tool for water resources management.  
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Abstract: The role that groundwater plays in surface water systems (rivers, wetlands, lakes) 

and sustainable management and exploitation of shared water resources has not been 

adequately considered in most transboundary river basin management initiatives, including 

the Nile basin. Water resources studies have traditionally not considered groundwater 

interactions with surface water because of the assumption that (i) spring outflows are already 

integrated in the surface water flows analysis and (ii) surface flow losses to groundwater are 

negligible. Groundwater supports perennial water supply to wetlands and stream base flow, 

which is critical for providing refuge for fauna and maintaining biodiversity. Recent studies 

indicate that swamps in the Nile basin may in fact be fed by groundwater. Thus, information 

about the role of groundwater, in particular its contribution to water balances in lakes, rivers, 

and wetlands, and general sustainable socio-economic development is crucial for determining 

equitable and appropriate water allocation and water resource management strategies. This 

paper explores the role of isotope hydrology in assessing surface-groundwater interactions 

and the implication for sustainable and equitable management and exploitation of shared 

water resources of the Nile Basin, and makes a case for integration of groundwater in river 

basin management. 

  

118



ID: 222 

ISOTOPIC AND CHEMICAL INVESTIGATION FOR 

GROUNDWATER MANAGEMENT STRATEGIES IN THE 

IULLEMEDEN AQUIFER SYSTEM (IAS): SOUTHWEST PART OF 

NIGER 

S.RABE  

Water Resources Directorate, Ministry of Water and Sanitation of NIGER REPUBLIC BP 

257 Niamey NIGER  

E-mail address: rsanoussi2001@yahoo.fr 

 

K. ZOUARI 

National Engineering School of Sfax. Laboratory of Radio-Analysis and Environment. Route 

de Soukra, BP 1173, 3038 Sfax, Tunisia 

 

Abstract: Based on recent studies the extraction of the Transboundary Iullemeden aquifer 

system exceeds the recharge of the system by about 25% particularly in south-west part of 

Niger. This disequilibrium has caused the deterioration of water quality due to pollution and 

natural fluorides in some locales. There is also a complex and dynamic interaction between 

the surface waters (River Niger) and the aquifer systems. As a pre-requisite to address the 

above problems, a systematic environmental isotope (δ
2
H, δ

18
O, 

3
H, 

13
C and 

14
C) study is 

carried out to understand the flow pattern, origin and process of recharge and to investigate 

hydraulic interconnection between aquifers and surface waters of this region. From the 

hydrogeological settings, it is seen that Continental Terminal is a multi-aquifer system of 

formations of Eocene to Recent age. 

1. INTRODUCTION  

The Iullemeden Aquifer System (IAS) is situated in the arid and semi-arid West Africa. It lies 

between latitudes 10 ° 30 and 22° N and longitudes 0° 50 and 9° 20E. It corresponds to the 

area of "Middle Niger" river basin of the Niger River.  The Iullemeden aquifer system is 

located in one of the world’s most exposed region to extreme climate change, desertification 

and drought, which compromise aquifer recharge. Indeed, a continual drought is affecting the 

West Africa since the 1970s; it is particularly highlighted by rainfall decrease of about 20 to 

30%, resulting in lowering runoff about 20 to 50%. 

 

The two main levels that compose aquifers are the Continental Intercalary (CI) and the 

Continental Terminal (CT). The IAS is shared by three countries: Mali, Niger, and Nigeria, in 

a total area of about 525.000 km
2 

[1]. The management of water resources is facing significant 

challenges in quantitative and qualitative terms. In fact, the increase in demand coupled to 

population growth (about 6 M inhabitants in 1970, 15 M in 2000, and 30 M inhabitants in 

2025) and economic development is hampered by the decline in the resources available due to 

climate variability and climate change. Moreover, frequently inefficient management of water 

resources caused degradation of water quality which reached alarming proportions because of 

some particular polluting practices.  

2. HYDROGEOLOGICAL SETTING  

The Iullemeden is a multi-aquifer system composed of inserted Cretaceous Continental 

Intercalaire sedimentary formations and with overlying final Tertiary Continental Terminal 

deposits. In some parts, the system is overlain by the marine Cretaceous aquifers that extend 
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along the northern fringes of the basin. In the southeast, in the North-West Nigeria Basin, the 

Iullemeden multi-aquifers are known as the Rima Group with the Cretaceous Gundumi-Illo 

and Wurno and Sokoto Group and the Tertiary Gwandu aquifers and the Kalambina limestone 

formation. Aquifer depths are generally elevated as evidenced from deep borehole and 

geophysical records to 1500 – 2000 m below BSL. The upper limits of the aquifers are located 

at between 100-400 m and reach beyond 1000 m near the Gao Trench. The aquifers have 

medium to high permeability with a transmissivity, normally between 10
-3

 to 10
-4

 m
2
/sec 

locally attainment 10
-2

 -10
-3

 m
2
/sec in the central part of the basin. 

 

The main recharge areas are the massifs of the Hoggar in the north and Maradi Goulbi in the 

south. The groundwater flows mainly from the north, northwest and north-east, to the south. 

The main downstream of the CI aquifer consists of the Niger River.  The main water drainage 

axes are oriented northwest- southeast and northeast -southwest. Feeding areas are located on 

borders northeast (Niger), and northwest (Mali, Taoudeni Basin), also to south with the 

contributions of Goulbi Maradi (or river Rima). The mainly groundwater flows are from 

north-west, north and north-east to south. Dwnstream areas consist of the Niger River and 

Goulbi Maradi. The overexploitation level was crossed in 1995 according to primary 

estimates. The annual withdrawal, are estimated to 152 million m
3
, which exceed the recharge 

in an average of 150 Mm
3
 /yr. These harvest data are those from the operating speeds of the 

water point (drilling, wells) at the date of its execution and this for an operating life of 4 hours 

per day [2]. 

    
Figure1: Location map of Iullemeden Basin (a) and the evolution of exploitation (Mm

3
) (b) 

3. METHODOLOGY 

In order to achieve the aim of the present study, more than 150 samples were taken from dug 

wells and tube wells, boreholes, as well as Niger River in four major sampling campaigns 

(realized by the Ministry of Water Resources-Niger) under RAF/08/38. As a reference to 

groundwater, rainwater samples were collected from Niamey Station for isotope analyses. 

Physical parameters like temperature, pH, electrical conductivity (EC), dissolved oxygen and 

alkalinity were measured in the field using potable meters and “AquaMerck” titration kits. 

Chemical and isotopic (H-2, O-18-, H-3, C-13, C-14) have been analyzed on the different 

type of water. Stable isotopes ratios are expressed as delta in per mill (δ‰) relative to 

VSMOW (Vienna Standard Mean Ocean Water). The isotope precision of measurement based 

on V-SMOW is ±0.15 ‰ for O-18 and ±1 ‰ for H-2. 
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4. RESULTS 

The representative water point distribution of the water of Continental Hamadien in the Maradi 

region on the Piper diagram shows a sodium bicarbonate water type with a tendency toward 

the calcium pole in the downstream of the study area. The bicarbonates can be attributed to 

dissolution of calcite in the sand dunes in the area.  Water mineralization of the CT3 aquifer is 

less than 350 mg/l in general with a very heterogeneous facies distribution. Toward the south-

west (sector-Mamandeye Bella), the waters become more mineralized exceeding 1 g/L and 

evolving toward a sodium chloride facies. The waters of CT1/2 are usually soft (<200 mg|L). 

On The piper diagram we see dominance of Na
+
 with a trend towards a mixed water type. But 

in the anions there is no noticeable dominance.  Analyses show that the water quality of 

Continental Intercalaire is fresh (chloride <100 mg/L) in Maradi, Zinder and Tahoua areas 

(recharge zones) while it becomes slightly brackish (chloride 10-400 mg/L) in the southwest 

parts of Dosso Region (discharge area). This probably indicates that as recharging water 

moves from East towards southwest direction, it gets mineralized. Water samples from CT1 

and CT3 areas are in general characterized by Na-Cl type. Trends in piper diagram show that 

subsequent increment of Na
+

 

in waters of CT1 and CT3 could be caused by cation exchange.  
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Figure 2: Diagrams piper of Continental Hamadien (region of Maradi) and of Continental 

Terminal (region of Tillabéry) aquifers 

The results of stable isotope analysis illustrate that almost all samples of the Continental 

Intercalaire aquifer range from -7.18 to 4.10 ‰ vs-SMOW for 
18

O and from -53.32 to 

-27.81 ‰ vs-SMOW for deuterium with a majority from of -53.32 to -10 ‰. This variation of 

the isotopic compositions may be due to the interference of several processes such as 

evaporation, paleoclimatic effect and actual recharge. If we refer to chronic rainfall station of 

Niamey (-3.40 ‰ for 
18

O), it is confirmed that the points along the right weather between -3 

and 5 (
18

O ‰) correspond to waters with isotopic characteristics of the current rains and plot 

according to the Global meteoric Water Line [3]. This isotopic composition is in good 

agreement with 
14

C values characterized by important activities. The contents of the most 

enriched stable isotopes are observed at the outcropping part of the Continental Intercalary 

and show a tendency towards evaporation justified by the low water depth varying from 10 to 

30 meters.  However, the stable isotopic composition in the Continental Intercalaire 

groundwater in the confined part of the aquifer is the most depleted and varies between -8 and 

-6 ‰ for oxygen-18. It constitutes a group of points distributed substantially parallel to the 

global meteoric water line. This depletion in stable isotopes is similar to that recorded by the 

old waters of the reservoirs of large sedimentary basins of the Sahara and Ténéré. This 

composition seems to be inherited from the isotopic signature of precipitation responsible for 

the palaeoclimatic recharge. The groundwater in this area shows also a low activity in 
14

C. 
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Concerning the Continental Terminal aquifers, the values of 
18

O contents range between -7.86 

and -3.43 ‰ vs-SMOW, deuterium values vary between -57.79 and - 17.87 ‰ vs. SMOW. 

The representative points of the CT waters are distributed into two distinct groups 

corresponding to CT1 and CT3 aquifers. The waters of CT1 have depleted stable isotope 

values, and low 
14

C activities (between 2 and 5 pcm), which gives them a paleoclimatic 

character explained by their elevated  depth greater than 150m and their location in the 

downstream of the study area. However the CT3 groundwaters are more enriched in stable 

isotopes reflecting current recharge by rainwater. 
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Figure 3: 

18
O vs 

2
H Diagram of Continental Intercalaire and Continental Terminal aquifers 

 

5. CONCLUSIONS  

Hydrochemical results related to the Iullemeden basin suggests that the Groundwater of 

Continental Intercalaire(CI) aquifer is classified as calcium bicarbonate water type for the 

majority of the samples. They are under-saturated with calcite and dolomite. The Continental 

Terminal (CT) aquifer system has a very heterogeneous water type which can be explained by 

a probable mixing between its different aquifer levels. Isotopic results show that groundwater 

in the CI study area are divided between recent water with enriched stable isotopes in the 

regions of bedrock Damagaram and South Maradi and paleoclimatic water with depleted 

stable isotope, characterizing the regions of Tahoua, Dosso (central basin) and Tillabery. 

Concerning the CT waters, stable isotopes depletion was observed in the aquifer of CT1 in the 

Tillabery region. In addition there is stable isotope enrichment in the outcropping part of the 

CT at the central area. Depletion in stable isotopes contents of all waters and the decreasing 

values of 
14

C activities, are following the flow direction of deep aquifers that converge from 

North - North East to South West of the Iullemeden Basin. 
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Abstract: An Isotope hydrology laboratory has been established in Ethiopia in collaboration 

with the IAEA. The measurement capacity includes; stable isotopes of water, tritium and 

radon isotopes. The laboratory is jointly run and owned by the Ethiopian Water and Energy 

Minister, the Geological Survey of Ethiopia and the Addis Ababa University and is hosted in 

School of Earth Sci65ences, Addis Ababa University. Since then the laboratory is able to run 

and generate primary isotope such as hydrogen, oxygen and radon isotopes.  

 

Figure 1. Liquid water isotope analyzer training participant from Ethiopia in Austria IAEA 

headquarter (2010). 

The major achievement and  opportunity of this laboratory are enabling to generate isotope 

data in town; the transformation of the water sciences in undergraduate and graduate level, 

lowering of price and time spent in acquisition of the data when such analysis were done 

outside the country.  

 

According to the laboratory data more than 5,000 water samples has been analyzed.  The 

quality of the data that’s extracting from the instrument is ameliorating as a result of 

calibrating standard becoming more frequent and regular. For instance, the accuracy of 

reportable value for tritium is as low as 0.3 TU, liquid water isotope analyzer is 0.2 per mil 

for δ
18

O and 2 ‰l for δ
2
H and for ions it is less than a mg/L. More than 30 master thesis 

papers has abled to uses the results from the laboratory for their studies, 8 publication has 
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been published in reputable journals and 10 presentations have been presented in symposium, 

conference, workshops and meetings. 

 

 
Figure 2 Comparing calibrated stable isotopes of water internal standards. 
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Abstract: One of the key outreach objectives of the IAEA Water Resources Programme is to 

build capacity in developing member state laboratories to conduct their own water isotope 

analyses. In previous decades, this goal was partly accomplished through the provision of 

costly isotope-ratio mass spectrometers and using onsite training, as well as by providing 

analytical service through its isotope hydrology laboratory (IHL) in Vienna. However, the 

recent advent of low cost, easy to use liquid water isotope laser spectrographs has provided a 

new and unprecedented opportunity to rapidly promulgate isotope measurement capabilities 

to many developing countries. Accordingly, since 2009 the IAEA has equipped over 60 

Member States with water isotope laser spectrographs.   

Simply providing new water isotope laser analytical equipment is not enough. The IHL has 

therefore partnered with the USGS to adapt and provide cost-free laser data processing 

software (LIMS for Lasers) which enables improved results and QA/QC audits through an 

easy to use Windows interface for conducting data evaluations. The use of a common data 

processing platform facilitates interactive remote troubleshooting of instrumental or 

operational difficulties with the IAEA, which cuts down on user downtime and reduces the 

need for sending experts to resolve common problems. Coupling new equipment acquisitions 

with a corresponding training program has also been found to be critical, since training and 

learning opportunities are needed to develop the hands-on technical skills, so that member 

states are able to conduct accurate and precise isotopic measurements in their own 

laboratories.  

Participants in the Water Resources training programs are drawn from the IAEA Technical 

Cooperation Programme, as well as from other countries not receiving IAEA assistance. 

Additionally, the IHL runs quadrennial global proficiency tests, which allow member states 

around the world to self-assess and evaluate their isotope laboratory performance.   

There are several Training Programs available to member states that are typically linked to 

equipment capacity building:  

Individual Training Programs – These are generally TC sponsored trainee fellowships where 

individuals can spend up to several months in an IAEA or a partner laboratory to learn the in-

depth the skills need to successfully conduct stable isotope assays (IRMS or laser) or tritium 

assays (complete electrolytic enrichment and LSC counting) independently.  

Group Training Programs – Several group based training programs are currently offered, 

typically coupled with the acquisition of IAEA sponsored equipment.  These are primarily 

week-long courses on water isotope Laser Spectroscopy (held 2-3 times per year) or Tritium 

Measurements (once per year).  These intensive courses accommodate up to 12 students, and 
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include lectures and practical hands-on exercises, conducted in a classroom and laboratory 

setting. Most of the students often already have some prior experience, and wish to strengthen 

their technical, troubleshooting and analytical skills.  

There are two key Proficiency programs available to all member states, which enable periodic 

independent self-assessments. The proficiency tests are held on a quadrennial basis (every 4 

years), and include the water stable isotope inter-comparison (WICO), and the tritium inter-

comparison (TRIC).   

Water Isotope Inter-Comparison (WICO).  The WICO testing has generally attracted the 

participation of over 160 stable isotope laboratories worldwide.  For this test, sets of 

isotopically known (but blind to the participant) 50 mL water samples that span the natural 

δ
18

O and δ 
2
H range are distributed to individual laboratories for analyses. The results from 

each laboratory are submitted for evaluation, with the outcomes returned to the laboratory, 

and an anonymized summary report is provided to all participants.  The next WICO will take 

place in 2016.    

Tritium Inter-Comparison (TRIC).  The TRIC attracts the participation of about 60 LSC 

decay counting and about 12 He in-growth and gas proportional counting laboratories 

worldwide.  This proficiency test is particularly aimed a laboratories interested in conducting 

low-level 
3
H analyses for ground water age dating purposes. Here, sets of water samples 

contain low concentrations of 
3
H (0-10 TU, 100 and 500 TU) are distributed to individual 

laboratories for processing and analyses. The results from each laboratory are submitted for 

evaluation, with the outcomes returned to the laboratory, and an anonymized summary report 

is provided to all participants.  The next TRIC will take place in 2017. 

Finally, the IHL provides competency support through the provision of small quantities of 

laboratory working standards for local QA/QC purposes, or may test the laboratory standards 

of partner laboratories to provide an authoritative confirmation of their working standards and 

practices.  
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Abstract: Land surface hydrology controls the flow of water and transport of contaminants 

and nutrients. Precipitation is the input to the land surface and this is partitioned into 

infiltration, overland flow, evapotranspiration and streamflow. Global average and long-time 

estimates of the components of the hydrological cycle are relatively simple. However, 

estimation of the components of the hydrological cycle at local to regional spatial scales and 

time periods of days to years is difficult as network for direct observations are expensive to 

maintain. Satellite remote sensing provides a good framework for observations of the 

hydrological cycle. There are many satellite sensors in space launched by NASA, ESA, 

JAXA, CNES and ISRO to name a few. Soil moisture controls the infiltration of precipitation 

into the land surface and the amount of soil moisture determines the flow of water and 

transport in the vadose zone. There are microwave sensors that are sensitive to soil moisture – 

AMSR-2 (Advanced Microwave Sensing Radiometer, JAXA), SMOS (Soil Moisture and 

Ocean Salinity, ESA) and one to be launched SMAP (Soil Moisture Active and Passive 

mission, NASA). Land surface temperature and vegetation are important factors in the 

determination of the evapotranspiration. MODIS (Moderate Resolution Imaging 

Spectroradiometer, NASA) produces the Normalized Difference Vegetation Index (NDVI), 

surface temperature and evapotranspiration. The Global Precipitation Mission (GPM, NASA 

and JAXA) provides global precipitation products. My talk will outline various satellite 

products and their usage in determining the components of the hydrological cycle and their 

applicability on local to regional scales specifically in regions with little or no monitoring of 

the hydrological fluxes (for example in developing countries). The talk will provide a 

framework to study the hydrological cycle combining satellite data and in-situ observations. 

Most satellite data and models have been used for simulation of the terrestrial water cycle for 

the past 50 years and much of the isotope/water age observations have also been collected 

during this period. The talk will provide a link between age/isotope data and the water cycle 

variables in the form of validation. 
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Abstract: Groundwater discharge to the Mundo River (SE, Spain) has been investigated 
from 2011 to 2013 by means of differential flow gauging, 222Rn activity and chloride content 
in river water and groundwater. Four main areas of groundwater discharge to the river have 
been identified by means of 222Rn. Moreover, groundwater fluxes have been quantified using 
radon activities and, when possible, have been validated with chloride mass balances. The 
uncertainty range (± σ) of all water balances has also been assessed. Groundwater discharge 
(QGW) values estimated by radon mass balances (RMB) and chloride mass balances (CMB) 
were similar in the river tracts and/or dates in which surface inputs from tributaries were null 
or negligible. This adds confidence to the QGW values estimated by RMB in the reaches were 
CMB could not be performed. The total QGW estimated by means of RMB for the studied 
area was 22-28 % of the total river flow. The results are coherent with the meteorological 
conditions of the study period (average rainfall around 450 mm y-1) and also with the 
undisturbed situation of the aquifers discharging to the Mundo River in the considered area. 

1. INTRODUCTION 

The aim of this work is to determine and quantify the relationship between groundwater and 
surface water in the Mundo River using radon activity. The Mundo River is located in the 
upper Segura River Basin, a water stressed region in SE Spain (Figure 1a). Since three 
decades ago the region receives temporary imported water resources to supply the high water 
demand areas in the middle and lower parts of the Segura River Basin. Thus, identifying and 
quantifying groundwater discharge to rivers, and especially to the Mundo River, which is 
under natural flow conditions, is essential for the Water Planning of the Segura River Basin. 
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To this purpose, three main objectives were established: i) to identify preferential 
groundwater discharge areas in the Mundo River, ii) to check the performance of radon as a 
tracer to quantify groundwater discharge into rivers in karstic areas, and iii) to quantify 
groundwater flows using radon mass balances, among other techniques, as far as using a 
multi-technique approach to provide more robust information on groundwater-surface water 
studies. 

2. METHODS 

Three in situ radon measurement and chemical sampling campaigns were conducted on 
approximately 50 km along the Mundo River during October 2011, May 2012, and July 2013 
at 17 sampling/measurement locations. A denser survey was carried out at the Ayna village 
site, were several large, permanent springs concentrate in less than 1 km length. All the 
surveys were planned to be carried out at base flow conditions, though this was not fully 
achieved in the 2013 survey. In situ groundwater radon measurements and sampling for 
chemical analysis was also conducted at ten springs (Figure 1a).  

Groundwater discharge to the Mundo River was studied by means of water mass balances 
(WMB, Eq. 1), 222Rn activity (RMB, Eq. 2), and chloride content (CMB, Eq. 3). All the 
balances were performed for river tracts comprised between consecutive river control 
sections. The equation used for the WMB is: 

	��� =	��� + 				 − 	���	– 	 (1) 

where QGW is the groundwater inflow (m3 day-1) within the river reach; QRL is stream outflow 
(m3 day-1) from the river reach at x = L; E is evaporation rate (m3 day-1) in the reach; QRo is 
the stream flow at the upstream gauging section (m3 day-1); and P is direct precipitation on 
the reach (m3 day-1). The equation used for the RMB is: 

��� = ����
�

���
�� +		�� 	+ 	������� −	��� · (��� − ��)"#   (2)  

where qGW is the groundwater inflow rate (m3 day-1 m-2); QRx is the stream flow (m3 day-1) at 
distance x from the inflow; w is the mean river width (m); dCR/dx is the change in radon 
concentration along x (Bq m-2); FA is the flux of radon diffused to the atmosphere through the 
river surface boundary layer (Bq day-1 m-2); λ222CRb is the decay of radon in the river (Bq 
day-1 m-2); Fh is the radon diffusive inflow from the hyporheic zone to the river water (Bq m-2 
day-1); CGW is the radon activity in inflowing groundwater (Bq m-3); b is river water depth; 
and CR is the radon activity in the river water (Bq m-3). This formula can be easily deduced 
and it has been used in the past decade by several authors to estimate groundwater fluxes to 
rivers [1, 2, 3]. The equation used for the CMB is: 

��� = ��$·�%�$"��&·�%�&
�%'("�%�$

− 	�)�� (3) 

where ClRL is the concentration of Cl (mg L-1) in the stream water at x = L; ClRo is the 
concentration of Cl (mg L-1) in the stream water at x = 0; and ClGW is the concentration of Cl 
(mg L-1) in the inflowing groundwater. 

The effect of field measurements uncertainty on the estimated mass balances is an important 
aspect for the interpretation and the confidence of the results. In this paper, the statistical 
propagation error method [4] (Eq. 4) is used to determine uncertainty in groundwater inflow 
values calculated by RMB and CMB:  

*���
� = ∑ �*,-

./
.,-�

�0
-1#   (4) 
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where Xi is each of the i variables (up to k) used to calculate QGW, assuming they are  
normally distributed, and σ is the standard deviation of each variable. 

For estimating the water mass balance (WMB) uncertainty, the overall uncertainty of velocity 
values calculated with the velocity-area method has been obtained following the expression 
proposed by Sauer and Meyer (1992) [5].  

3. RESULTS  

In order to identify the existence of preferential groundwater discharge areas in the Mundo 
River, three radon surveys were undertaken and the results are shown in Figure 1 b.  

   

Figure 1. a) Location of the Mundo River basin showing the sampling locations in rivers and 

springs; b) Radon activities measured at the Mundo River from the river source during the 

2011, 2012 and 2013 surveys. The numbers refer to the sampling points. 

Radon activity measured in river water was rather stable for each control location during the 
study period, but they changed  between 37 ± 14 Bq m-3 and 1527 ± 92 Bq m-3 in the river 
tract. The evolution of radon activity along the river (Figure 1b) allows to identify areas with 
very low radon activities (< 100 Bq m-3, uncertainty included), which are primarily assumed 
to be zones where groundwater discharge is minimum or inexistent, and areas with relatively 
high radon activities (400 to 1700 Bq m-3, uncertainty included) which are assumed to be 
zones where groundwater discharge is significant. Groundwater radon activities were 
measured in springs discharging to the Mundo River along the studied area. The measured 
activities ranged from around 1700 Bq m-3 to around 4700 Bq m-3. The RMB results are 
shown in Table 1 with respect to total flow increases in the whole studied area, calculated by 
differential gauging (WMB), and they were compared to CMB results available for the 2011 
and 2013 surveys. 
 
4. CONCLUSIONS 

The in situ measurement of radon activity has been proven to be a very good tool to identify 
river reaches receiving diffuse groundwater discharge along the almost 50 km of the Mundo 
River studied. The observed increases in radon activity points to the occurrence of significant 
groundwater discharge in four tracts, specifically in tracts 100-101 (5600 m long), 104-105 
(1950 m long), 108-110 (4140 m long) and 110-114 (620 m long). Quantification of 
groundwater discharge by means of RMB shows that the Ayna tract (110-114) is the main 
gaining reach of the studied area. Overall, the total groundwater discharge estimated by RMB 
to the studied reach of Mundo River was 50,796 ± 22,959 m3day-1 during July 2013, which is 
approximately 5-14 % of the total river flow in the survey period. 
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Comparing the QGW values estimated by RMB to QGW values estimated by CMB they show 
good agree in tracts and/or dates were surface inputs were null or very small, which suggests 
that the RMB technique is useful to estimate groundwater discharge when surface inputs are 
negligible with respect to QGW. This adds confidence to the QGW values estimated by RMB in 
those tracts were CMB could not be performed due to the existence of surface inputs from 
ungauged tributaries. In summary, it suggests that the RMB technique is a robust tool to 
quantify QGW under the conditions of the Mundo River basin regarding the values of 
discharge and range of radon activities. 

Table 1. Groundwater inflows to the Mundo River calculated by RMB, CMB, and WMB in all 

the investigated tracts and the three study periods.  

    
RMB                                                   

[QGW ± 2σ ( *10
3
 m

3
day

-1
)] 

CMB                                                        
[QGW ± 2σ (*10

3
 m

3
day

-1
)] 

WMB                                                          
[QR ± 2σ (*10

3
 m

3
day

-1
)] 

River 

tract 

Tract 

lenght 

(m) 

2011 2012 2013 2011 2012 2013 2011 2012 2013 

100-101 5588 - - 19.4 ± 5.1 - - (1) - - 98.4 ± 11.8 

101-102 2475 - - -1.9 ± 3.3 - - (1) - - - 2.5 ± 0.2 

102-103 3415 - - -3.8 ± 4.4 - - (1) - - - 2.8 ± .02 

103-104 3247 - - -2.7 ± 4.1 - - (1) - - 2.3 ± 0.2 

104-105 1951 - 6.2 ± 6.7 5.4 ± 4.7 - - (1) - 7.7 ± 0.8 15.7 ± 1.6 

105-107 5708 - - (2) - - (2) -   (2) 

108-110 4148 - - 10.8 ± 0.6 - - 16.8 ± 8.2 - - 14.3 ± 1.1 

110-114 612 29.5 ± 8.7  20.0 ± 7.0 23.5 ± 9.3 32.6 ± 14.9 - 19.9 ± 14.6  30.1 ± 2.1 19.3 ± 1.4 20.4 ± 1.6 

- :  Not surveyed (1): Unable to perform CMB; (2):  Field conditions prevented to perform flow gauging or CMB 
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Abstract: Mean Residence Times (MRT) of groundwater are required to develop reliable 
hydrogeological concepts of groundwater bodies as a prerequisite for a qualified monitoring 
and risk assessment. MRTs from monitorings wells help to assess if groundwater bodies are 
“at risk” or “not at risk” failing to meet good groundwater quantitative and chemical status 
according to the Water Framework Directive and therefore not being able to use the 
groundwater as drinking water or industrial water resource. A combination of 18O/2H, 3H, 
3H/3He and in some cases additional CFC, SF6, 

85Kr and 35S measurements allowed 
calculating reliable MRTs in 20 groundwater bodies covering 13% (ca.10719 km2) of the 
Austrian territory. Altogether 401 groundwater wells and springs from the existing 
groundwater monitoring network were analyzed for δ18O (n=1500), 3H (n=800) and 3He 
(n=327) since 2006. Considering both the fact that monitoring wells may have multiple or 
long well screens and the inherent uncertainties of groundwater age dating techniques, age 
estimations were classified into categories of short (< 5 year), medium (5-10, 11 - 25 years) 
and long (25 - 50, > 50years) mean residence times for each monitoring site. Subsequently, 
median values of the MRT categories were assigned to each investigated groundwater body. 
These are valuable information to fix extraction rates, to set measures to improve the land use 
and groundwater protection and to validate hydrogeological concepts. Generally, MRTs of 
Austrian groundwater bodies increase from shallow Alpine groundwater bodies over deeper 
Alpine valley-aquifers to longer MRTs in the Pannonian climate range in the east. 

1. INTRODUCTION 

The estimation of time frames between measures set in the recharge area and improvements 
observed at the observation wells is of utmost importance due to the requirements of the 
Water Framework Directive (WFD, Art. 4) [1] and the Austrian Water Act to achieve good 
status of groundwater by 2015 at the latest. 
 
For drinking water supplies and other uses of groundwater where the recharge area is 
dominated by agricultural or urban land use high nitrate concentrations are of major concern. 
Nitrate reaches groundwater and even drinking water by infiltration from soils under 
intensive agricultural use or from other sources [2]. In addition to assessing the impacts of 
pollutants the WFD also requires consideration of the impacts of groundwater abstraction on 
groundwater bodies, dependent surface water bodies and ecosystems, and an assessment of 
quantitative status. 
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The understanding of a groundwater body is supported by the development of a conceptual 
model or conceptual understanding of the groundwater system in which the general scheme 
of flow and transport conditions and of the hydrogeochemical properties are defined. 
 
Both the risk assessment and the monitoring should already be based on a conceptual model 
of the groundwater system. The monitoring data obtained from the WFD monitoring 
programs should be used to test, validate and refine the conceptual model(s). Information 
about travel times, flow and transport rates and/or groundwater age distribution may also be 
useful input to the conceptual model/understanding as well as for validating the models [3]. 
 
Rarely in groundwater assessments do we have sufficient data to make reliable predictions in 
outcomes and residence time. Tiered risk assessment combined with a simple assessment of 
confidence can assist in focusing resources on those groundwater bodies of highest 
uncertainty and of utmost relevance to risk management decisions [4]. 
 
A typical example of tiered assessment is given in Figure 1. Here the risk assessment aims to 
divide a group of groundwater bodies into those that are “at risk” or “not at risk” failing to 
meet good status. 

 
Figure 1.  Tiered approach for risk assessment [4]. 

2. METHODS 

Over 400 monitoring wells and springs of the Austrian Groundwater Quality Monitoring 
System were sampled four times over one year for δ 18O and 2H analyses in the period 2006 - 
2013. Samples for 3H were taken twice and 3He was sampled once during one year from the 
same monitoring sites. 
 
Samples for He-isotope analysis were taken in clamped copper tubes and samples for CFC- 
and SF6 analysis were filled under water in glass bottles. All stable isotope samples were 
analysed by laser-spectroscopy (CRDS – System, Types L1102-i Picarro) and tritium by 
liquid scintillation (LSC) by the Austrian Institute of Technology (AIT, Tulln). 
 
Noble gases 3He, 4He and 20Ne were measured at the Institute of Environmental Physics 
(IUP), University of Bremen, Germany. Water for CFC- and SF6 analysis were analysed at 
the British Geological Survey (BGS). 85Kr was collected by degassing of about 200 L of 
water and measured by gas proportional counting at the University of Bern. Sampling and 
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analytical details are documented in [2]. All tritium model ages were calculated by lumped 
parameter models using input data from the Austrian Network of Isotopes in Precipitation 
(ANIP). 

3. RESULTS 

The area, total number of monitoring wells and springs as well as the number of isotope 
measurements in 20 investigated groundwater bodies in Austria are shown in Table 1 and 
results in Figure 2. The area and the number of investigated monitoring wells in the single 
groundwater bodies range between 50 – 3350 km2 and 3 -68, respectively. In total about 400 
monitoring wells and springs were investigated covering an area of 10719 km2. This is about 
13% of the Austrian territory.  
 
The median of the δ 18O- and 3H-values ranges between -12.37 and -8.47 ‰ as well as 2.5 – 
7.3 TU decay corrected to the year 2015. The median of the MRTs range between <5 and >50 
years in the different groundwater bodies (Figure 2). 
 
Table 1.  Area, total number of monitoring sites and isotope analyses of 20 investigated 

Austrian groundwater-bodies. 

20 Ground-

waterbodies 
Area 

(km
2
) 

Investiga-

ted wells & 

springs 

δ
18

O 

(‰) 
δ

2
H 

(‰)
 

3
H 

(TU) 

3
He /

4
He 

Total sum (n) 10719 401 1509 695 818 327 
 
Despite the unique character of each monitoring site the median of the MRTs allow to 
categorise the groundwater bodies in one with short (<5 year), medium (5-25 years) and long 
(25-50, > 50years) MRTs (Figure 3). Each category has its own resulting management 
implications. 

 

Figure 2.  Investigated Austrian groundwater bodies and their MRTs [5]. 
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4. CONCLUSIONS 

The combination of isotope measurements (oxygen-18, deuterium, tritium, tritium/helium-3 
etc.), tracer gases measurements (CFCs, SF6 etc.) and good hydrogeological data is able to 
deliver quite reliable estimates of the Mean Residence Time (MRT) of groundwater 
respectively its natural flow paths (hydrogeological concept).  
 

The more than 400 investigated Monitoring wells in 20 groundwater bodies and selected 
springs show each monitoring site has to be regarded as a specific hydrological system with 
its sometimes surprising Mean Residence Time (MRT), but on a statistical basis one can 
differentiate groundwater bodies with preferential quite young (< 5 years) to old (> 50 years). 
Groundwater bodies with preferential short MRTs and contamination show clearly that the 
measures to protect the groundwater have failed so far, but new measures will improve the 
situation in few years’ time. Groundwater with MRTs in the range of 11-25 years measures 
will have no immediate effects and a good status will only gained with some delay. MRTs of 
25 – 50 years and > 50 years means contamination can still increase before a trend reversal is 
evident. Groundwater with MRTs > 50 years generally shows no contamination, but in cases 
where they mixed with young components with extreme pollution they still can exceed 
quality levels. In addition, the knowledge of the MRT of a well allows the regulator to limit 
the water extraction to minimize the overexploitation and to keep groundwater bodies in a 
good status quantitatively. Generally, MRTs of Austrian groundwater increase from shallow 
Alpine one over deeper Alpine valley-Gelasium1aquifers to longer MRTs in the Pannonian 
climate range in the east [5].  
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Abstract: Water quantity and quality response of catchments to climate and land-use change 

are difficult to understand and predict due to complexities of subsurface water flow paths, 

and inability to relate measurable catchment properties to measurable hydrologic response 

metrics.  

 

Tritium is ideally suited to provide a measurable parameter of hydrologic response. Tritium, a 

component of meteoric water, decays with a half-life of 12.32 years after the water enters the 

groundwater system, and can therefore provide information on transit time of water through 

the groundwater system over the time range 0 to 200 years mean residence time (MRT). 

Transit time of the water discharge is one of the most crucial parameters for understanding 

the response of catchments. Only in recent years has it become possible to use tritium for 

dating of stream and river water, due to the decay of the bomb-tritium from atmospheric 

thermo-nuclear weapons testing, and due to improved measurement accuracy for the 

extremely low natural tritium concentrations. 

 

Tritium dating of water at 29 river and stream sampling sites in the Horizons Region was 

undertaken during base flow conditions in the Whanganui, Rangitikei and Manawatu river 

catchments. The dating results show that the MRTs of the water in these catchment 

discharges range from 0 to 11 years. Tritium ages show consistent patterns, with MRT of 6 – 

7 years in the Whanganui River, 3 – 3.5 years in the Rangitikei River; and in the Manawatu 

catchment 9 – 11 years in the large discharges from the Tertiary sediments east of the 

Ruahine and Tararua ranges, 2.5 – 4.5 years in the discharges from the Tertiary sediments 

west of the Ruahine Range, and very young water with MRT of 0 – 2 years in the discharges 

from the eastern Ruahine and Tararua Ranges. Results will be compared to those obtained 

from other large catchments in New Zealand, as measured in rivers in Marlborough, in Lake 

Taupo and Lake Rotorua catchments, in the Upper Waikato, and in Southland.   

 

Significant MRTs of > 3 years are observed in many river baseflow catchment discharges, 

indicating large groundwater storage reservoirs, and large lag times between rainfall 

infiltrating to groundwater in the catchment, and the arrival of the groundwater, and therefore 

contaminants associated with different land use, at the river. These lag times need to be 

considered in water quantity and quality catchment response models. 
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Abstract: The IWBMIso is a spatially distributed monthly water balance model that 

considers water fluxes and storages, and their associated isotopic compositions. It is 

composed of a lake water balance model that is tightly coupled with a catchment water 

balance model. Measured isotope compositions of precipitation, rivers, lakes, and 

groundwater provide data that can be used to make an improved estimate of the magnitude of 

the fluxes among the model components. In regions where measured data are limited, the 

model can use freely available global datasets of climate, isotopic composition of 

precipitation, and soil and vegetation characteristics to create input data files and estimate 

spatially distributed model parameters. The OMS model engine and support functions, and 

the GIS and web-based tool set are integrated using the Colorado State University 

Environmental Risk Assessment and Management System (eRAMS) framework. The 

IWBMIso can be used to assess the spatial and temporal variability of annual and monthly 

water balance components for input to water planning and management. 
 

1. INTRODUCTION 

The Isotope Hydrology Section of the International Atomic Energy Agency (IAEA) supports 

the use of isotope hydrology to improve knowledge of water resources and to improve water 

management. The Global Network of Isotopes in Precipitation (GNIP) and the Global 

Network of Isotopes in Rivers (GNIR) are two large databases initiated and maintained by 

IAEA to provide data on isotope content of precipitation and rivers across global scales. 

IAEA initiated a project to explore the use of GNIP and GNIR data in hydrological models 

for application to hydrological studies and water resources management issues in basins 

around the globe. A monthly water balance model was selected as the initial modelling 

approach based on the typical monthly or longer frequency of isotope data availability and on 

an assessment of the limited spatial and temporal distribution of supporting physical and 

meteorological data in many of the basins. The resulting model was the IAEA Water Balance 

Model with Isotopes (IWBMIso). 
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While data limitations were a major consideration in IWBMIso development, other factors 

considered included user knowledge and skills, internet accessibility, and access to 

commercial software. To address these concerns and to facilitate the use of IWBMIso to a 

broad range of basins and users, the IAEA is supporting the integration of IWBMIso with a 

set of associated GIS pre-processing, model application, and analysis tools using the 

Colorado State University Environmental Risk Assessment and Management System 

(eRAMS) framework. An overview of IWBMIso, eRAMS, and application tools are 

presented in this paper. 

 

2. IWBMISO MODEL DESCRIPTION 

The IWBMIso model is a monthly time step catchment water balance model tightly coupled 

with a monthly lake water balance model. It also simulates the oxygen-18 (
18

O) and 

deuterium (
2
H) stable isotope compositions of the model storage and flux components. It is a 

combination of concepts developed from a simple monthly water balance model [1], a 

monthly isotope-enabled water balance model [2], a daily hydrologic model PRMS [3], and 

an isotope-enabled lake model [4]. The model has been developed using the Object Modeling 

System (OMS) [5]. The water and isotope storages and fluxes of IWBMIso are show in 

Figure 1. 
 

 Figure 1. Water and isotope storages and fluxes 
                    

Monthly precipitation and monthly mean maximum and minimum air temperature are the 

input climate variables. For computation of isotope composition, it is assumed that all 

storages and fluxes are well mixed reactors. The process of isotope fractionation is 

considered for evaporation from the canopy interception, soil reservoir, and water bodies. 

Fractionation from evaporation of soil moisture is calculated using the fractionation equation 

proposed by [6] for a drying up water body: δ = (δο − Α/Β) f 
Β
 + A/B) Eq. 1; where δο is the 

initial isotopic composition of the water, f is the fraction of the remaining moisture and A and 

B are as defined in the original paper. 
 

The δ
18

Ο and δ
2
Η composition of surface runoff is assumed to be the same as the 

composition of the precipitation for that time step. Isotopic composition of water in the soil 

reservoir is modified by the process of fractionation. Fractionation affects only the 

evaporation component of evapotranspiration. Thus total actual evapotranspiration (AE) loss 
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must be divided into the two components of evaporation and transpiration. An approximation 

of the AE lost to transpiration is made using vegetation cover density as the computational 

factor. The isotope composition values of the soil reservoir are applied to all water fluxes 

from the soil to the groundwater and subsurface reservoirs when soil moisture storage 

exceeds soil storage water holding capacity. The isotope compositions of surface runoff, 

subsurface flow, and groundwater flow are mixed to produce the composition of the outflow. 

The isotopic composition of a lake (δL) is a function of the volume-weighted isotopic values 

of all the inflow (I), direct precipitation (P), evaporation (E) and outflow (O) components of 

the lake’s water balance (Eq. 2), where composition of the vapour (δE) is estimated using the 

Craig-Gordon equation. 
 

δ�
���

��
+ ��

�δ

��
= δ	
�
 + δ	��� + δ� − δ�
�
 − δ���� − δ��   Eq. 2 

 

IWBMIso is a spatially distributed model that can account for some of the spatial and 

temporal variability in watershed characteristics and the magnitude and timing of model 

inputs and outputs. OMS has a built-in calibration tool called LUCA, which is a multiple-

objective, stepwise, automated procedure [7]. 
 

3. APPLICATION TO LAKE VICTORIA BASIN 

Lake Victoria, headwater of the White Nile River, has a total drainage area of about 

195,000km2, with the lake occupying about 68,800 km
2
 with a maximum depth of 84m. The 

lake outflow is regulated at the outlet since the 1960s’. The model was setup with CRU, 

MODIS NDVI, vegetation, FAO soil data and GNIP isotope data. The lake simulated 

Oxygen-18 values show low, about 0.25 ‰, seasonal variability owing to its large volume, 

quick turnover, and high rainfall amount over the lake. The sharp increase in lake level 

during the 1960s’ is mainly attributed to significant increase in rainfall in the region, resulting 

in about a 1.5 ‰l drop in δ
18

O of lake water, both due to mixing with depleted rainfall and 

reduced evaporation. In terms of simulated O18, the subsurface component shows higher 

variability than the baseflow component, while the direct runoff mimics that of the regional 

rainfall pattern. The model performs well both for the water balance (Nush-Sutcliffe index of 

about 0.8) and isotopes, with the sporadic measured values closely matching simulated trends 

(Fig. 2). The later gives more confidence on the simulated lake evaporation and baseflow 

contributions. 

 

4. CONCLUSIONS 

Using measured isotope compositions of precipitation, rivers, lakes, and groundwater, an 

improved estimate of the magnitude of fluxes among the model components is possible. 

IWBMIso generates timeseries isotope values for the major components of the water balance 

for any spatial unit. Both visual and statistical comparisons of measured versus simulated 

isotopic values can help during the model calibration and validation processes [8]. This kind 

of integrated model justifies and adds value to long term monitoring of rivers, lakes and 

precipitation for stable isotopes. The model is designed to use freely available climate, 

isotope and vegetation data, making it a suitable tool for quick regional applications in data 

scarce areas. Deployment of IWBMIso using the eRAMS framework provides a set of GIS, 

data management, and model calibration, application, and analysis tools to support the use of 

IWBMIso in all regions of the globe. The eRAMS-IWBMIso toolbox provides users with a 

step-wise sequence of tools to guide them from initial data preparation to model application 

and analysis of results. The toolbox is designed to support a wide range of water and natural 

resources applications. 

 

139



 

 

 

Figure 2: (a) Simulated vs observed Victoria Lake levels; (b) Simulated δ
18

O signatures of 

the various components of the water balance 
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1. INTRODUCTION 

As Australia is a naturally dry continent, the impacts of climate change are likely to prove 
particularly challenging to those involved in water resource management, particularly as both 
rainfall deficits and droughts are projected to become more extreme in the future [1]. By 
utilizing isotopes in the water cycle we can study these changes in a range of hydrological 
and climate processes at local, regional and global scales. The stable water isotopes are 
particularly useful in reconstructing regional climate variation from records of isotopic 
composition of very old precipitation which are preserved in low and high resolution 
environmental archives, including groundwater and speleothems. Accurately reconstructing 
regional climate variations from these environmental archives is challenging, and requires 
input data on the relationships between the stable water isotopes and environmental factors, 
as well as the effects of climate drivers. Aside from local processes and synoptic weather 
systems, the precipitation over Australia is affected by a number of large scale climate drivers 
and the degree of impact at a particular site can vary seasonally [2]. This paper discusses our 
work to better define the isotopic rainfall source terms across Australia for use in regional 
hydrology and hydro-climate studies.  

2. METHODS 

This research utilizes historical stable water isotopes in monthly rainfall data for seven 
Australian stations available from GNIP [3]. In 2006, ANSTO instigated an expansion of the 
Australian monthly rainfall sampling network to a total of 15 sites (see Figure 1). This data 
has been utilized in a detailed analysis of seasonal trends in the isotopic signatures, the 
development of new LMWLs, and the relationships with environmental factors such as 
precipitation amount and temperature. The impact of moisture source regions and synoptic 
weather systems using back trajectory analysis and a synoptic weather classification scheme 
has also been undertaken for different regions of Australia. Additionally, partial direct and 
indirect correlations between three climate drivers (Southern Oscillation Index (SOI), Dipole 
Mode Index (DMI) and Southern Annular Mode (SAM)) and precipitation δ18O are 
estimated. 

3. RESULTS 

New and updated LMWLs have been developed, and seasonal trends and environmental 
controls on the rainfall isotopic signatures have been characterized. Results show the 
relationships between rainfall isotopes and major synoptic systems (and associated moisture 
sources), as well as climate drivers for the region. Back trajectory analysis shows that large 
scale rainout during transport of moisture to the measurement site is a more important factor 
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influencing the δ18O variability than the small isotopic difference in the oceans around 
Australia. While the three climate drivers (SOI, DMI, and SAM) have an indirect impact on 
precipitation δ18O (through impact on rainfall amount), in a number of cases a significant 
partial correlation between the climate drivers and rainfall δ18O was found. This could be 
attributed to changes in processes during transit, and changes in moisture sources as seen 
between the positive and negative phase of the climate drivers. A preliminary interpretation 
of the relationship between the spatial distribution of stable water isotopes in rainfall and 
groundwater values across the Australian continent has also been undertaken. 

 

Figure 1.  Topographical map of Australia showing the expanded monthly rainfall sampling 

network (green dots indicate the new sites). 

4. CONCLUSIONS 

The expanded rainfall sampling network across Australia has provided improved 
understanding of the variability of the isotopic signature of modern rainfall and its 
relationship to environmental parameters, moisture sources and climate drivers; this will be 
of great benefit for a range of hydrological and hydro-climate studies in the region. 
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Abstract: Oxygen and hydrogen isotopic composition of precipitation samples from 
numerous stations across India, collected on cumulative fortnightly or daily basis revealed 
some of the important hydro-meteorological processes concerning hydrological cycle over 
India. These are: (1) Isotopic composition of precipitation across the country becomes 
isotopically depleted in the later part of the southwest monsoon season; (2) The so called 
amount effect, i.e. isotopic depletion with increasing amount of rainfall, is not clearly 
observed at all stations; (3) There are large regions in central India and northern India 
where high (> 10‰) d-excess in precipitation is observed, particularly during later part of 
the southwest monsoon; (4) Precipitation in the north-eastern Himalayas (Assam) is 
characterized by high d-excess and higher intercept of the δ

18
O-δD regression line 

indicating significant recycling of moisture in this part of Himalaya; (5) Precipitation in 
southern Indian peninsula, during northeast monsoon season is isotopically depleted 
compared to that during southwest monsoon. 

1. INTRODUCTION 

The hydro-meteorological processes operating over the Indian subcontinent ([1, 2]) are quite 

complex due to multitude of factors such as: (i) seasonally reversing dual monsoon system, 

namely, summer southwest and winter northeast monsoon; (ii) Western disturbances; (iii) 

orographic influence of western Ghats and the Great Himalayas; (iv) cyclonic storms 

originating in the Arabian Sea and the Bay of Bengal; and (v) high potential 

evapotranspiration and consequently significant scope of local recycling. A detailed 

understanding about these processes governing distribution of water in space and time is 

important in view of prevalent water scarcity in this part of the world due to ever increasing 

water demand, which is compounded in the climate change scenario with Himalayan glacial 
retreat, dwindling stream flow and extreme weather events. 

The oxygen and hydrogen isotopic composition (δ
18

O and δD) of water in general and of 

precipitation in particular, provides an important tracer tool to understand the natural 

processes concerning origin of vapor and rain, and movement and mixing of water 

throughout hydrological cycle[3-6]. Isotope composition of precipitation changes in a 

predictable manner depending on the temperature and relative humidity at the site of vapor 

formation on ocean (primary evaporation), temperature and degree of saturation at the site of 

rain formation (condensation), relative humidity in the environment below cloud-base 

(secondary evaporation), rainout history of the cloud parcel (Rayleigh distillation) and 

admixture of continentally derived vapor (recycling). These parameters and factors governing 

isotopic composition of precipitation are also related indirectly to the inland continental 

distance from vapor source region, altitude and geographical location of the rainout station, 

and the amount of rainfall. Relationship between these factors and the variation in the 

isotopic composition of precipitation is known in terms of various isotope effects, namely, 

altitude effect, continental effect, amount effect, seasonal effect etc. Monitoring of oxygen 

and hydrogen isotopic composition of precipitation can, therefore, provide useful information 
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about these processes and factors which not only influence the isotopic composition of 

precipitation, but also define the dynamics of hydro-meteorological processes in this region. 

Under the aegis of a multi-institutional collaborative national programme on isotope 

fingerprinting of waters of India (IWIN), the oxygen and hydrogen isotopic composition of 

water in all hydrological cycle components over India, namely, atmospheric moisture, 

precipitation, groundwater, river water and ocean water was monitored. The details of origin 

of IWIN programme, the details of its scientific components and the new insights obtained 

from different components is presented in some of the peer reviewed publications [7-12]. The 

salient features concerning isotopic composition of precipitation and inferences that can be 

drawn from them are presented here. 

2. METHODS 

Rainwater samples were collected using a specially designed sampler. A funnel with 30 cm 

diameter and 1.5 cm dispenser tip was inserted into a 20 L polycarbonate carboy through a 

neoprene rubber cork which fixed tightly in to the mouth of the carboy. Elaborate 

arrangements were made to ensure minimum evaporative loss on storage and to collect 

samples even from smaller rain event. The detailed description of this sampling device is 
presented elsewhere [11]. 

Rainwater samples were collected from across the country. Daily accumulated rainwater was 

collected from some stations and fortnightly accumulated rainwater was collected from 

others. The station locations and the type of sampling (daily or fortnightly) are shown in 

Figure 1. 

 

3. RESULTS 

The geographical distribution of δ
18

O and d-excess (=δD - 8*δ
18

O) of rainwater across the 

country during two time windows (June first fortnight and September second fortnight) is 

shown in Figure 2. The oxygen isotopic composition of precipitation gets isotopically 

depleted in 
18

O content as the southwest monsoon season progresses from June to September. 

A significant change is also noticeable in the d-excess of precipitation. The d-excess values 

of precipitation significantly increase as the southwest monsoon season progresses from June 

to September. 

Figure 1. Rain water sampling stations across India managed by 

different partners. IMD: India Meteorological Department; 

CRIDA: Central Research Institute for Dryland Agriculture. 

144



 

These two observations together suggest that in the later part of monsoon when considerable 

water is available in lakes, rivers and soil zones, and when vegetation cover has increased 

considerably, there is significant recycling of vapor in the continental areas. The surface 

water, freshly replenished by monsoonal rains, is isotopically depleted compared to marine 

waters. Consequently, continentally derived vapor is also isotopically depleted. This may be 

reason for the observed low δ
18

O values in the month of September. 

The isotope dataset of precipitation is currently being examined for recognizing various 

patterns in δ
18

O-δD regression lines, δ
18

O -d-excess relationship, relationship with 

temperature, relative humidity, amount of rainfall etc. at different stations and during 

different timeframes. 

Another important observation is that the so called amount effect (i.e. depletion in average 

isotopic content of heavier isotope with increasing amount of monthly or fortnightly rain), is 

absent at most of the stations monitored. This suggests that amount of rain may not be the 

principal reason for the observed isotopic variation and several other factors, such as vapor 

source variation, rainout history or admixture or recycled vapor may be responsible for it. 

Comparison of isotopic composition of rain with that of ground level water vapor suggests 

that vapor may not necessarily be in isotopic equilibrium with rain though rain significantly 

influences the isotopic composition of vapor which tends to move towards isotopic 
equilibrium and returns to a base line value after cessation of rain [11]. 

The rainwater in the northeast winter monsoon season (Oct-Dec) is found to be isotopically 

depleted compared to that in the summer southwest monsoon season (Jun-Sept). 

The intercepts of δ
18

O-δD regression line for Rainwater samples during different months at 

Jorhat and Dibrugarh in Assam in northeastern Himalaya are higher than that for the global 

mean ocean water line. Several rain events here have d-excess values higher than global 

average of ~10‰. This signifies major recycling of continental vapor in this region. 

4. CONCLUSIONS 

Based on the spatio-temporal variation in δ
18

O, δD and d-excess in precipitation at numerous 

stations across India following important observations and inferences are possible: (1) 

Isotopic composition of precipitation across the country becomes isotopically depleted in the 

later part of the southwest monsoon season; (2) The so called amount effect, i.e. isotopic 

Figure 2. Spatial distribution of fortnightly averaged  δ
18

O and d-

excess in the precipitation across India during two time windows, 

namely, June first fortnight and September second fortnight. 
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depletion with increasing amount of rainfall, is not clearly observed; (3) There are large 

regions in central India and northern India where high (> 10‰) d-excess in precipitation is 

observed, particularly during later part of the southwest monsoon; (4) Precipitation in the 

north eastern Himalayas (Assam) is characterized by high d-excess and higher intercept of 

the δ
18

O-δD regression line indicating significant recycling of moisture in this part of 

Himalaya; (5) Precipitation in southern Indian peninsula, during northeast monsoon season is 

isotopically depleted compared to that during southwest monsoon. 
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Abstract: The surface water and springs of the Seversky Donets water catchment within 

Kharkiv, Donetsk and Lugansk regions have been monitored on major ions, nitrates and 

stable water isotopes (δ
18

O and δ
2
H) during high and low flows from 2013 to 2014. The 

research has been done within GNIR program of the IAEA. Results show the significant 

spatial and temporal variation in water chemistry and isotopes from upstream to downstream 

sites of rivers and low variation in springs. The isotopic signature of springs was close to the 

GMWL. The further research will be focused on the study of the nitrogen dynamic with δ
15

N 

in the catchment and LMWL description. 

1. INTRODUCTION 

Water resources have uneven distribution throughout the eastern part of Ukraine. Long term 

anthropogenic pressure on limited water resources of this part of Ukraine caused the growth 

of water crises and high expenses on the water security ensuring. Detailed temporal and 

hydrochemical processes study is needed if the river system is to be effectively managed in 

the future [1]. Stable water isotopes, trace elements and major environmental parameters have 

been measured in the main river of this part of Ukraine – Seversky Donets with three its 

tributaries (Udy, Lopan and Oskol) in order to identify the potential anthropogenic impact. 

2. METHODS 

At present time, the transboundary (Russia/Ukraine) Seversky Donets water basin 

(98,900 km
2
) is considered as a main water supplier of three big industrial and highly 

urbanized regions of Ukraine: Kharkiv, Donetsk and Lugansk and plays an important socio-

economic role as a major source of industrial and drinking water to about 5M inhabitants. 

The study area belongs to the East-European Precambrian platform with Archean-Proterozoic 

crystalline basement. The basement is covered with sedimentary formations of variable 

thickness and geological age. The sampling sites of surface and groundwater are presented in 

Figure 1: 

 

Figure 1.  Sampling sites of surface (big circle) and groundwater (small circle) 
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The sampling of riverine water and springs has been done during high (May 2014) and low 

flow (August 2013 and 2014) periods. Major ions and nitrates have been analyzed in 

Ukrainian water laboratory, stable water isotopes in Isotope Hydrology Laboratory of 

International Atomic Energy Agency (IAEA) in the framework of the CRP F33020 

“Environmental isotopes methods to assess water quality issues in rivers impacted by 

groundwater discharges”.  

3. RESULTS 

3.1. Surface water chemistry 

The anion geochemistry (HCO3
-
, SO4

2-
 and Cl

-
) revealed large variations along the water 

basin. The water chemistry varied from Ca - HCO3 to Na - HCO3 and even to Na - SO4  type 

waters. The Ca - HCO3 type was found mainly in upstream transboundary sites (L01, L02, 

U01, OS01 and SD01), where HCO3 accounted for 55 % of major ions presenting the 

following order: Ca
2+ 

> (Na+K)
+
 > Mg

2+ 
and HCO3

- 
> SO4

2- 
> Cl

-
 (mgL

-1
). This water type is 

consistent with the petrographic nature of the river beds, and may be explained as a result of 

water-rock interaction with the Cretaceous carbonate rocks. The concentration of all ions 

significantly increased during low flow period. 

3.2. Groundwater chemistry 

The groundwater chemistry indicated the variability in aquifers mineralogy and the potential 

influence of diverse anthropogenic sources. Relative content of major elements (Ca
2+

, Mg
2+

, 

(Na+K)
+
, HCO3

-
, SO4

2-
 and Cl

-
) was plotted in a Piper diagram (Figure 2).  

 

Figure 2. Piper diagram on major ion distribution of groundwaters 

The first group of groundwater was characterized as a Ca - HCO3  type, what was determined 

in 55 % of samples. The calculated saturation indices (SI) showed that this type of 

groundwater was saturated (SI=0) or supersaturated (SI > 0) with respect to calcite and 

dolomite, and undersaturated (SI < 0) with gypsum. In the upper part of the Seversky Donets 

watershed (L02, U01 and SD01), the Ca – HCO3 groundwater type was in the agreement with 

the riverine water, what was also characterized by the domination of Ca
2+

 and HCO3
-
.  

The second group of groundwater (Figure 3) was characterized as Ca - SO4  type, which 

comprised 25 % of the samples. The Ca - SO4 was mostly detected in springs and wells on the 

left river banks of Udy Rivers (U03L and U04L), Oskol River (OS02L) and Seversky Donets 

River (SD01L - SD04L). This may be explained by the river valley asymmetry, where the left 

bank is sloping, but the right bank formed high terraces. The surface and ground waters of 

this area can be under the more intensive anthropogenic pressure from the agricultural 

activity.  
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The third group of groundwater was characterized as Na - HCO3 (15 % of samples), whereby 

Na accounts for up to 55 % of cations and HCO3
-
 for up to 75 % of anions. In the urban part 

(L02L), the sodium can have an anthropogenic origin, where the Na:Cl ratio raised to 8. 

In one sample (L01L) the groundwater chemistry was identified Na-SO4, where sulphates 

reached 500 mgL
-1 

in comparison to the mean value of 127 mgL
-1 

(all groundwater samples). 

It can be a result of anthropogenic inputs such as ZnSO4 and sodium nitrates fertilizers used 

on the nearby fields at the approximate location to L01 sampling site. It was suggested 

because of the elevated Zn (0.098 mgL
-1 

) and NO3
- 
 content (40.5 mgL

-1
) there.  

3.3. Stable water isotopes 

The isotopes value for riverine water ranged from -5.28 ‰
 
 to -11.69 ‰

 
 for δ

 18
O and from -

47.1 
0
/00

 
 to -84.4 

0
/00

 
 for δ

 2
H depending on the season and place. The temporal variation was 

closely related to changes in flow conditions and sites location. The low flow conditions in 

September were characterized by the enrichment of stable isotopes, where δ
 18

O ranged from 

-5.28 ‰ to -10.43 ‰
 
with a mean value of -8.2 ‰

 
and δ

 2
H ranged from -47.1‰

 
 to -76.6 ‰

 

with a mean value of -64.7 ‰. The high flow conditions in May were characterized by the 

depletion of stable isotopes, where δ
 18

O ranged from -9.08‰ to -11.7 ‰
 
with a mean value 

of -9.9 ‰
 
and δ

 2
H ranged from -68.0 ‰

 
to -84.4 ‰

 
with a mean value of -73.4‰. The 

enrichment in stable water isotopes was observed from upstream to downstream sites in 

rivers during low flow conditions (Figure 3). 

  
a) low flow period b) high flow period 

Figure 3. Temporal and spatial distribution of isotopes in rivers of Seversky Donets basin 

Water stable isotopes had no significant temporal variations in groundwater. They ranged 

from -9.38 
0
/00

 
 to -12.82 

0
/00

 
 with a mean value of -10.9 

0
/00

 
for δ

 18
O and from -67.9 

0
/00

 
 to -

92.6 
0
/00

 
with a mean value of -78.0 

0
/00

 
 for δ

 2
H and were more depleted than in surface 

water. The isotopic signature of groundwater was close to the Global Water Meteoric Line 

(GWML) [2-3] (Figure 4). 

 

Figure 4. The isotopic signature of surface and groundwater with the respect to GWML 
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4. CONCLUSIONS 

The investigations conducted within the Seversky Donets water catchment have demonstrated 

certain peculiarities of hydrochemistry and stable isotopes distribution in natural waters. In 

the upper reaches of the basin both riverine waters and groundwater have predominantly Ca–

HCO3 composition while in the lower reaches within urban areas the role of Na
+
, SO4

2-
 and 

Cl
-
 increases due to anthropogenic effects. The enrichment in stable water isotopes 

18
O and 

2
H was observed from upstream to downstream in rivers especially in low flow conditions. 

Groundwater had less isotopes enrichment with no significant temporal variations. The 

isotopic signature of groundwater was close to the Global Water Meteoric Line (GWML). 

 

REFERENCES 

[1] VYSTAVNA Y., HUNEAU F. ET AL., “Distribution of trace elements in water and 

sediments of the rivers in the Seversky Donets watershed (Kharkiv region, Eastern 

Ukraine)”, Applied Geochemistry, Volume 27, Issue 10, October 2012, pp. 2077–

2087.   

[2] KENDALL C., MCDONNELL J.J. (Eds), Isotope Tracers in Catchment Hydrology, 

Elsevier (1998), 839. 

[3] CLARK I.D., FRITZ P., Environmental Isotopes in Hydrogeology, CRC Press 

(1997), 352. 

150



ID: 330 

WATER ISOTOPES AS TOOLS FOR IDENTIFYING WATER 

SOURCES IN HIGH-ELEVATION TROPICAL ECOSYSTEMS: A CASE 

OF STUDY IN THE ECUADORIAN ANDES  

G. M. MOSQUERA, 
Departamento de Recursos Hídricos y Ciencias Ambientales, Universidad de Cuenca, Av. 12 
de Abril, Cuenca, Ecuador 
E-mail address: mosquerg@onid.orst.edu 
 
P. X. LAZO, P. CRESPO, R. CÉLLERI  
Departamento de Recursos Hídricos y Ciencias Ambientales, Universidad de Cuenca, Av. 12 
de Abril, Cuenca, Ecuador 
 
Abstract: A survey of the isotopic composition δ2H and δ18O in water samples collected in 
precipitation, streamflow, and soil water was conducted in the Andean páramo catchment of 
the Zhurucay River located in south Ecuador between 3400 and 3900 m a.s.l. Results show 
that water stored in the Histosols (soils located near the streams at the bottom of the valley) is 
the primary source of runoff generation, demonstrating hydrologic connectivity between the 
Histosols and the drainage network; while the most common soils located in the steep slopes, 
the Andosols, laterally drain the infiltrated rainfall recharging the lower situated Histosols.  
Subsurface flow appears to be the dominant process of streamflow generation, and the 
contribution of pre-event water seems to be a major component of the total water budget in 
this 7.53 km2 páramo basin. Overall, these findings depict that the use of stable isotopes for 
investigating hydrological processes at catchment scale provides a more complete 
understanding of the ecosystem’s hydrologic functioning. Moreover, in developing regions, 
such as the Andean region, acquiring better understanding of the origin and fate of water is a 
crucial step towards the establishment of scientifically-based programs of management and 
conservation of water resources.  

1. INTRODUCTION 

Only few catchments in the Andean mountain range are currently monitored. Most basins in 
the region remain ungauged, and as a result, little knowledge is available on the processes 
governing their hydrological behavior [1]. In particular, despite the importance of tropical 
alpine grasslands of the northern Andes (commonly known as the páramo) as providers of 
abundant high-quality water for downstream populations as well as a variety of other 
environmental services, very little is known about their hydrologic functioning [2].  

Although a large number of tracer-based hydrologic studies have been conducted worldwide 
to improve the understanding the hydrology in a wide variety of ecosystems (e.g., [3- 4]), 
very few investigations using isotopic records to investigate water sources, and processes of 
runoff generation have been conducted in Andean páramo ecosystems. As a result, there is a 
lack of understanding regarding the processes that dominate runoff generation in this 
ecosystem; and intensification of water resources research is a major objective in order to 
reduce the considerable uncertainty in the speculations concerning the hydrological behavior 
of the Andean páramo [5]. 

To improve this situation and provide a baseline for future tracer-based hydrologic studies in 
the region, a survey of the isotopic composition of deuterium (2H) and oxygen-18 (18O) was 
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conducted in the Andean páramo basin of the Zhurucay River. The objectives of this study 
were to: a) characterize the isotopic composition of δ2H and δ18O in precipitation; b) analyze 
the isotopic composition of δ2H and δ18O in streams, and soils in relation to the isotopic 
composition in precipitation; and c) identify the main water sources contributing to runoff 
generation in this páramo ecosystem.  

2. METHODS 

This study was conducted in the Zhurucay River experimental catchment, a 7.53 km2 
headwater catchment located in south Ecuador between 3400 and 3900 m a.s.l. The basin 
drains into the Jubones River, and the latter discharges into the Pacific Ocean. The main soils 
in the study site are Andosols, mainly located in the steep slopes; and the Histosols (Andean 
páramo wetlands), predominantly located at the bottom of the valley. Histosols roughly cover 
20 % of the catchment area, while the Andosols cover the remaining area of the basin [6]. 
These soils are characterized by their low bulk density, high organic matter content, and high 
water storage capacity [2-7]. 

A survey of traditional hydrometric information and isotopic measurements was used in the 
study. Water levels were measured using a nested monitoring system encompassed by nine 
microcatchments and recorded via pressure transducers, and precipitation using electronic 
tipping buckets gauges. Water samples for isotopic analysis were collected on a weekly basis 
in rainfall, streamflow, and soils (Andosols and Histosols) between May 2011 and May 2013. 
The experimental design for the collection of isotopic information is shown in Figure 1. 

 
Figure 1.  Zhurucay River experimental catchment location, and isotopic monitoring for: 

Streamflow (M), Precipitation (P), Andosols (A), and Histosols (H). 

3. RESULTS 

Figure 2 depicts that rainfall intensity in general is low and that there are relatively few 
consecutive dry days in the Zhurucay basin. Precipitation occurs along the year, showing 
relatively little seasonality, although lower precipitation was evidenced between August and 
October. Runoff is sustained throughout the year, and despite the low intensity of the rainfall, 
discharge exhibits a rapid response to precipitation inputs. The relatively high responsiveness 
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of Andean páramo catchments has been attributed to high antecedent soil moisture conditions 
[2-5]. 

Figures 3 and Table 1 show that the δ18O isotopic composition in stream water is attenuated 
in relation to the isotopic composition in precipitation, suggesting that rainwater does not 
directly influence runoff generation. However, the temporal variability of rainfall in 
combination to the vegetation and the high porosity of the top soil seem to influence the 
processes that dominate the hydrology of this páramo ecosystem [5]. Regarding the isotopic 
signature of the soils, it is apparent that the isotopic composition of the water in the Histosol 
soils is not influenced by the δ18O composition in precipitation; while the composition of the 
water in the Andosol soils, although attenuated and lagged in time, resembles the isotopic 
composition of precipitation (Figure 3). 

 

 

Figure 2.  Hourly rainfall-runoff relationship in the microcatchment M9 situated at the outlet 

of the basin. 

Table 1.  Summary of the δ
18

O isotopic compositions in streamflow, precipitation, soils 

(Andosol and Histosol). 

Sampling    δ
18

O (‰) 

Station n Average Max Min SD 

Streamflow 77 -10.4 -9.1 -11.7 0.6 
Precipitation 73 -9.3 -1.2 -15.5 3.1 

Andosol 76 -10.1 -6.8 -16.4 2.7 
Histosol 76 -10.8 -9.9 -11.5 0.4 

      
The coupling between the isotopic signature between the Histosols and streams suggests that 
water from these soils directly contribute to discharge throughout the year. In addition, the 
temporal variations of the isotopic composition of the Andosols at different depths (not 
shown), indicate that infiltrated rainfall tend to laterally move downslope through the top 
layer of the organic horizon of these soils in the upper and middle part of the slopes, and at 
the bottom of the slope, water tend to infiltrate vertically into the soil profile. These findings 
suggest that the Histosols near the stream at the bottom of the valley are hydrologically 
connected to the drainage network [6], while the water draining downslope along the top 
layer of the organic horizon of the Andosols plays a key role in the high regulation capacity 
of Andean páramo ecosystems, particularly during the generation of low flows (i.e., August 
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to October, Figure 1). In addition, although contributions from the mineral horizon of the 
soils, and cracks in the top bedrock seem to be important contributors to small catchments 
during low flow generation, no contributions from deep groundwater were detected.  

 

Figure 3. Isotopic signature composition in Streamflow, Precipitation, Andosol and Histosol 

soils in the Zhurucay River experimental catchment. 

4. CONCLUSIONS 

From these results, it is apparent that effective rainfall tends to infiltrate the porous organic 
horizon of the soils, recharging the water storage of the páramo soils. As a result, subsurface 
flow through their top organic layer appears to dominate the process of streamflow 
generation in the Zhurucay basin, and the contribution of pre-event water (water stored in the 
soils prior to rainstorm events) seems to be a major component of the total water yield. The 
Histosols located at the valley bottoms near the streams appear to be hydrologically 
connected to the stream network, and the gravitational potential of water stored in the 
Andosols appears to drive the high regulation capacity in this 7.53 km2 Andean páramo basin.  
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Abstract: Stable isotopes of water and electrical conductivity were used as tracers to 

investigate mixing processes and runoff contributions in a glacierized catchment in the Italian 

Alps. The combined application of the two tracers allowed us to identify snowmelt and 

glacier melt as the main sources to runoff, and to quantify their relative fractions in 

streamflow and groundwater during three years and during individual melt-induced runoff 

events. The evolution of meltwater contribution to runoff and groundwater recharge over the 

season and for runoff events during different periods was assessed. These results shed new 

light on the spatio-temporal variability of mixing processes and improved our understanding 

of the influence of meltwater on runoff generation in glacierized areas in the Alps.  

1. INTRODUCTION 

Snowmelt- and glacier melt-dominated catchments have a relevant socio-economic 

importance in mountain regions, because they represent a vital source of freshwater for 

ecosystems [1] and human consumption [2]. These environments are hydrologically complex 

due to the interaction of water originating from different parts of the catchment and under 

different forms. Therefore, understanding the relative contribution of snowmelt and glacier 

melt to runoff and groundwater recharge, as well as the mixing processes that are responsible 

of streamflow generation, is critical for a sound conceptualization of catchment functioning 

and an effective management of water resources in mountain areas. 

A power diagnostic tool for the analysis of end-members (water sources constituting runoff) 

is provided by stable isotopes of water, recently used as tracers also in high-elevation 

catchments [3; 4; 5]. Their application coupled to hydrochemical tracers (e.g., anions, cations 

or electrical conductivity, EC) is particularly effective to characterize various water sources 

and separate streamflow in different components [e.g., 6]. In this study, we used three years 

of hydrometric, water stable isotope and EC data in a glacierized catchment in the Italian 

Alps to: i) identify the main end-members to runoff and account for their spatio-temporal 

variability; ii) quantify their contribution to streamflow for individual melt-induced runoff 

events measured at two stream locations; iii) quantify the snowmelt fraction recharging 

groundwater.  

2. STUDY AREA AND METHODS 

Hydro-meteorological, hydrometric and tracer data were collected from April 2011 to 

October 2013 in the glacierized Saldur catchment, (61.7 km
2
), upper Vinschgau valley, South 

Tyrol (Eastern Italian Alps). The elevation range is 1632-3725 m a.s.l., and the mean annual 
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precipitation at 2000 m a.s.l. is roughly 1000 mm/yr. Besides continuous measurements of 

streamflow at two locations (LSG: Lower Stream Gauge, and USG: Upper Stream Gauge), 

and precipitation and temperature at two elevations, grab water samples from the main stream 

at seven locations, from five tributaries and from four springs were collected roughly monthly 

during no-rain periods (Figure 1). Additionally, roughly hourly stream samples were taken 

during eight melt-induced runoff events at the two gauge stations. Bulk precipitation was 

sampled at five locations along an altitudinal gradient and samples of snow, snowmelt (from 

lysimeters and melting snow patches) and glacier melt (from rivulets on the glacier surface 

and debris-covered ice) were taken occasionally during the summer. The isotopic 

composition of all water samples was determined by laser spectroscopy, except for samples 

taken hourly which were analyzed by a mass spectrometry (after carrying out comparisons 

tests between the two devices). EC was measured in the field by a portable probe. 

Using tracer data, we computed the relative contributions of pre-event water (assumed to be a 

mixture of groundwater and soil water) and event water (meltwater) for the individual runoff 

events, as well as the contribution of snowmelt to groundwater recharge, by employing the 

traditional one tracer, two-component hydrograph separation technique [7]. Moreover, by 

integrating isotopic and EC data we quantified snowmelt and glacier melt fractions from 

groundwater fractions in streamflow, by means of a two-tracer, three-component hydrograph 

separation [8]. 

We also derived data on snow-covered area in the Saldur catchment from the daily composite 

of moderate resolution imaging spectroradiometer (MODIS) products.  

 
Figure 1. Map of the Saldur catchment with position of the rainfall collectors, stream gauges 

and weather stations (panel a); zoom in showing the sampling locations for isotopic and EC 

analysis (panel b). RF: rainfall collector. S: sampling locations on the main stream. T: 

sampling locations on tributaries. M: weather stations.  
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3. RESULTS 

We found a significant variability in isotopic composition and EC concentration of all 

sampled waters that, overall, ranged in δ
2
H between -26.1‰ and -202.0‰, and between 1.2 

and 461.0 µS/cm. This wide range suggests a highly complex hydrochemical signature of 

water in the Saldur catchment. The combined signature offered by the two tracers provided a 

clear distinction between input sources to the catchment, allowing us to identify snowmelt 

and glacier melt as the main end-members for runoff at the seasonal scale, with a secondary 

role played by rainfall (Figure 2). The importance of these two end-members was quantified 

at the melt-runoff event scale: very low snowmelt contributions (0%−5%) were found at both 

gauge stations in July and August 2012, and conversely relatively high glacier melt 

contributions (53%−76%) were computed. In contrast, runoff events in 2013 indicated 

relatively constant snowmelt fractions in streamflow during the summer (20%−33%) but 

lower glacier melt contributions than during the previous year (16%−27%). Runoff events in 

June differed only slightly in snowmelt contributions but glacier melt contributions were 

lower in 2013 than in 2012 at both locations. Particularly, each runoff event showed daily 

variations in streamflow, water temperature, EC and isotopic composition controlled by 

diurnal fluctuations of solar radiation, occasional rainfall events and the amount of remaining 

snowpack available for melt. The inter-annual and intra-annual variability of snowmelt and 

glacier melt was mainly determined by differences in snow cover in the catchment. 

 

Figure 2. Mixing diagram between δ2
H and deuterium excess (d-excess, computed as in [9]) 

of all average values of samples collected in the Saldur catchment. The error bars represent 

half of the standard deviation. The δ2
H and deuterium excess composition of rainwater 

samples was volume-weighted whereas the snow, snowmelt and glacier melt composition was 

not. The snowpack data were excluded because snow is not a direct hydrological input. 
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At the monthly scale, our data showed that stream water had relatively more negative isotopic 

values in June, was isotopically heavier and characterized by a large variability in July and 

slowly increased towards more positive values in August, September and October. EC 

showed a different pattern, with low values in June, July and August and remarkably higher 

values in September and October. This very likely indicates a major contribution of snowmelt 

in June, a mixed contribution of snowmelt and glacier melt in July, a major contribution of 

glacier melt in August and a decreasing contribution of meltwater in September and October.  

4. CONCLUSIONS 

In summary, the present research used a combined tracer approach to identify the main end-

members to runoff in the glacierized Saldur catchment, quantifying their contributions and 

providing new insights in the spatial and temporal dynamics of mixing processes at the 

seasonal scale and during melt-induced runoff events. These results are relevant because such 

information were still missing in glacierized areas of South-Tyrol and are still very limited 

for the entire Southern Alps. Further isotope- and tracer-based studies will be conducted in 

the Saldur catchment and in other glacierized areas in South Tyrol with the aim of better 

understanding the controls on the hydrochemical signature of surface and subsurface waters, 

and their link to the main catchment-scale hydrological processes.  
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Abstract: Evaporation and water balance studies using stable water isotopes have been 
conducted for over 20 years at two sites situated along a steep climate gradient in the 
continental Arctic of Canada. At a sub-arctic site near Yellowknife, studies have been carried 
out in a headwater lake and nearby stream, Baker Creek, draining a chain-of-lakes watershed 
of 137 km

2
 containing 370 lakes. At Salmita, a low arctic site, two tailings ponds and a chain 

of 3 natural downstream lakes have also been monitored for a concurrent period. The studies 
included biweekly to monthly measurement of oxygen-18 and deuterium in lakes, streams, 
precipitation, evaporation pans and index lakes/reservoirs during the open-water period, 
collection of meteorological data required to estimate evaporation by the Penman method, 
and streamflow gauging.  A steady-state isotope mass balance method has been applied to 
characterize the water balance of various lakes and watersheds at the remote sites (Gibson 
and Reid, 2010; in press).  Regional isotopic surveys of lakes have also been conducted to 
examine spatial patterns in water balance between the two sites (Gibson and Edwards 2002). 

Overall, the method is shown to provide a useful perspective of hydrological processes 
including vapour losses and propagation of water along the chain-of-lakes drainages. Several 
diagnostic indicators are used to describe the hydrologic systems and their evolution 
including evaporation/inflow, evaporation/evapotranspiration, and land-surface-
runoff/precipitation. Lake evaporation is found to be a significant component of the water 
balance at both sites. At the subarctic site, evaporation/inflow ranges from 86 to 200% of 
inflow for a headwater lake, and 35 to 100% of inflow for the Baker Creek watershed. At the 
arctic site, evaporation accounts for between 26 and 32% of inflow to natural lakes and 
between 72 and 100% of inflow to mine-tailings ponds. Interannually, 
evaporation/transpiration was found to vary between 63 and 140% at the subarctic site and 
between 7% and 22% at the arctic site. Runoff ratios were found to vary between 3 and 39% 
for the subarctic site and 14 to 47% for the tundra site, with connectivity being highly 
variable among chain lakes at the former site and fairly constant at the latter site. In fact, 
convergence and divergence of isotopic enrichment in the (near-terminal) headwater lake and 
Baker Creek is used as a quantitative indicator of effective drainage area of the subarctic 
watershed, which was found to vary from about 27% to 88% of the topographical drainage 
area.  

Results of this 20-year study offer a significant contribution to understanding of water 
balance conditions in the region, including factors important for tailings pond management.  
While isotope mass balance was effectively applied to characterize the interannual variability 
in the major water cycle fluxes we note that it was not very effective at directly capturing the 
role of storage of water on land and in lakes. An obvious improvement to the approach 
would be to incorporate lake level and active layer monitoring (of both water level and 
isotopic composition) as demonstrated in previous isotope mass balance studies (e.g. Gibson 
et al., 1996), although this was not possible due to limited time during infrequent visits to the 
site, particularly during the 1990s when funding for the study was limited.  

These studies also demonstrate the capability of isotope-based methods for characterizing the 
water balance of lakes, and illustrate some of the advantages of using the approach to 
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develop a long-term perspective on water budget without extensive instrumentation. This is 
especially valuable for hydrologic observation programs in ungauged or poorly instrumented 
regions. It is important to note that concurrent physical monitoring is recommended where 
possible to ground-truth isotope-based methods or potentially to calibrate or refine the 
approach for operational use.  Ideally, physical gauging should be used periodically to verify 
the isotope mass balance fluxes, as was done for several years at Salmita site. Overall, this 
study demonstrates a feasible methodology for application of isotope-mass balance to multi-
lake systems as a contribution to the hydrological toolkit, and puts into practice some of the 
important coupled evaporative reservoir concepts posited by pioneers such as Gat and 
Bowser (1991). It is important also to note that isotope mass balance methods have 
limitations, as they are dependent on representativeness of sampling, and assumptions 
regarding mixing and isotopic and hydrologic steady-state. Nevertheless, in terms of research 
impact, some of the most productive future applications may be in defining hydrologic 
drivers of lake-ecosystem processes and biogeochemistry in studies of regional lake 
organization.  For chain-of-lakes applications, this study underlines the importance of 
accounting for evaporatively-enriched upstream sources to avoid overestimation of 
evaporation losses.   
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Abstract: Environmental and anthropogenic land-use changes at basin-scales have 
dramatically altered the dynamics of the world’s largest rivers and have impacted water 
distribution as well as quality. Especially, large impoundments, artificial water extractions as 
well as returns may have profound effects on the water balance of a watershed.  

The IAEA Global Network of Isotopes in Rivers (GNIR) has been established a decade ago 
and aims to fill the informational data gaps between rainfall and river discharge. 
Functionally, GNIR is the coherent extension of the IAEA Global Network for Isotopes in 
Precipitation (GNIP). Whereas the GNIP has been surveying the stable hydrogen and oxygen 
isotopes, and tritium composition in precipitation, the objective of GNIR is to accumulate and 
disseminate both time-series as well as synoptic collections of riverine isotope data. With the 
widespread adoption of laser absorption spectroscopy for water isotope analysis, the method 
can be used for onsite isotope analysis and also provides a higher spatial and temporal 
resolution. There is therefore growing potential for an improved integration and application 
of isotope methods for tracing hydrological processes of the worlds’ rivers and the 
observation as well as interpretation of long-term climatic and human impacts on rivers. 

The GNIR contains about 750 stations in 41 countries, covering all continents. The data base 
comprises rivers of all length and size including lakes and reservoirs within the course of 
main rivers. Here, we present a preliminary evaluation of the current GNIR data holdings for 
about 250 river catchments, which have long-term records. Stable water isotope data from 
rivers were analyzed at a global scale and GNIR and GNIP data were directly compared. 
Moreover, a regionalized, cluster-based precipitation isotope model (RCWIP) was used to 
compare measured and predicted isotope compositions of riverine sub-catchments.  

The model predicted isotope composition of rivers correlates well with measured river 
isotope composition, however, some river stations strongly deviate. Those GNIR stations that 
have higher δ18O values than predicted are located in arid regions that experience intense 
evaporation processes. River catchments, which are having important contributions from 
glacier-meltwater or permafrost have more negative δ18O values than modelled. This method 
may therefore be applied to identify hydrological processes and can be also adjusted to most 
catchments, depending on the catchment size. Our analysis suggests further that the long-term 
GNIR river stations can be clustered as a function of their seasonal variation in stable isotope 
composition. There are periodic phases, which reflect the seasonal run-off (isotopic) patterns 
dependent on river catchment latitude and snow or glacier meltwater-contributions. The 
results underline therefore the importance of direct precipitation and run-off to the river 
discharge. This is furthermore confirmed by the strong co- variation of the timing of isotopic 
minima and maxima of precipitation as well as river water on a global scale.  
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Abstract: Rainfall in the Bay of Bengal (BoB) realm shows trend of depletion in the stable 

isotopic composition (δ
18

O and δD, hereafter referred as δ only) at late Indian Summer 

Monsoon(ISM) (Sep-Oct) period (Breitenbach et al., 2010; IAEA, 2006, unpublished data 

from the author). Changes in the vapor source δ value due to fresh water input can influence 

the rainfall δ value. The effect of fresh water contribution from Ganges and Brahmaputra 

rivers to BoB vapor δ value reaches its peak at late ISM as river run-off is maximum at this 

time (Sarkar and Sengupta, 2006). In order to estimate the contribution of water from 

different sources several stations have been set up along the course of the Ganges. River 

water samples has been collected from different reaches of Ganges starting from snout of 

glacier (Gomukh) to Bay of Bengal. The 18O value of river shows enrichment downstream as 

more tributaries and other sources of water are adding to the main stream. The  δ
18

O values of 

river and rain water data from two stations; Kanpur and Kolkata have been presented. Three 

years δ
18

O values of river water from two stations show different relationships with rainfall. 

In Kanpur, the variation in both river and rainfall δ
18

O values are similar in monsoon months 

(Jun-Sep), whereas different trend was observed in dry period (Jan-May). However, in 

Kolkata the variations of δ
18

O values in river water follow the trend of δ
18

O values of 

rainwater throughout the year. Difference in rainfall amount in the two regions is believed to 

impart such dissimilarity. Kolkata receives around 1500 mm of rainfall, whereas Kanpur 

receives around 1000 mm rainfall annually. Additionally, tributaries which join the Ganges 

after Kanpur contributes significant amount of water as they flow through the areas which are 

characterized by high rainfall. It could be mentioned that although δ
18

O values river water in 

Kolkata follow that same trend as that of rainfall, but the river water is about 1‰ more 

enriched compared to rain water. This could be due to the evaporation effect in surface runoff 

or contribution from groundwater which is relatively enriched. Linear regression analyses 

show river and rainfall δ
18

O values are well correlated (R=0.4-0.6, p<0.01). Comprehension 

of the relationship between river and rainwater through this work would be beneficial to 

understand the role of river water on the rainfall δ
 
values. 
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Abstract: Groundwater dependence of 67 sub-polar kettle lakes and ponds located on an 

esker aquifer area in northern Finland was studied using 
2
H- and 

18
O based isotope mass 

balance approach. The total inflows (ITOT) and mean turnover times of water (MTT) were 

calculated for all the lakes. Furthermore, groundwater seepage rates (IGW) to each lake were 

determined and a quantitative measure for the dependence of a lake on groundwater (G 

index) was introduced. Most of the studied lakes revealed high G index values, pointing to an 

important role of groundwater seepage for the water balance of the studied lakes. 

1. INTRODUCTION 

The heavy isotopes of hydrogen and oxygen in water (
2
H and 

18
O) constitute a well-

established, practical tool to determine water balances of lakes and surface water bodies [1-

4]. They have been used also in cold climates to study water balances of lakes but these 

studies were generally focused on lakes spread over large areas [5-8]. The main focus of the 

presented study was the quantification of groundwater dependence of 67 kettle lakes and 

ponds situated across a relatively small area (90 km
2
) of the Rokua esker aquifer in northern 

Finland. Former studies in this area have shown that subsurface flow can transport phosphate 

to the studied lakes [9]. Therefore, it was of importance to quantify groundwater seepage 

rates to those lakes in order to better understand the ongoing eutrophication process. 

2. METHODS 

During 2010-2012, 11 lakes, 13 piezometers and 11 streams located on the Rokua esker were 

sampled four times per year to determine 
2
H and 

18
O isotope signatures of water and their 

seasonal variations. Water samples were also collected from 67 lakes and ponds in the study 

area during July and August 2013. During this large-scale survey water samples (1 to 4 

sampling locations per lake) were collected approximately one meter below the water surface 

and one meter above the bottom of the lake. If the depth of the lake was more than 20 m, a 

sample from the middle depth was also taken. To quantify isotopic composition of local 

precipitation, monthly composite precipitation samples were collected during the open water 

seasons of 2010-2013 and snow samples were collected once in a winter by taking a uniform 

sample of the whole snowpack. δ
18

O and δ
2
H values were measured in the collected water 

samples using Picarro L2120-i isotope analyzer with the precision of ±0.1 ‰ and ±1.0 ‰, 

respectively. 

Depths of the studied lakes were profiled with a portable depth-sounding radar (resolution 0.1 

m) or with a measuring cable and GPS system. The depth profiling data, together with lake 
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bottom morphology and water surface levels were used in ArcGIS environment to obtain lake 

volumes. 

Continuous measurements of lake surface water temperatures during the ice-free period in 

2013 were performed using Hobo loggers (accuracy 0.1 °C) for two lakes on the esker: 

Ahveroinen (3.3 ha) and Saarinen (15.3 ha). In addition, the surface water temperature for 

lake Oulujärvi (92800 ha) located 1 km east of the easternmost lake studied was obtained 

from the database of the Finnish Environmental Institute. Thermal imaging of the lakes was 

carried out by helicopter on 5 August 2013 using a Flir Thermacam P-60 thermal camera 

with 320 x 240 pixel sensor resolution and an opening of 24 °.  

The evaporation fluxes for the ice-free period of 2013 were calculated individually for each 

studied lake using the mass transfer approach [10]. The daily mean values of the parameters 

involved (wind speed, air temperature, vapor pressure) were obtained from the Pelso weather 

station of the Finnish Meteorological Institute located 10 km south-west of the study site. 

Meteorological data needed for isotope mass balance calculations were also obtained from 

this station.  

The following approximate expression derived from steady-state isotope and mass balance 

equations describing the isotope enrichment of an evaporating surface water body [3] was 

used to calculate the total inflow-to-evaporation ratio for each studied lake: 

∆� = ��� − ��� ≅
�
 − ��� + �/ℎ�

1 +
����
�

1 − ℎ�
ℎ�

 

where ∆δ is evaporative enrichment, ITOT is total inflow to the lake, E is evaporation rate, hN 

is relative humidity over the lake normalised to the temperature of the lake surface, δA is 

isotopic composition of atmospheric moisture over the lake (‰), δLS is the steady-state 

isotopic composition of the lake (‰), δIT is isotopic composition of the total inflow to the lake 

(‰), ε is the total effective isotope fractionation  (ε*+ ∆ε)  where ε* is equilibrium isotope 

enrichment (1–1/αL/V)⋅10
3
 (αL/V stands for equilibrium isotope fractionation between liquid 

and gaseous phase) (‰), ∆ε is kinetic isotope enrichment (∆
18
ε = Ck

18
(1 – hN); ∆

2
ε = Ck

2
(1 – 

hN)) where Ck
18

 and Ck
2
 stand for kinetic enrichment parameters.  

Isotopic composition of atmospheric moisture (δA) was calculated assuming isotopic 

equilibrium between local precipitation and atmospheric water vapor at ground level 

temperature. The Itot/E ratios were calculated individually for each of the studied lakes using 

iterative procedure. For the lakes revealing no visible surface inflow, δIT values were first 

assumed to be equal the weighted annual mean δ value of local precipitation (δP). Next, the 

calculation was repeated individually for each lake estimating δIT as a weighted mean of δP 

and δGW (mean isotopic composition of local groundwater) using precipitation amount and 

groundwater seepage rates obtained in the previous step as weighing factors. The procedure 

was repeated until the Itot/E ratios for two subsequent iteration steps differed less than the 

prescribed limit. For the lakes with visible surface inflow, δIT was calculated as a weighted 

mean of the corresponding isotope signatures of local precipitation, groundwater and surface 

water inflow from an upstream lake. Here, the total outflow from an upstream lake was 

determined as ITOT-E and it was assumed that 25 % of this flow generates surface water 

inflow of a downstream lake. The calculations were run independently for δ
18

O and δ
2
H data. 
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3. RESULTS 

The seasonal patterns of water temperature in the monitored lakes were very similar, despite 

considerable differences in their size. Thermal images also yielded comparable surface water 

temperatures of the lakes (mean 21.3 °C ± 0.87 °C). Thus, the surface water temperature of 

lake Ahveroinen (mean 19.10 °C for the period 1 June 2013 - 31 August 2013) was further 

used in the balance calculations.  

The local meteoric water line of Rokua (LMWL, δ
2
H = 7.77 δ

18
O + 9.55) was constructed 

using precipitation samples collected during 2010-2013. The local evaporation line (LEL, 

δ
2
H = 5.09 δ

18
O – 28.19) was defined using lake water samples collected in 2013. The 

intercept of the LMWL and LEL lines yields the estimate of the weighted annual mean δ 

values of local precipitation (–14.1 ‰ and –100 ‰). The isotopic composition of the studied 

lakes revealed seasonal variations, with low δ values during ice-cover period and gradual 

enrichment during summer months, approaching steady-state values during late summer and 

early autumn. The isotopic composition of 67 studied lakes covers a wide range of δ
18

O and 

δ
2
H values: from –5.6 ‰ to –12.7 ‰ and from –57 ‰ to –93 ‰, respectively. The mean 

δ
18

O and δ
2
H values of groundwater in the Rokua esker aquifer are –13.1 ‰ and –95 ‰, 

respectively. 

Parameters characterizing water balance of the studied lakes are summarized in Table 1. They 

were derived independently for 
2
H and 

18
O isotope data. Consistent results were obtained 

using both isotopes. Table 1 contains the mean values of the derived parameters. 

Table 1. Parameters of water balance of 67 lakes and ponds located on the Rokua esker, 

northern Finland, obtained from isotope mass balance calculations for the ice-free period of 

2013. 

Parameter Range 

1. Mean turnover time of water 0.3 month – 5.2 years 

2. Ratio of the total inflow to evaporation 2 - 32 

3. Groundwater seepage 13 m
3
 day

-1 
- 1.3×10

4
 m

3
 day

-1
 

4. G index* 39 % - 98 % 

* the percentage of groundwater seepage in the total inflow to the given lake 

It is apparent from Table 1 that the studied lakes represent a wide range of water balance 

situations: from evaporation-dominated systems characterized by significant isotope 

enrichment of lake water with respect to the isotopic signature of the total inflow, to typical 

through-flow lakes with small isotope enrichment. Essentially all studied lakes revealed 

significant dependence on groundwater; the G-index defined as the percentage of 

groundwater seepage in the total inflow to the given lake, varied from 39 to 98 %.  

The specific behaviour of lakes located in sub-polar regions, with their seasonal ice cover 

extending over several months, offers another opportunity for quantifying groundwater 

seepage during ice-cover periods. The data for 11 lakes surveyed during 2010-2012 revealed 

systematic decline of the heavy isotope content of lake water during ice-cover period. This 

decline was further used to calculate groundwater seepage rates which turned out to be ca. 2 

times lower than those calculated from isotope mass balance equations for the ice-free period, 

pointing to significant seasonal variations of this component of water balance of the studied 

lakes. 
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4. CONCLUSIONS 

This study demonstrates the power of the isotope mass balance approach for quantification of 

groundwater seepages to lakes located across a relatively small area. It appears that even a 

single survey of lake water isotopic composition performed at right time of a year, 

supplemented by appropriate field measurements, can lead to quantitative estimates of the 

water balance of a group of lakes situated in similar climatic setting. The G index proposed in 

this study and defined as a percentage contribution of groundwater inflow to the total inflow 

of water, is a straightforward, quantitative measure of groundwater dependency of lakes.  
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Abstract: The magnitude of nitrogen (N) transport in stormwater runoff from urban 

systems is not known. We present case studies of N dynamics in urban stormwater runoff 

from residential neighborhoods located in Florida where most runoff is generated by excess 

rainfall during the wet season.  The outlet pipes draining the residential neighborhoods in 

Florida were instrumented with ISCO samplers, flow meters, and rain gauges. Stormwater 

runoff samples were collected following variable storm duration and frequencies during the 

wet season (June to September) that receives 60-70% of 125 cm of annual rainfall. Mean 

concentration of total N in stormwater runoff waters ranged from 1 to 3 mg L-1; of which, 

nitrate-N was <25% and organic N was >60% in most storm events; suggesting different 

processes controlling N release and transport during variable storm events. Stormwater 

samples were analyzed for N and oxygen (O) isotopes in nitrate along with hydrogen (H) 

and O in water to understand the sources of N and water. This presentation will discuss our 

ongoing research aimed at better understanding the sources, processes, and unraveling the 

unknowns and uncertainty of N transport from urban systems. 
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Abstract:  
Uranium and its isotopic ratio (234U/238U) were analysed in a large number of water samples 
collected from the drinking water distribution system (DWDS), rivers, shallow aquifers and 
drainage water from the former uranium mining and milling sites of Mailuu Suu 
(Kyrgyzstan). The U content in the samples taken from the DWDS were low, with values 
below 0.4 µg/L. Water from river water and the artesian and dug wells were characterized by 
elevated levels of U up to 10 µg/L. Drainage water from the mine tailings was as expected 
highly contaminated with Uranium (U). Uranium is present in all samples as a naturally 
occurring radionuclide. However, because contamination levels outside the mine tailings 
were low, it can be difficult to distinguish zones that were contaminated by past releases from 
the mine tailings. A large variation in 234U/238U isotopic ratios in water was nonetheless 
observed, with values near equilibrium at the mine tailings (ratio = 1) and far from 
equilibrium outside this area (ratio > 1). This means that if a mine tailing and/or an old mine 
releases were the source of the U contamination, the ratio 234U/238U would be expected to be 
close to 1. The 234U/238U ratio is then used to distinguish between natural systems and 
affected areas. This result highlights the potential use of this ratio as an indicator of the origin 
of a U contamination in Mailuu Suu.  
 
1. INTRODUCTION 

Uranium ore mining activities in Mailuu Suu started in 1946 and lasted until 1968. Large 
volumes of residues from the ore mining and processing were produced and disposed in 
near-surface impoundments in the vicinity of the mines and mills, disregarding their 
potential environmental and human impacts. A typical problem arising from these tailings is 
the leaching of contaminants into surface and groundwater [1]. The environmental and health 
risks are enhanced by their location near or in the river banks of the Mailuu Suu river and its 
tributaries, which are the major sources of irrigation water in the region and of drinking 
water in some areas [1]. In order to locate potential sources of contaminants within the 
DWDS, samples were collected from the water intake plant and at different points in the 
distribution network. Other sources of drinking water such as surface and ground waters 
were also investigated. Seepage and drainage waters from the tailings were sampled in order 
to verify the success of some previously undertaken remediation measures. 
 
2. METHODS 

The determination of the uranium content and its isotopic ratio was conducted at SPIEZ 
LABORATORY using a double focusing sector field Inductively Coupled Plasma Mass 
Spectrometry (sf-ICP-MS, Element2, Finnigan). For this analysis, the samples were acidified 
to 2% with nitric acid and the tracer Indium was added as internal standard. 
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3. RESULTS AND CONCLUSIONS 

• The highest U concentrations of 159 and 6820 µg/L were measured as expected in 
drainage water from the mine tailings. U isotopes were in their natural radioactive 
equilibrium (activity ratios of 234U/238U = 1, and 235U/238U = 0.047, Fig. 1). 

• Elevated concentrations of U of 3 to 10 µg/L were observed in four groundwater samples. 
An excess of 234U was observed in all the samples.  

• The U content in the samples taken from the DWDS varied in a narrow range from 0.27 
to 0.34 µg/L. An excess of 234U was observed in all the samples. 

• Upstream of the former mining areas and the tailings (No. 21), the U content does not 
differ much from the DWDS. Downstream of the mine tailings, U concentrations in the 
river water were a magnitude higher with values up to 4.2 µg/L. An excess of 234U was 
observed in all the samples, except in one river sample (No. 52). 

 
Figure 1. a) 

234
U/

238
U isotopic ratio in water versus the 

235
U/

238
U isotopic ratio in water, normalized 

by the factor 1/0.047 (
235

U/
238

U isotopic ratio in nature = 0.047). b) 
234

U/
238

U isotopic ratio in water 
versus the total uranium concentrations. 

 

The large variation in the 234U/238U ratios in groundwater and in water from the DWDS 
suggest that a major part of the fractionated U mostly came from weathered rocks, soils and 
aquifers, and not from the tailings where U isotopes are in equilibrium (234U/238U = 1) [2]. An 
increasing trend of the U concentration in river water, accompanied by a decrease in the 
234U/238U, along the flow direction is observed. This trend may be explained by the input of U 
from the tailings and potentially from U-bearing rocks (Fig. 1b).   

The 234U/238U activity ratio reflected radioactive equilibrium conditions in drainage water 
from the tailings, but far from equilibrium outside this area (reaching 2.3 in an artesian well). 
This result highlights the potential use of the uranium isotopic ratios in water as an indicator 
of the origin of a U contamination in Mailuu Suu. 
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Abstract: As conservative tracers, stable isotope ratio of oxygen and hydrogen have proved 

to be the most valuable tools in hydrological studies (Maule et al, 1994, Clark and Fritz, 

1997, Kendall et al, 1998, Murad and Krishnamurthy, 2004, 2007). Application of stable 

isotope studies provide , among other things, significant information related to ground water 

recharge processes, surface water- ground water relationships and water rock interactions. 

Surface water ground water interactions are particularly attractive in mid latitude sites where 

strong seasonality exists in the isotope ratios of summer and winter precipitation. Moreover, 

the capability to measure the 
17

O/
18

O ratios fairly rapidly and accurately promises new 

insights in the area of isotope hydrology. Admittedly, such studies are still in their infancy 

(Miller, 2002, Winklera et al 2013). We have carried out triple isotope studies (δ
18

O, δ
17

O 

and δD) on six ground water locations in Kalamazoo, South West Michigan.  Five of the 

wells are located on the campus of the Western Michigan University and routinely used for 

research purposes while the sixth one is a domestic well that also serves as a drinking water 

source. Both the sites are in an urban setting. A feature of this study is that samples were 

collected at high frequency, every 3-4 days that began when there was still snow on the 

ground and continued through the snow melting in spring and summer when the precipitation 

was in the form of thunderstorms and rain. Earlier, Machavram and Krishnamurthy had 

shown that the isotopic ratios of summer and winter precipitations are very distinct in the 

study area and that the Local Meteoric Water Line is very close to the Global Meteoric Water 

Line (Machavaram, and Krishnamurthy, 1994, 1995, Craig, 1961).  They reported the 

following values based on a three year study: 

Mean summer and winter isotopic values of -30.4 and -100 ‰ δD and -5.73 and -15.46 ‰ for 

and δ
18

O, respectively. The Local Meteoric Water Line was found to be: δD = 7.5 δ
18

O 

+ 14.6. Given this distinct δ values, it is conceivable that one should be able to monitor the 

response of ground water isotopic ratios to the input isotopic pulses depending of course on 

the rate of recharge. The data from all the six wells reveal some interesting trends. Two of the  

campus wells which are also deeper than all the others showed immediate response to the 

input precipitation pulse where the dramatic increases in the isotope ratios are owed to 

summer rains . In comparison, the domestic well showed a “sluggish” response. As for the 

δD-δ
18

O relationship, the campus  wells with quick response fall closely on the Local 

Meteoric Water Line while the rest including the domestic well shows significant evaporation 

prior to recharge with  δD-δ
18

O slopes ranging from 2.6 to 3.9. It is likely that the soil 

properties have a major role in the recharge process than the thickness of the unsaturated 

zone. An evaporative model as well as the δ
17

Ο-δ
18

O will be discussed. 
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Abstract: More frequently, contaminants like chlorinated solvents or hydrocarbons are 

detected in water receptors and supplies, particularly at the vicinity of urban or industrial 

areas, so becoming a major issue worldwide. Groundwater quality deterioration due to the 

presence of these pollutants is creating significant risks to human health, additionally 

entailing tremendous contaminated sites remediation cost. Among other limitations, a correct 

performance evaluation of a remediation treatment is a common deficiency almost for any 

implemented technologies. Furthermore, the use of additional tools rather than contaminants 

and by-products (e.g. chloride) concentration data alone are warranted. Recently, Compound-

Specific Isotope Analysis, (CSIA) has shown to be a very useful tool for characterization of 

organic contaminated sites. Although CSIA is now accepted by public authorities such as US 

EPA and has been widely used for evaluation of natural attenuation and for fingerprinting 

applications, still has the potential to be applied to a broader range of remediation 

technologies currently used by consulting companies for clean up contaminated sites. 

 

This contribution aims to review the state of the art of CSIA application for the emerging, 

rapid, low-cost and effective remediation technology of in-situ chemical oxidation (ISCO). 

The application of CSIA has the potential to provide information about (i) ISCO performance 

(ii) dynamics of oxidation and rebound processes (iii) distinguishing oxidation from 

processes that can be stimulated due to ISCO, such biodegradation, e.g. catalyzed by the 

production of sulfate from persulfate decomposition. The rationale for the use of CSIA in 

ISCO performance studies will be discussed. The approach will include a discussion on 

isotope enrichment factors obtained in laboratory studies for the most frequently detected 

pollutants, such as trichloroethene (TCE), benzene, toluene, ethylbenzene and xylene (BTEX) 

among others, for different oxidations systems: (i) persulfate (S2O8
2-

), (ii) hydrogen peroxide 

and Fenton’s reagent (H2O2, H2O2-FeII) and (iii) Permanganate (MnO4
-
). The application of 

CSIA will be illustrated discussing results from pilot scale experiments and remediation 

studies at contaminated sites. Advantages and limitations of the CSIA tool will be presented. 
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Abstract: Mining is one of the major economical engines in a significant number of 

countries in the world. Water resources are a key component for sustainable mining 

operations and are becoming a limit factor in arid countries where mining play a major role 

for economic and social development of communities and cities in these countries. Mining 

operations can have a significant environmental impact on the quality of groundwater and 

surface water, which can be detrimental for communities located downgradient of mining 

operations, which tend to be located in mountains areas, where the headwater of rivers are 

also located.  

 

Mine operations tend to produce water which is characterized by low pH and high 

concentration of metals and sulfate associated mainly to oxidation of sulfide minerals. The 

environmental impact of mining can be associated to leakage of mine tailings, leakage or 

ruptures of pipes transporting tailings from mine sites to mine tailing dam located in the 

lower part of the basin. Transport of metal concentrate solution from the mine operation to 

lower part of the basin can also be source of potential impact in water resources and 

environmental sensitive areas such as wetlands and lagoons located in the mine watershed.  

Since mines are located at high elevation in mountain areas, the groundwater and surface 

water in these areas are characterized by an isotopic composition much more depleted in 
18

O 

and 
2
H that groundwater and surface located in the middle and lower part of the basin. The 

other key process that affects water in mine tailings is evaporation, which imprint the 

remaining water in the tailing dam with a very characteristic isotope composition, which is 

much more enriched in the heavy isotopes that local groundwater. Furthermore, sulfate in 

mine tailing in general tend to be more depleted in 
34

S compared with sulfate of marine 

origin. Therefore mine tailing water are characterized by very unique isotopic composition of 

water and sulfate. This unique isotopic fingerprint is behind the rationale to apply 
18

O and 
2
H 

in water and 
34

S and 
18

O in sulfate as tools to evaluate the impact of mine tailing in water 

resources. 

 

This contribution will discussed application of environmental isotopes in mine studies in the 

mountains areas of Chile, Peru and Argentina concerning environmental impact of mine 

operation in surface water and groundwater.  
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Abstract: Stable isotope analyses of water samples (δ
18

O and δ
2
H) provide knowledge of 

the controls on solute transport as well as the timing of hydrogeologic events when used in 

conjunction with numerical transport modeling.  In the past, difficulties in collecting 

porewater samples have limited the application of δ
18

O and δ
2
H to defining transport 

mechanisms and timing of events. The recent development of vapor equilibration 

techniques for core samples coupled with laser analytical methods to determine δ
18

O and 

δ
2
H have allowed us to generate high-resolution profiles of these isotopes through both 

fine-grained (aquitards) and coarse-grained (aquifer) sediments in a cost effective manner. 

This study provides examples that highlight the value of applying high-resolution profiling 

of δ
18

O and δ
2
H in conjunction with numerical transport modeling to define groundwater 

flow, palaeohydrology, and solute transport mechanisms at the large and small scales using 

data generated at many sites across the Prairie Provinces, Canada.  

 

At the large scale (100’s of meters in thickness), 1-D numerical transport modeling of 

high-resolution δ
18

O (every meter) profiles provides insights into large-scale/long-term 

solute transport through thick Cretaceous shale in the Williston Basin, Canada. These 

studies show that despite the potential for significant advective migration during 

glaciations, molecular diffusion is the dominant solute transport mechanism through the 

shale. The dominant palaeo-event reflected in these profiles is the introduction of 

glaciogenic meteoric water into aquifers underlying the shale during the Pleistocene, likely 

along an aquifer outcrop area or through local vertical conduits. At the small scale, (less 

than10’s of meters thick sediments located near ground surface), 1-D numerical transport 

modeling conducted on high-resolution δ
18

O profiles (every 0.3 m) provide insights into 

small-scale/short-term solute transport.  These studies also show that vertical transport 

through these deposit is dominated by molecular diffusion and that the δ
18

O profiles 

developed over the Holocene. Based on δ
18

O profiles across sand layers in these units, 

transport in the sand layers is dominated by lateral advection. Both the large- and small-

scale profiles show the value of applying this cost-effective equilibration-laser method to 

generate high-resolution δ
18

O and δ
2
H profiles to a range in hydrogeologic environments. 
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Abstract: Increasing inputs of reactive nitrogen (N) to the terrestrial biosphere compromise 
global freshwater resources. However, tracking the fate and transport of this excess N is 
difficult due to the prevalence of diffuse sources and the complexity of the biological N 
cycle, which produces multiple reactive intermediate. There has therefore been a lot of 
interest in the development of isotopic indicators capable of distinguishing between nitrate 
(NO3

-) sources and identifying the occurrence of denitrification (the primary N removal 
process) [1]. Yet while NO3

- dual isotope (δ18O-NO3
- and δ15N-NO3

-) measurements have 
been used to improve process-level understanding of marine N fluxes [2], this type of 
application is limited in terrestrial systems by complex source mixing and hydrology, 
combined with potentially rapid biological N turnover.  

Recent advances in high-precision, high-throughput methods for measuring the isotopic 
composition of ammonium (δ15N-NH4

+)[3, 4], nitrite (δ15N-NO2
- and δ18O-NO2

-)[5], and 
dissolved organic N (δ15N-DON)[6] present a new avenue to overcome these limitations. 
Based on the knowledge that changes in the relative isotopic composition of the different 
reactive N species can be used to distinguish attenuating processes from internal cycling, and 
to better identify inflowing sources, we have been exploring how the strategic combination of 
measurements of multiple N isotope species can be used to create isotope-based mass flux 
assessments (‘N isofluxes’). Here we present examples of using such a multi-(N)isotope to 
increase the precision of N budget calculations within industrial, agricultural, and forested 
catchments.  

In the anaerobic, NH4
+ contaminated, groundwater under the industrial site (Leuna, Germany) 

changes in the concentration and isotopic composition of NH4
+, NO2

-, and NO3
- were used to 

back-calculate the δ15N signature of the source and identify removal zones. This data was 
then overlain over hydrologic flux data to estimate N attenuation rates. Within the 
agricultural catchment (Ireland), NO3

- and N2O concentrations and isotopic composition were 
measured at 45 locations within farm drainage systems in order to identify how and where N 
was removed as it moved from the farms to the water. Streams in the forested catchment 
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(Harz Mountains, Germany), in contrast, had very low levels of inorganic N and a large DON 
pool. In this setting, the measurements of δ15N-DON were combined with those of trace  
NO3

-
, NH4

+, and N2O fluxes in order to constrain variations in in-situ organic matter turnover 
rates.  

These three examples provide diverse scenarios of how the information coded into the 
isotopic composition of a range of N species, even if they are present in relatively low 
concentrations, can be used to increase the certainty of catchment-scale source and sink 
estimates.  
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Abstract: Identifying and tracing point and non-point sources of nutrients to aquatic systems 

is critical to our understanding of physical and biogeochemical processes, and can provide 

important information for effective resource management and regulatory decisions. In 

contrast to carbon, nitrogen, and sulfur, phosphorus has only one stable isotope. Additionally, 

the radioactive isotopes of phosphorus have short half-lives, making this approach unsuitable 

for many environmental studies. In aquatic environments, phosphorus is most commonly 

found strongly bound to oxygen atoms, as either dissolved inorganic phosphate (PO4) or in 

dissolved organic phosphorus compounds.  Over the last decade, advances in extraction 

techniques and isotopic analysis have allowed for the analysis of the isotopic composition of 

the oxygen bound to phosphorus (denoted as δ
18

Op) in natural environmental samples across 

a range of aquatic systems including the coastal and open ocean, estuaries, lakes, rivers, and 

groundwater.  

 

Oxygen isotope analysis on various potential phosphate sources such as synthetic and organic 

fertilizers, animal waste, detergents, and septic/wastewater treatment plant effluents show 

that these sources span a wide range of isotopic compositions, and although there is 

considerable overlap between the source groups, sources may be isotopically distinct within a 

given study area. Under normal environmental conditions, the oxygen-phosphorus bonds in 

dissolved inorganic phosphate (DIP) can only be broken by enzymatic activity. Biological 

cycling of DIP may bring the phosphate oxygen into a temperature-dependent equilibrium 

with the surrounding water, overprinting any existing isotopic source signals. However, 

recent research has found δ
18

Op out of biological equilibrium with the surrounding water in a 

diverse range of freshwater and estuarine systems including the Connecticut River in 

Connecticut, San Francisco Bay, Elkhorn Slough, and the San Joaquin River in California, 

the Everglades in Florida, Lake Erie and tributaries on the US-Canada border, and the Illinois 

River in Arkansas-Oklahoma. These findings suggest that δ
18

Op may be useful for tracing 

phosphate sources in many different systems, and increasing use of this isotopic technique 

will bring new insights for both controlling anthropogenic phosphate inputs to aquatic 

systems, and understanding factors controlling biological cycling within these systems. 
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Abstract: The accumulation of nitrate in aquatic systems is a well-known and worldwide 

occurring phenomenon. Individual NO3 sources and mechanisms for its accumulation depend 

strongly on the environmental conditions during recharge, infiltration and aquifer storage. 

However, the role and contribution of atmospheric NO3 are still not well understood. Here, we 

used the novel triple isotope method to trace the origin and fate of airborne nitrate in three 

different aquatic systems: (i) Saharan paleo-aquifer, (ii) Mediterranean coastal lagoon, and 

(iii) Alpine karst aquifer. The oxygen isotope anomaly (∆
17

O) of atmospheric NO3 is caused 

by mass independent oxygen isotope fractionation via photochemical reactions and permits us 

to detect atmospheric NO3 in all of our studied aquatic environments. 

In the Saharan paleo-aquifer we showed by ∆
17

O values of dissolved NO3 from 0.4 to 5.0 ‰ 

that up to 20 mol% of the NO3 is originated from the atmosphere with the remaining NO3 

being due to microbial sources. ∆
17

O is preserved up to thousands of years and can be still 

used to estimate the net contribution of atmospheric NO3 to total dissolved NO3 during 

ancient recharge. Oxygen isotope anomaly in NO3 can also be used to reconstruct paleo 

recharge conditions as the atmospheric signature in NO3 retains only during fast infiltration. 

In a coastal lagoon ∆
17

O analyses were used to quantify the terrestrial and atmospheric 

contribution of NO3. δ
18

O(NO3) data  permit us to decipher between freshwater-derived NO3 

from inflowing rivers and marine NO3 produced from nitrification processes in the lagoon. 
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The ammonium sources in lagoon water are originated from decay of locally occurring 

biomass and partly from anthropogenic sources (e.g. sewage water). Since two of the three 

oxygen atoms for NO3 formation during nitrification are derived from ambient water, 

seawater influenced aquatic environments display higher δ
18

O(NO3) values in comparison to 

freshwater-derived NO3. Therefore, δ
18

O(NO3) > 8 ‰ (VSMOW) suggests NO3 to be mainly 

originated from nitrification processes within the lagoon. This is verified by a low mean ∆
17

O 

value of NO3 of about 0.65 ‰, which indicates an atmospheric nitrate contribution below 3% 

on average, and thus atmospheric NO3 can be ruled out as a main source of dissolved NO3. 

At an Alpine karst spring we employed the oxygen isotope anomaly of atmospheric NO3 to 

trace the dynamics of dissolved NO3 in spring water during aestival storm-flow events. 

Although, the NO3 concentrations were very low, a distinct ∆
17

O signal of atmospheric NO3 

could be observed during the course of the event. Our data show that a substantial portion of 

NO3 in the spring water is of atmospheric origin and does not undergo microbiological 

transformation during the transport in the karst system. Thus ∆
17

O of NO3 can be used to 

understand runoff-generation, infiltration processes in the catchment and transport phenomena 

in karst aquifers.  

Our case studies demonstrate that the use of triple oxygen isotopes can fundamentally help to 

understand the origin and fate of NO3 in paleo-aquifers, lagoon environments, and karst 

aquifers. ∆
17

O data of NO3 are also useful to reconstruct paleo recharge conditions. 
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Abstract: This study was carried out to assess the groundwater nitrate pollution pressure in 

the Kinshasa region, capital of the D R Congo, characterized by high demographic pressure 

and poorly developed basic infrastructure, in terms of land use planning and sanitation 

systems. Hydrochemical analyses were conducted on different water stations (boreholes, 

wells and springs) to determine the current state of groundwater nitrate level. Results show a 

large spatial variability of groundwater nitrate concentrations, with high values, exceeding 

the WHO limit for drinking water, registered in urban and peripheral areas. Isotope 

techniques based on nitrate isotopes and boron isotope were used to identify the sources of 

nitrate and to assess the contribution of urban and agriculture to nitrogen cycle into the 

groundwater system. The study explores the advantages of combining hydrochemical and 

isotope techniques on nitrate sources discrimination to support the groundwater quality 

management and the land use planning. 
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Abstract: While nitrogen and oxygen isotopes in nitrate are widely applied to differentiate 

potential sources of nitrate in groundwater such as precipitation, chemical fertilizers and 

manure or sewage water, without any additional tracers the source distinction of nitrate from 

manure or sewage water is still difficult. Even the application of boron isotopes can in some 

cases not avoid ambiguous interpretation. However, based on local conditions and the focus 

of water protection measures this differentiation can be of particular importance.   

Therefore the Environment Agency Austria developed a new multi parametrical indicator test 

to allow the identification and quantification of pollution by domestic sewage water. The test 

analyses 8 substances well known to occur in sewage water: acesulfame and sucralose, 

benzotriazole and tolyltriazole, metoprolol, sotalol, carbamazepine and the metabolite 10,11-

Dihydro-10,11-dihydroxy-carbamazepine. These substances are polar and degradation in the 

aquatic system by microbiological processes is not documented. These 8 substances do not 

occur naturally which make them ideal tracers. The test is able to unveil about 0.1 % of 

wastewater in the analyzed water sample. 

In two Austrian regions characterized by intensive agricultural activities (Marchfeld and 

Wulkatal) ground- and surface waters with a different range of nitrate concentrations have 

been analyzed for nitrogen and oxygen isotopes in nitrate to identify the nitrate source. To 

further differentiate between manure and sewage water the newly developed multi 

parametrical indicator test was successfully applied. 

In the Marchfeld region, some of the selected groundwater wells show a sewage influence of 

up to 1-3 %. In the Wulkatal area, the Wulka River itself is strongly impacted by sewage 

(about 25%), while the investigated groundwater show negligible impacts of municipal 

sewage.  

In summary, the results allow a reasonable quantification of nitrate sources from different 

types of fertilizers as well as sewage water contributions close to villages and in wells 

recharged by bank filtration. 
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Abstract: Several anomalies like high saline content and high concentration of nitrogen 

species and sulfate are observed in the unconfined alluvial coastal aquifer of the Ferrara 

Province, Italy. The integrated use of hydrogeologic, geochemical and isotopic approaches 

has been adopted for fingerprinting NH4
+
, NO3

-
 and SO4

2-
 sources and processes that affect 

these compounds in groundwater, in the Ferrara coastal aquifer.  

 

The aquifer is mainly located within the littoral sands and shallow marine wedge deposits. 

The aquifer thickness ranges between 2 and 24 m, whereas the average thickness is 15–20 m. 

The study area, recently reclaimed, is characterized by a flat topography mainly below the sea 

level, with an altitude ranging from -11 to 5 m above sea level (m a.s.l.). A drainage system 

maintains the lowland dry, discharging water towards the sea and causing a vertical hydraulic 

gradient. The floodplain is impacted by intensive agriculture, groundwater salinization and 

land subsidence. Water is mainly used for irrigation purposes and it is derived by gravity 

from the Po River and distributed by an extended hydrological network. 

 

Water isotopes data show the mixing between freshwater and saltwater, confirming that the 

hyper salinity detected in the unconfined aquifer’s deep part (ADP) derives from evaporated 

palaeo-seawater and not from modern seawater intrusion. According to the dominant 

reducing environment and to the groundwater concentration profiles, the most abundant form 

of N is NH4
+
. The highest NH4

+
 concentrations (up to 80 mgL

-1
), which increase with depth, 

have been detected in the ADP. NO3
-
 is present at low concentrations in the aquifer’s shallow 

part (ASP). An NH4
+ 

natural source is identified within the organic-rich fine sediments. An 

anthropogenic input of NH4
+
 is related to fertilizer leaching. Redox conditions lead to 

nitrification in the shallow part of the aquifer. The upward migration of NH4
+
 is promoted by 

a vertical hydraulic gradient, so that the oxidised groundwater supports the partial 

nitrification of the NH4
+
 source. Fertilizer and manure application represent the 

anthropogenic NO3
-
 input at the study site. The direct correlation between δ

15
N and δ

18
O-

NO3
-
, in the ASP, agrees with the occurrence of heterotrophic denitrification. Water table 

fluctuation and recharge regulate SO4
2-

 concentration (up to 2000 mgL
-1

). Stable isotopes 

data on SO4
2-

 show pyrite oxidation in the ASP while SO4
2-

 reduction take place in the ADP. 
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Moreover, pyrite oxidation enhances denitrification. Stable isotopes coupled with high 

resolution multilevel sampling, represent a powerful approach that can provide unique 

insights into nitrogen and sulfur cycle in groundwater studies especially to untangle multiple 

processes co-occurring within a coastal aquifer. 
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Abstract: Increasing concentrations of biologically available nitrogen and phosphorus are 

well known to play a key role in determining the ecological status of aquatic systems. This 

nutrient enrichment of rivers is a global concern with many freshwater ecosystems 

experiencing a constant increase in nitrogen and phosphorus surplus. Anthropogenic 

development has dramatically increased these nutrient loads to river systems. In catchments 

with largely agricultural land use, diffuse sources usually dominate nutrient inputs to streams 

and groundwater, while in non-agricultural zones point sources such as waste water and 

sewerage treatment works (WWTWs) are important sources  

In Europe and North America there have been a series of policies and accompanying 

regulations which have focused on reducing point and diffuse N and P pollution and 

associated problems of eutrophication and ecological degradation of freshwaters. For 

example, the European Water Framework Directive has the aim for fresh and marine waters 

to reach ‘good ecological status’ by 2015. In light of this, there is a pressing need to 

understand nutrient sources, transport processes and attenuation mechanisms at the catchment 

scale. 

Combined use of δ
15

N-NO3 and δ
18

O-NO3 isotopes are a well-established tool in 

investigating nitrate sources and processes. In contrast, there have been very few isotope 

studies on phosphate in rivers employing δ
18

O-PO4 data. It is anticipated that the isotopic 

composition of both of these nutrients should change in predictable fashion dependent on 

physical mixing or biological assimilation. To investigate these properties and provide a 

better understanding of nutrient dynamics, a well-defined section of a nutrient impacted river 

was studied. Although the concentrations of key constituents could mostly be described by 
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simple binary mixing, the isotopic composition of these nutrients revealed more about the 

biogeochemical processes and sources. The observed decrease in nitrate concentrations could 

suggest denitrification was taking place, however this was not supported by the nitrogen 

isotope values. These data show the major nitrate attenuation process is dilution with possibly 

through some assimilation in the aquatic biomass. The phosphate oxygen isotope data 

showed two distinct and adjacent sources of phosphate not identified by their relative 

concentrations. When compared with calculated equilibrium values, data for δ
18

O-PO4 

displayed relatively quick equilibration of the source material with the river water with 

equilibration occurring more rapid during the summer than the winter.  
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Abstract: Understanding the flow paths and residence times of water through the Earth 

system is extremely important for managing water resources in a sustainable way and it is 

also an interesting subject scientifically given the wide range of scales covered by the flow 

rates. The residence times of water in the atmosphere are days, in rivers weeks, in aquifers 

hundreds of years or more, in the oceans thousands of years, in the ice sheets ten thousands of 

years, and in the crust and mantle water stays even longer. This presentation will start with a 

brief overview of the evolution of hydrology in the 20
th

 century across scales and will then 

outline recent and future megatrends in catchment hydrology research. These megatrends are 

either due to new measurement opportunities or recent needs of the society. They include the 

study of catchments as complex systems, comparative hydrology, the understanding of the 

co-evolution of the landscape through experiments, water and health, socio-hydrology, 

climate impact, global hydrology, the water-energy nexus, big data and human sensing. In all 

of these topics, the study of feedbacks on different time scales and the co-evolution of the 

system components play an important role. The presentation will illustrate that critical data 

needs exist for these topics, and that isotopes can play a vital role in deepening the system 

understanding, resulting in more robust management decisions. 
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Abstract: In coming decades, it will become increasingly more important for us who live in 

cities to understand the history of the water we drink. While water managers historically 

focus on supplying a reliable water supply to urban consumers, there is often less 

understanding of the true sources of culinary waters or of the vulnerability of that water 

supply. Here a spatial and vertical understanding of the isotopes in water supplying urban 

systems, including the reuse of processed water within urban watersheds can serve as a 

powerful management tool. Urban water isoscapes reflect the complex use of groundwater, 

regional surface sources, and trans-basin water transfers. In some urban landscapes, recycled 

sewage waters add further complexity to the urban water isoscape. The inclusion of water 

isotopes into the ecohydrology of urban systems and of coupled montane-urban landscapes is 

an exciting frontier where our fundamental science can be of immediate social and economic 

benefit. We explore this frontier using a coupled natural-human landscape, the Salt Lake 

Valley USA. Here, as in many developing urban regions of the world away from coastal 

region or along major riverways, water is transported across a coupled natural-human 

landscape, from its montane source through regions of human activity. Within the Salt Lake 

Valley USA, a rapidly growing population of now more than one million individuals depend 

on these surface waters from the adjacent Wasatch and Uinta Mountains as their primary 

water resource for culinary and industrial needs. The history of ecohydrology is often to 

focus on watersheds away from highly inhabited regions. As one new frontier, we proposed 

that isotope hydrologists more fully embrace the opportunities that are integrate natural and 

urban landscapes. In this example of now opportunities, we first provide data on the stable 

isotope ratios of the hydrologic system’s primary components: precipitation, surface waters, 

tap waters, atmospheric waters, and terminus waters. We then explore the spatial (isoscape) 

and temporal patterns of water within the urban landscape and the new opportunities to better 

link isotope ratio data with short- and long-term management interests of water managers. 

We present an overview of the annual and interannual stable isotope ratio dynamics of these 

natural and urban waters and of the changes in isotopic composition that occurred spatially 

and temporally as water moved through a coupled natural-human system.  

 

1. INTRODUCTION 

 

Water is an essential resource for human development and sustainability, and may be limiting 

in arid regions. Historically in the driest regions of the western USA, it was common to find 

populations settling and developing closest to a reliable water montane source. Over the past 

century, the development of long-distance water conveyances has altered this settlement 

pattern in some places, allowing megapolitan regions, such as Los Angeles and Phoenix, to 

develop as well.  In the very arid state of Utah (USA), the long distance transport of water 

into the region was not historically available. As a consequence, we find nearly 90% of the 

state’s 2.9 million population are clustered in only a few valleys immediately adjacent to the 

Wasatch and Uinta Mountains of northern Utah. In the most populous of these valleys, the 
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Salt Lake Valley (SLV), more than one million individuals depend on adjacent mountains as 

their primary water resource for culinary, industrial and agricultural needs. To a lesser 

degree, both agricultural needs and some of the communities within the SLV also utilize 

groundwater that has been recharged by these same montane systems.  

 

The SLV lies within the Great Basin, an extensive interior basin where precipitation inputs 

flow into one of several closed saline basins or lakes. This situation provides an unusual 

opportunity to describe a more complete isotope hydrologic cycle, capturing inputs and 

outputs as well as the consequences of changes in both environmental and population drivers 

influencing hydrological components. For the SLV, precipitation falling in the Wasatch and 

Uinta Mountains terminates in the Great Salt Lake, resulting in a flow path of less than 

200  km. Over the past three decades, we have collected incoming precipitation, surface 

waters, tap waters, atmospheric waters, and terminus waters for this coupled natural –human 

hydrologic system. Here we present an overview of the annual and interannual dynamics.  

 

2. METHODS 

 

We have sampled (a) precipitation, (b) surface waters entering into the SLV, (c) surface and 

tap waters within the SLV, and (d) the Great Salt Lake. Water sampled were collected and 

stored in glass vials sealed with hand tightened, lined caps. Parafilm was used to seal the cap-

vial interface to reduce the probability that the cap loosens during transport or storage. Once 

collected water samples were stored in a refrigerator until analysis. Over 4,500 observations 

are contained within the dataset, including both single-observations and temporal collections. 

The first collections were made in July 1988 and sampling continues through the present. A 

total of 126 different locations have been sampled, with 34 of these locations having been 

sampled >15 times (Figure 1). Since 2004, 14 of the SLV locations and 1 Great Salt Lake 

location have monitored on a bi-weekly to monthly basis.  

 

 

 

 

 

 

Figure 1. A map of the 

Great Salt Lake and the 

natural and urbanized 

landscape of the SLV and 

Wasatch Mountains 

where waters in this 

study have been collected 

for δ
2
H and δ

18
O 

analyses. 
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All water samples have been analyzed for stable isotope ratio analyses at the Stable Isotope 

Ratio Facility for Environmental Research at the University of Utah (http://sirfer.utah.edu). 

Over three decades, SIRFER has progressed through multiple approaches to measure the δ
2
H 

and δ
18

O values of water. For δ
2
H analyses using IRMS analytical instrumentation, these 

have included zinc reduction [1] and pyrolysis [2] preparation approaches. For δ
18

O analyses 

using IRMS analytical instrumentation, these have included CO2/H2O equilibration [3] and 

pyrolysis [2] preparation approaches. Over the last four years, all water samples have been 

analyzed using a Picarro cavity ring-down spectrometer [4]. Data are expressed using 

δ−notation with a 2 end-member correction with laboratory reference materials that have 

been calibrated against IAEA reference standards. Each analytical run included blind samples 

of QAQC water reference materials, which indicated that the long-term analytical precision 

was ~1‰ for δ
2
H and ~0.2‰ for δ

18
O analyses.  

 

3. RESULTS 

 

Observations of incoming precipitation revealed a common meteoric water line at two 

sampling locations on the east side of SLV; the meteoric water line had both shallower slope 

and lower intercept than observed with the global meteoric water line (Figure 2). D-excess 

 

 

 

 

 

Figure 2. The meteoric 

water line for precipitation 

in the Salt Lake Valley 

based on two sampling 

locations on the eastern 

edge of the valley and 

sampled over a three-

decade time period. 

 

values for SLV precipitation tend to be <10‰ for 
2
H- and 

18
O-enriched summer season 

events and >10‰. The stable isotope ratios of montane surface waters coming into the SLV 

showed similar values (Table 1), despite differences in watershed elevations and watershed 

areas. In contrast, all stream waters ultimately feed into the Jordan River, an 83-km river that 

conveys water from Utah Lake through the Salt Lake Valley and terminates in the Great Salt 

Lake.  

 

As the Jordan River passes through the SLV, δ
2
H and δ

18
O values decrease reflecting inputs 

from both stream and urban inputs (e.g., urban water, storm water, and sewage water). The 

magnitude of these impacts on the Jordan River is indicated by the directional arrow in 

Figure 3. Water balance studies have estimated that Utah Lake contributes ~30% of the water 

into the Jordan River, whereas the remainder is associated with natural and human inputs [5]. 

As a first approximation, these coupled natural-human inputs into the Jordan River are not 

quite consistent with the observed decreases in the δ
2
H and δ

18
O values as the river moves 
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through the SLV. While future data may better constrain human inputs into the river system, 

it is clear that humans are having a large hydro-impact. 

 
Table 1. Average hydrogen and oxygen isotope ratios of incoming stream waters, tap waters, the Jordan 

River as it passes through the Salt Lake Valley, and the terminus water in the Great Salt Lake. 

 
 

 

 

Figure 3. Long-term average 

hydrogen and oxygen isotope 

ratios of drinking water sources 

(montane streams), tap waters, 

Jordan River, and the Great Salt 

Lake (basin terminus). Data are 

from Table 1. Only stream 

waters and tap waters fall along 

the local meteoric water line 

(line in graphic from Figure 2). 

Note that  values along the 

Jordan River increase from the 

south-to-north direction as 

indicated by the arrow. 

 

 

Within the urbanized area of the SLV, isotope ratios of tap water show a wide range of 

variation and strong spatial patterning (Figure 4). Major features in the tap water isotope 

distribution do not follow hydrological or climatic gradients but are largely structured by 

boundaries between water management districts. Relationships between H and O isotope 

ratios and D-excess suggest that the majority of the tap water used in the SLV is derived from 

sources with a limited range of H and O isotope ratios but has experienced highly variable 

amounts of evaporation prior to its use. 

 

n δ
2H, ‰ δ18Ο, ‰

Incoming Streams

Big Cottonwood Creek 66 -123.5 ± 4.1 -16.6 ± 0.9

Emigration Creek 154 -123.2 ± 6.8 -16.4 ± 1.3

Little Cottonwood Creek 55 -122.4 ± 4.1 -16.5 ± 0.9

Mill Creek 123 -126.3 ± 2.1 -17.0 ±0.5

Red Butte Creek 342 -123.1 ± 3.5 -16.3 ± 0.7

Drinking waters

University tap water 127 -120.3 ± 3.3 -15.8 ± 0.8

Holladay tap water 20 -123.3 ± 2.2 -16.5 ± 0.5

Salt Lake City tap water 5 -124.7 ± 1.2 -16.9 ± 0.2

Jordan River

2780 South 42 -111.3 ± 6.1 -14.3± 1.1

10600 South 130 -92.3 ± 8.6 -10.8 ± 1.6

Terminus

Great Salt Lake 409 -63.7 ± 11.1 -4.5 ± 2.1
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Figure 4. A plot of the deuterium 

excess values for tap waters collected 

in Fall 2014 from different locations 

across the Salt Lake Valley, Utah 

USA. 

 

4. CONCLUSIONS 

 

Stable isotope observations of water sources inputs, surface water hydrology, and drinking 

waters in a coupled natural-human urban landscape provide insights on the dynamics of 

potential human impacts on the hydrological cycle as water moves through an urban system. 

Our long-term and continuous monitoring of water isotopes within the Salt Lake Valley form 

the basis of interpreting long-term trends in human impacts on this regional water cycle. 
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Abstract: Several recent developments in the field of analytical techniques are currently 
transforming the research field of isotope hydrology. The first and most widespread 
technological revolution is the use of laser spectroscopy for the measurement of stable 
isotope ratios of water [1] and other important environmental compounds [2]. This approach 
of isotope ratio infrared spectroscopy (IRIS), especially in the form of wavelength-scanned 
cavity ring down spectroscopy (CRDS) has now developed into a mature technology that is 
challenging and partly replacing the traditional method of isotope ratio mass spectrometry 
(IRMS). A second, technologically similar but more challenging development concerns laser 
spectroscopic methods for the analysis of the rare radioisotope 14C, which may also have the 
potential to replace the established method of accelerator mass spectrometry (AMS) for many 
applications [3]. In the field of trace analysis of ultra-rare radioisotopes, a third technological 
breakthrough was achieved with the development of atom trap trace analysis (ATTA), again a 
laser-based method, derived from laser cooling systems widely used in atom physics [4]. This 
ongoing development brings the often praised but rarely used radioisotopes of the noble gases 
Ar and Kr (39Ar, 81Kr, 85Kr) within reach of widespread applications in environmental studies 
[5, 6]. A fourth area of active technological development concerns the measurement of 
dissolved gases in water. It has been demonstrated that comparatively simple systems based 
on quadrupole mass spectrometry (QMS) are capable of performing precise noble gas 
analysis [7]. Membrane contactors as a means for gas extraction have become widely used 
and can be combined with QMS to build membrane-inlet mass spectrometers (MIMS), 
enabling fast and continuous gas tracer measurements in aquatic systems [8].  

The main advantages of the new techniques are that they enable either the measurement of 
smaller samples or faster, sometimes even continuous, measurements. These advances open 
up new perspectives for applications in isotope hydrology and other fields of environmental 
research. For example, using CRDS systems it is now feasible to measure time series of 
stable isotopes in precipitation, atmospheric vapour, or aquatic systems, with high temporal 
resolution. Similarly, MIMS methods enable on-site, quasi-continuous gas analyses. ATTA, 
on the other hand, opens the path towards applications of noble gas radioisotopes in situations 
where sample size is critical, such as the dating of deep ocean water or polar ice cores. In the 
long run, ATTA may also become available for other rare radioisotopes. In summary, these 
new developments open up many intriguing new perspectives for isotope research in 
environmental sciences.  
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Abstract: Stable and radioactive isotopes of oxygen, hydrogen and carbon have been used 

extensively for the past nearly seven decades to understand atmospheric and hydrological 

processes. While these applications have shown varying degrees of success, more intensive 

efforts are required to realize the full potential of isotope data. The impacts of climate change 

both on the intensity of precipitation and on the use of groundwater resources are areas where 

isotopes must make a greater contribution. It is imperative, therefore, that more efforts are 

made for integrated studies where stable isotope and tritium data are collected and interpreted 

together with data on processes of rain formation, with reduced reliance on monthly 

precipitation and more on daily or sub-daily time scale. For groundwater studies, the use of 

noble gas isotopes from helium-3 to krypton-81 and others in-between would likely be more 

prevalent and help to provide data which can be more easily integrated with appropriate 

hydrological models. Finally, the use of groundwater isotopes should aim to develop methods 

that could validate satellite-based observations of groundwater changes. 
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