USING |SOTOPES EFFECTIVELY TO SUPPORT
COMPREHENSIVE GROUNDWATER MANAGEMENT

A. Introduction

Many countries are not able to manage their wasources to sustainably meet current and futureadeés
because they lack a comprehensive assessment gdiality and availability of their resources. Theed for
comprehensive assessments is well recognized,ftart the required information is unavailable owiog
gaps in hydrological information and understandifpese gaps are particularly acute with respect to
groundwater resources.

It is estimated that more than 97% of the Eartkhalable fresh water is located underground, yist ¢ital

resource is often poorly understood and poorly madaStable and radioactive isotope techniquesase
effective tools in hydrological investigations aassessments, and are critical in supporting efiectiater
management. Isotopes are commonly employed to tigats:

= sources and mechanisms of groundwater recharge;
= groundwater age and dynamics;

= interconnections between aquifers;

« interaction between surface water and groundwater;
= groundwater salinization; and

= groundwater pollution.

FIG. 1ll-1. Collecting water samples for hydrochemical andapiz analysis in Uganda.
(Photo credit: Uganda, Ministry of Water, Land alBdvironment.)

B. The use of isotopes in groundwater hydrology

B.1. Sources and mechanisms of groundwater recharge

A qualitative and quantitative characterizatiorgofundwater recharge is essential to ensure thiaisable
development and management of groundwater resoukgesfers which receive little recharge exhibitlypn
small fluctuations in groundwater levels; a reletdstimate of recharge rate cannot therefore esily
obtained on the basis of classical approaches atuwh as water level monitoring. Isotope techrsgaie



virtually the only tools which can be used to idignand evaluate present day groundwater rechangeru
arid and semi-arid conditions.

The isotopic composition of groundwater (expressesdabundance of oxygen-18 and deuterium) is
determined by the isotopic composition of rechaligewost of the recharge is derived from directlirdtion

of precipitation, the groundwater will reflect thsmtopic composition of that precipitation. Howeviémost

of the recharge is derived from surface water (g\@ lakes) instead of from precipitation, theugrdwater
will reflect the mean isotopic composition of thentributing river or lake. This isotopic compositias
expected to be measurably different from that o&lgrecipitation. The difference arises from thetfthat
recharge via bank filtration may represent waté@ginating from precipitation in a distant area, fostance

in a high mountain region. In high mountain regitims isotopic content of precipitation is differeatthat

of precipitation falling on plains. This differendge isotopic composition allows for differentiatioof
precipitation sources, and hence of recharge mésthanin addition to differences in isotopic conigion

of groundwater resulting from different rechargairses, there can be differences due to how recently
recharge occurred. In hydrological settings in Wwhgroundwater is very old (>10 000 years), regional
climatic conditions at the time of recharge mayédeen different from those existing today, and thi
reflected in the isotope composition of the grouaths

It is possible to identify, and in some instanceardify, modern recharge — within 40 to 50 yearsby-
measuring isotopes and dissolved gases (e.gntritiitium and helium-3, chlorofluorocarbons (CF@sd
sulphur hexafluoride (S in soil water in an unsaturated zone or in gowater from shallow, unconfined
aquifers and springs. The tritium—helium-3 methodl#es bomb tritium from atmospheric testing calrrie
out between 1954 and 1963 to be used to estimatendwater recharge rates by determining the resglen
time of different groundwater samples collecteddidterent depths. Even in cases of low verticawflo
velocities, identification of the tritium and helu3 peaks can be used for dating and thus for rgehate
estimation (recharge rate = porosity x verticalfleelocity). In addition, the mere presence of umeh3
derived from the decay of tritium in groundwatetiwno measurable tritium provides evidence of moader
recharge. Tritium and helium-3 data can be modeite@stimate recharge to groundwater and transport
parameters of aquifers.

Under certain circumstances, the residence timetlau recharge rate of modern groundwater cankeso
estimated by measuring the seasonal variationydifolyen and oxygen isotopes. The applicabilityhis t
method is limited to those areas where precipitasbows a pronounced seasonal variation, such as in
mountainous areas.

Groundwater in shallow aquifers typically has ddesce time of decades to hundreds of years. Itr&stp
deeper and less permeable aquifers that extendnfory kilometres can have through-flow times of
thousands of years. If the flow regime is simpld amxing is minimal, such aquifers can serve asiass

of information about environmental conditions at thme of recharge. The stable isotopes of hydrageh
oxygen in palaeowaters (groundwater recharged wiiheate conditions different than today) refldut tair
temperature at land surface and the air mass atroal (origin of moisture) at the time of precipitea and
infiltration. While palaeotemperatures derived frooxygen—deuterium analyses are useful, recently
developed noble gas analytical methods provide tgreeertainty and precision in palaeotemperature
determination.



FIG. llI-2. Field work at a coastal aquifer in Peru.

B.2. Groundwater age and dynamics

The radioactive decay of environmental radioisosoped the transient nature of some of these (bomb
tritium, anthropogenic krypton-85, bomb carbon-id &omb chlorine-36) make such isotopes a uniqoie to
for determining groundwater residence time. Resideime, also called groundwater age, is the length
time water has been isolated from the atmospheeeh&ge of unconfined aquifers usually results in a
vertical gradient of groundwater ages (increasigg \&ith depth), while in confined aquifers the doating
feature is a horizontal or lateral gradient (ageeasing with distance from area of recharge)hénformer
case this gradient is approximately proportionaiht® inverse of the recharge rate (volume/time)jenin

the latter case the gradient is approximately prtopaal to the inverse of the flow velocity. Theved, the
hydrogeologically relevant parameters primarily i@$ded by groundwater dating with radioactive ijseso
are the recharge rate and flow velocity of grourtdwen unconfined and confined aquifers, respebtive

One of the approaches to determine groundwater faies is to estimate flow velocity by measuring the
decrease in the radioisotope concentration aloadlthv path. If the mean porosity value of the éepis
known, groundwater flow rate can be estimated. Fhigple approach requires access to at least tvils we
along the flow path of an aquifer and knowledgethaf initial radioisotope concentration in the regea
area.

Under natural conditions, groundwater movementisegally very slow, often in the order of a few rast
per year. Water that has moved a few kilometresgatbe flow path under these conditions is hundmds
thousands of years old; an age beyond the datimgeraof tritium, tritum and helium-3, and
chlorofluorocarbons. Therefore, in large aquifershwong flow paths, the most common radiometric
approach to determining groundwater residence timassbeen carbon-14. Its half-life of 5730 year&esa
it a suitable tool for the dating of groundwateamage range of about 2000 to 40 000 years.

Very slow moving groundwater in deep confined agpsifextending over tens and, in some cases, several
hundreds of kilometres can reach ages of tens aed kundreds of thousands of years. These ages are
beyond the dating range of carbon-14 and requéeeaitie of very long-lived radioisotopes. Of the ¢hlang-

lived radioisotopes used in water studies — krygdnchlorine-36 and iodine-129 — only chlorine{3s

been found to have wider practical use so far. Heweinterpretation of chlorine-36 data to ascertai



groundwater age is often hampered by insufficierivdedge of in situ production of the isotope owing
reactions in the aquifer matrix. Recent developménsampling and analytical methods suggest teatse
of krypton-81 may grow substantially given thaista reliable tool to date groundwater in the range
40 000 to 1 million years old.

B.3. Interconnections between aquifers

Both groundwater dynamics and groundwater contatiinimaan be influenced by hydraulic interconnection
between aquifers. Environmental isotopes, espgcithble isotopes, can be used to investigate such
interconnections, provided the isotopic composita@ngroundwater in the aquifers being measured is
different. Thus, isotopes can be used to proveladahydraulic interconnections between aquifexrsda on
contrasting compositions. In some settings, hydrazdnnections exist naturally between aquifers| duis

can be evaluated through variations in isotopic paosition. Intense exploitation of an aquifer caduce
leakage from overlying and underlying aquifers.b&asotope data can be used to estimate the flow o
groundwater from adjacent aquifers.

B.4. Interaction between surface water and groundwa  ter

Groundwater often consists of a mixture of rechafigen surface water (lakes or rivers) and local
precipitation. It is important to know the proporis of these recharge components in order to isertse
sustainable supply of drinking water through bamfidtration, and to prevent drinking water pollutidy
infiltration of water from a contaminated surfaceter source. Different recharge components can be
identified through the stable isotope compositiohgroundwater because evaporation of water inaserf
water bodies, in particular under semi-arid and adnditions, leads to an increase in the proporibthe
heavy isotopes deuterium and oxygen-18. A simpleofsc balance equation can then be used to estimat
the relative proportions of surface water and pigation in recharge. The accuracy of this deteatidm
generally depends on the magnitude of the diffexancisotopic composition of the two components and
under ideal conditions is in the order of a few qent.

River water can show a seasonal variation in isotopmposition, usually observed with reduced atugé
and after a time lag in wells near the river. Tinige lag as well as the change in mean isotopicposition
provides the minimum time (transit time) requirexdt fiver water and possibly its dissolved pollusatd
reach a groundwater supply well. Isotope compasitilgo provides insight into the fraction of riveater in
recharge (possibly polluted) relative to other exgle sources.

In arid climates, river water may be enriched imtddum and oxygen-18 relative to groundwater s
replenished under historical conditions with greatemidity. The fraction of river water in groundigacan
be estimated based on the differences in isotapigosition of the mixing components.

B.5. Groundwater salinization

In areas where salinization of groundwater is awegy it is necessary to identify the mechanism of
salinization in order to prevent or alleviate theuse. Isotope techniques can be used to distinghesh
importance of the following processes which maylleathe salinization of groundwater:

* leaching of salts by percolating water;

* intrusion, present or past, of salt water bodigsh as sea water, brackish surface water or brines
and

* concentration of dissolved salts through evapomat

B.6. Groundwater pollution

Pollution of aquifers by anthropogenic contaminaistsof great concern in the management of water
resources. Environmental isotopes can be usedate the pathways of pollutants in aquifers andipred
spatial distribution and temporal changes. Thisrmftion is critical in order to be able to undanst the
source of contaminants, assess their scale anaitmigy and to plan for remediation. Measurementthef
concentration and stable isotope composition gitgte and nitrate in groundwater have been widsegédu
to identify sources of sulphate/nitrate pollutidine stable isotope composition of sulphate andteithas
also been used to evaluate microbial sulphate tesucand denitrification processes, respectively.



Concentration and stable isotope composition ofdgarbons and their degradation products can tegeth
provide a powerful tool for pollution assessment a@mediation. The combined use of the stable carbo
isotopic composition of carbon dioxide and the atygsotope composition of molecular oxygen, niti@te
sulphate provides a robust tracer for the verifozatand quantification of microbiological processes
associated with hydrocarbon contaminated groundwate

C. Examples of groundwater management using isotopes

Isotopes are being effectively used in comprehengroundwater management in many settings arowend th
world. Three recent applications highlight impottaontributions of isotopic techniques to underdiag
and managing groundwater resources.

C.1. Groundwater dynamics in the Guarani Aquifer Sy  stem in South
America

The Guarani Aquifer System (GAS) is one the largesisboundary hydrogeological units in the world,
covering about 1.1 million kinmainly within the Parana river basin in partsAo§entina, Brazil, Paraguay
and Uruguay (Fig. llI-3). The GAS is formed maitly sandstone layers and related sedimentary miateria
of Triassic and Jurassic age, deposited in contih@mvironments. The aquifer crops out along tlenm
western and eastern boundaries of the system, bst af the aquifer is confined by basaltic layefs o
Cretaceous age (in some places the aquifer is edJ®r more than 1500 m of basalt and other sedshent
The main aquifer units show important differenaeshickness (from less than 50 m to more than 600 m
with a mean thickness of 250 m) but it is assurhatlthere is hydraulic continuity over the wholéegsion

of the aquifer. The GAS exhibits good hydraulicpedies for groundwater flow. However, low hydrauli
gradients in the deeper part of the aquifer systeenresponsible for very low groundwater velocities
(<1 metre per year), and therefore for old to v@d/groundwater (in the range of 40 000 to 1 milliears
old).

i i
| | APARECIDA DE GOIANIA G u a I'a n I
Aquifer System

m Guarani aquifer

® City

1~ Country boundary
~r River
Iberd wetland

Kilometers

| mm m——
0 100 200 300 400 500

- 2000
1500
1000

500

Source data: NOAA, ESRI, NGA, UNGIWG

FIG. 11l-3. Map of the Guarani Aquifer System.

The results of isotope studies indicate the exegef distinct shallow and deep groundwater flowarieas
close to the outcrop of the aquifer. Groundwatethia recharge area mainly discharges to local giver
crossing the outcrop area; this shallow groundwiatenore prone to pollution by human activitiesttpe
data and numerical modelling have indicated thavegroundwater recharge to the deep confinedfaqui
system is very limited, probably in the order of D¥annual precipitation over the recharge area-150



mm/year). Environmental isotopes have been usedidoess some unresolved hydrological issues tkat ar
relevant to the development of a sound conceptyardadynamic model of the GAS, including:
(a) delineation of major hydrogeological sectorghimi the GAS, (b) characterization of recharge psses
and flow patterns, and (c) groundwater dynamidsiénconfined part of the aquifer.

The combined use of piezometric, hydrochemicaliaotbpe data has allowed for the identificatiorafas

of recent recharge, discharge and no-flow boundgaFer example, present-day recharge was confiimed
outcrop areas representing ‘windows’ of aquifercogps in the impermeable basalt cover. Hydraulic
considerations and numerical modelling indicaté tha magnitude of groundwater flow involving theeg
aquifer is limited. On the other hand, dischargectma@isms have not been fully studied owing to the
difficulties in measuring small discharges of grdwater in areas with large runoff. Besides discbaigng
the outcrop area on the borders of the aquifererdfifctors affecting groundwater flow were studiedr
instance, in areas characterized by the presenalike$, chemical and isotope composition of springs
discharging water to major rivers confirmed thaggl@quifer water contributes to the flow. Similardlige
chemical and isotope composition of water in extengetlands located in Argentina suggest a deefexq
contribution to baseflow.

Recent work has resulted in a revised conceptudehaf the GAS that has important implications tioe
exploitation of groundwater in the GAS sectorsfalténtiated based on hydrochemical and isotope. data
Groundwater extracted from the unconfined parthef aquifer is fully renewable due to the potenfial
enhanced recharge under intensive pumping. Watandm considerations indicate potential recharghen
order of 300-500 mm/year. However, these areaswnerable to pollution and other impacts of human
activity. Groundwater extraction in the confinedrtpm is economically feasible only to certain dept
(about 400 m) and, therefore, a substantial amofinthe water resources from deep horizons are not
available for extraction. Owing to the hydraulicachcter of the deep confined aquifer, as showrheydng
residence time of groundwater, the exploitationttdé deep groundwater resource is controlled by the
storage coefficient of the GAS. This groundwateually presents higher mineralization and is well
protected against pollution, although extractioruldaequire comprehensive planning.

C.2. Improving understanding of hydrogeology in Mor occo’s Tadla
Basin

The Tadla Basin is an important agricultural argaaged in the centre of Morocco, where demand for
groundwater is increasing greatly. Groundwater jolew the majority of the freshwater supply forgation
and cities and is taken from a multi-layered aqugfgstem. Early traditional hydrological studiesvéna
revealed important relationships between aquifgeers and the locations of recharge and dischargee M
recently this aquifer system has been studied d@sqgbaseveral projects undertaken by the Agenceg, th
Moroccan National Centre for Nuclear Energy, Saésnand Technology (CNESTEN), and the Moroccan
water authority. Isotope data confirm that sediragntayers separating the four aquifers of the ad&Hsin
allow the hydrological mixing of groundwater betwethe aquifers, and that some mixing is indeed
occurring. Spatial analyses of isotope data hasalterl in interpolation maps for oxygen-18, tritiamd
carbon-14 in the Turonian, Eocene and Quaternawjfeaq. These interpolations are important aids for
understanding and visualizing hydrological trendsoss the basin within a given aquifer and also in
illustrating differences between the aquifers.

As an example, interpolation of isotope data frtwe Turonian aquifer, the oldest and deepest aqoiftre
multi-layered system and the most important watgpl/ aquifer in the basin, provides very intemgti
results. Interpolation of carbon-14 data in theohisn aquifer (Fig. Ill-4) shows high activity oarbon-14
(expressed as per cent modern carbon (pMC)) imdinneast (green colours) compared to the westdfide
the basin (coloured red). Greater carbon-14 a@éviin the northeast are indicative of recent regha
Interpolation of tritium ages in the Turonian aguifnot shown) supports the supposition of reltiveung
water in the northeast part of the aquifer. Carbérand tritium interpolations also show that thefteed
aquifer zone in the west is characterized by netitiolder water (low carbon-14 activity and lovititrm
content). These interpolations highlight the fdwttrecharge is greatest in the northeast of tisén kand
suggest a dominant groundwater flow from northeasbuthwest.
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FIG. 1ll-4. Spatial distribution of carbon-14 activities inetruronian aquifer
in per cent modern carbon (pMC).

Interpolation of oxygen-18 data for the Turoniamiéer (Fig. I11-5) also reveals strong differenagoss the
basin. The effect of high elevation recharge isatjeshown by more negative isotope values alorg th
southern border with the high Atlas Mountains/Tassrea (coloured blue) as compared to more pesitiv
values in the northern parts of the basin (colouneghge). Interpolation maps of isotopic data arelarly
useful for interpreting details of groundwater maeat in the other aquifers of the Tadla Basin.
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FIG. IlI-5. Spatial distribution of oxygen-18 contents in Thgonian aquifer
in per mil vs Vienna Standard Mean Ocean Water (Q8W).

The application of isotope techniques in the T&Hain has resulted in a greater understanding wifeaq
characteristics and groundwater flow. Specificallyptopic techniques have provided confirmation of
observations obtained using traditional hydrologiceestigations, have identified the source aquife the
Tassout Springs (disproving an earlier hypothesis)l have supported a better calibrated numeriodein
used for the simulation of groundwater dynamicghlese ways, isotopes have been directly usedpioosu
the optimization of groundwater management in théld Plain.



C.3. New light shed on the Nubian Aquifer

A joint project by the Agency, the United Nationg\u@lopment Programme (UNDP) and the Global
Environment Facility (GEF) on the Nubian Sandstdkguifer System (NSAS) is primarily aimed at
developing a four-country cooperative strategy tfar rational management of this transboundary aguif
system. The NSAS — underlying Chad, Egypt, LibyaabkAJamahiriya and Sudan — is a single, massive
reservoir of high quality groundwater (Fig. Ill-6yet the NSAS has very different characteristiceath
country and each country has different developrobjgctives for the aquifer.
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FIG. IlI-6. Map showing the location of the Nubian Aquifer.

An essential first step in developing managemerdteggies for the NSAS is to understand both the
transboundary and local effects of producing wétem the aquifer under present rates of withdraasl
well as under development scenarios in the futdileis understanding is being gained through the
development of a numerical groundwater flow modéltlee aquifer system. A critical step in the
development of this model has been the use of greater age to constrain aquifer parameter values to
provide reliable simulations of groundwater flovs®ms.

The NSAS model has had to meet several uniqueiarité has to be conceptually simple to accommedat
limited information on aquifer hydrogeology and iggaobservations of water levels. The model alsotha
provide realistic estimates for this very largeitgquspanning approximately two million square kiletres.
And perhaps most importantly, the model has to ¢aenapproval of national coordinators and technica
experts from the four participating countries.

A number of previous studies have indicated thaugdwater in the NSAS is about 40 000 years old, as
indicated by the presence of measurable carboretivity in deep groundwater samples. However, using
krypton isotopes (krypton-81), groundwater recostdrem production wells near oases in the westeserd

of Egypt has been estimated to vary in age fromugal@00 000 to 1.5 million years. To resolve this
discrepancy in groundwater age, three samplesaafngiwater from Sudan were collected and analysed fo
carbon-14 using two methods: chemically treatingZ®® L of water to extract carbon, and analysiagisi
accelerator mass spectrometry (AMS), which requirdg one litre of water and no chemical treatmient
the field.

Results indicate large differences between coneealiand AMS methods for the same groundwater
sample. AMS analysis indicates an age beyond tingeraf the carbon-14 dating technique (~50 000syear



whereas traditional, chemical extraction technigudgate an age of about 20 000 years. This yauage
estimate is probably due to contamination with apm®ric carbon dioxide during the sampling and
extraction processes. AMS measurements are coadiderbe much more reliable as they do not require
chemical treatment of large samples. Thereforeyais concluded that existing carbon-14 data from the
NSAS for deep wells (showing ages of 20 000-40y#H¥s) are unreliable and that these samples gyobab
have ages of greater than 50 000 years. This csinalsupports the findings from krypton analysid,as a
result, groundwater ages of 200 000 to 1.5 miljjears have been used in calibrating the groundvilater
model.

A calibrated model (Fig. 111-7) was used to simalgroundwater flow in the NSAS for the past thraion
years, with wet and dry periods represented usipgraximate palaeoclimate records. The three-
dimensionality of the model permitted the use clrtizle tracking’, or tracing the movement of indiwval
water parcels through the aquifer system. This ledabstimation of the age of water at any locagod
time during the simulation. By adjusting porositige model was refined to correctly simulate the afje
water in the aquifer. Thus refined, model simulagigrovide visualization of groundwater rechargd an
discharge locations as well as subsurface flowgafhe interpretation of isotope data from NSASewat
will continue to play an important role in modefinement and comprehensive groundwater managenent a
both regional and finer scale grid sizes.

Time = 3,1682+011 5 (40-1)

FIG. llI-7. Oblique views of the geometry for the earlier tmensional NSAS groundwater
model (above) and the three-dimensional NSAS gmwatest model (below). Pumping areas
are shown in blue. Two-dimensional models mustrasghat the effects of pumping reach
through the entire thickness of the aquifer. Facklaquifer systems, a three-dimensional
model can provide a more accurate depiction ofitieal influences of pumping.

D. Role of isotopes in national assessments of water
resources as first step in groundwater management

A new initiative has been launched by the Agenciatilitate the integration of isotopes into natibwater
resource assessments conducted by Member Statissinittative, called the IAEA Water Availability
Enhancement (IAEA WAVE) project, will assist Memlgtates in identifying gaps in existing hydrologica
information and understanding, in improving natiocapacities for collecting, managing and interipigt
water resource data, and in using advanced tedcbsigo simulate hydrological systems for resource
management. Isotope techniques have an importétaogolay in providing fundamental information on
water resources, as well as providing broader Imsigfo aquifer characteristics and hydrologicdtisgs.

As a result of addressing these gaps in hydrolbgiéarmation and understanding, the capacity ofer
States to conduct comprehensive national wateruresoassessments will be strengthened. The IAEA
WAVE project aims to build on, and complement, otheternational, regional and national initiativies
provide decision makers with reliable tools forteetmanagement of their water resources.



The pilot phase of the IAEA WAVE project is currigninder way. In this phase, the Agency is coojregat
with selected Member States to identify and chara gaps in national water resource assessnamgp
develop a work programme aimed at strengtheningl loapacity to address these gaps. Where isotopic
techniques are involved, the Agency has a primaspansibility to provide support and training. @the
components of the work programme will be met byatowy and recommending expert support,
technological support, and training within the mnional hydrological community. Successful IAEA
WAVE pilot studies will provide valuable informatioon water availability as a direct result of irased
hydrological expertise and technological capabditof Member States, with a particular focus on the
application of isotopic techniques to groundwatesources. The project will strengthen Member States
capacities to develop and regularly update wasauee assessments, and to design and implementces
management strategies.

E. Summary

Studies using stable and radioactive isotopes ai@gbconducted more frequently in support of
comprehensive groundwater management as the tinde cast effectiveness of these techniques is
recognized. In the Guarani Aquifer System of Sdutterica, the Tadla Basin of Morocco and the Nubian
Sandstone Aquifer System of northern Africa, intetations of isotope data have been used to ngt onl
confirm traditional hydrological studies, but alsw provide insight into groundwater flows and aquif
dynamics. In particular, isotopes have been usdtdse areas to define groundwater recharge soancks
mechanisms, to determine groundwater age and ratmovement, and to quantify the mixing of
groundwater between aquifers. Isotope techniquee hdditional applications and it is expected thlat
applications will be considered and potentially éoypd during the IAEA WAVE project pilot phase. The
application of isotopic techniques in hydrologidalestigations in general and in the comprehensive
management of groundwater resources in particsilexpected to grow substantially in the coming gear



