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FOREWORD

Development and practical applications of isotope methodologies in water resources
assessment and management has been part of the IAEA’s programme in nuclear applications
over the last four decades. Isotope applications to a wide spectrum of hydrological problems
related to both surface water and groundwater resources as well as environmental studies in
hydro-ecological systems are presently an established scientific discipline often referred to as
“Isotope Hydrology”. The IAEA contributed to this development through direct support to
development of methodologies and their field verification, and through field projects
implemented in Member States within the framework of its Technical Co-operation
programme.
The 10th International Symposium on Isotope Techniques in Water Resources Development
and Management was organized by the International Atomic Energy Agency in co-operation
with UNESCO, WMO and International Association of Hydrological Sciences and was held
at IAEA Headquarters, Vienna, during 10–14 May 1999. The symposium provided an
international forum for assessing the status and recent advances in isotope applications to
water resources and an exchange of information on the following main themes:







processes at the interface between the atmosphere and hydrosphere;
investigations in surface waters and groundwaters: their origin, dynamics, interrelations;
problems and techniques for investigating sedimentation;
water resources issues: pollution, source and transport of contaminants, salinization,
water-rock interaction and processes in geothermal systems;
isotope data interpretation and evaluation methodologies: modelling approaches.

The proceedings contain the 46 papers presented and extended synopses of poster
presentations. It is hoped that this publication will contribute towards wider scale practical
applications of isotope methodologies to improve the assessment and management of water
resources — one of the most challenging issues on the global scale — and also to foster
further developments in this field.

Keynote Address
World water resources and water use: Modern assessment and outlook for the 21st century
I.A. Shiklomanov
SESSION 1
PROCESSES AT THE INTERFACE BETWEEN ATMOSPHERE AND HYDROSPHERE
Spatial and temporal variability of stable isotope composition of precipitations over the western
Mediterranean region: Involvement on regional aquifers recharge
H. Celle, Y. Travi, B. Blavoux
The meteorological vs. the hydrological altitude effect on the isotopic composition of meteoric waters
J.R. Gat, M. Rietti-Shati
The isotopic composition of precipitation on the Andes and Amazon of Bolivia
M.A. Roche, R. Gonfiantini, J.C. Fontes, N. Abasto, L. Noriega

SESSION 2
STUDIES IN SURFACE WATERS
Behavior of 99mTc in highly polluted surface waters: Field and laboratory studies
J. Borroto, J. Domínguez, E. Pérez, G. Fernández, E. García-Agudo
Modeling of lake-groundwater interaction based on environmental isotope data
W. Stichler, P. Maloszewski, B. Bertleff, Ch. Trapp, R. Watzel, R. Weinsziehr
Investigation of river bank infiltration using 222Rn as radiotracer
K. Freyer, H.C. Treutler, J. Dehnert, K. Kuhn, W. Nestler
Origin and quality of bank filtered groundwater near Budapest: an evaluation of isotope data
I. Fórizs, T. Berecz, J. Deák
Hydrological regime and water resource assessment in the Arno River Basin (Italy)
G. La Ruffa, C. Panichi, A. Bencini, E. Dinelli
The dispersion of pollutants in the Romanian rivers Olt, Somes and Danube
M. Pascu, I. Paunica, A. Pascu
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Iodine: A new tracer for surface water/groundwater interaction
P.H. Santschi, J.E. Moran, S. Oktay, E. Hoehn, P. Sharma
Isotopic investigation of recharge to a regional groundwater flow system, Great Basin, Nevada, USA
T.P. Rose, M.L. Davisson, R.E. Criss, D.K. Smith

SESSION 3
STUDIES IN SEDIMENTOLOGY
The history of nutrient variations in aquatic systems: Inferences from C/N, 13C and 15N in sediment
cores
A.L. Herczeg, J.C. Dighton, R.J. Wasson
The use of 99m Tc as an adsorbable tracer for studying the dynamics of fine sediments in suspension
J. Vianna Bandeira, G. Godinho Pinto, C. Schayer Sabino, E. García Agudo
Soil erosion and sedimentation rates in a small eutrophic lake in southern Chile estimated by
isotope analysis
M. Cisternas, R. Urrutia, A. Araneda, P. Debels, F. Rios
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Sedimentation rate record in the Caspian Sea bottom sediments as indicator of climate changes in the
basin
V.I. Ferronsky, V.A. Polyakov, A.L. Lobov, V.I. Batov, K. Froehlich, M. Groening

3. RESULTS AND DISCUSSION
3.1 Sediment Accumulation rates and comparison between sites

The accumulation rates of sediment at the Lake Alexandrina and Lake Burrinjuck sites was
determined using ‘lOPb and 13’Cs profiles. Because 13’Cs deposition in the southern hem!ls;phere
was much lower than the northern hemisphere, it can be used only as corroboration of - Pb
dating by using it’s first appearance in 1959 as a time marker. Estimates of accumulation rates
ranges from 3 to 15 mm/yr, with the higher rates recorded at Lake Burrinjuck. The time scales
represented for each of the cores (which range in length from 350 mm to 850 mm) correspond
to 50 to 160 years. Modifications to the Australian landscape began in earnest in the late
1800’s, and has accelerated over the past 50 years. Therefore, the time scales represented by
these cores should be able to record the effects of land-use changes on nitrogen and carbon
dynamics in these field study sites.
We have compared carbon and nitrogen isotope data for the three sites (Table 1). C/N
ratios of sedimentary organic matter for all three field study areas indicates that the preserved
organic matter is dominated by aquatic plant material. Because terrestrial vegetation tends to
have C/N ratios >20, and aquatic plants are generally higher in N (C/N<lO), the total range of
values, particularly for Lake Alexandrina, indicate terrestrial litter makes up a minor part of
organic matter permanently buried in the sediment. Therefore, the sedimentary record reflects
changes to the aquatic C and N cycle, rather than simply changes in the amount of terrestrial
versus aquatic organic matter buried in the sediments.

TABLE 1: RANGE OF C/N, Gl’Corg AND 615Norg VALUES FOR THE THREE STUDY AREAS
Site Name

Lake Alexandrina (SA)
Lake Burrinjuck (NSW)
Fitzroy Catchment (Qld)

C/N
&l

613Corg
%o, PDB

PNorg
%o, air

7- 10
11 - 14
8.5 - 14

-28.0 - -21.5
-26.5 - -24.5
-23 - -20.0

+1.5 - +4
+2.5 - i-5
+2 - +6

Carbon isotopic ratios cover a range of 8%0, with generally more enriched values for the
Fitzroy catchment which may indicate the prevalence of C-4 type plants contributing to carbon
uptake in the tropical areas. The range of 613C values at each site are also relatively small, except
at Lake Alexandrina which is due mainly to the influence of marine carbon sources in the past
(see section 3.2). 615N values tend to more enriched in “N in the tropical Fitzroy system, and are
all >O%O. The large variability of the Fitzroy catchment may be due in part to regional differences
in the sub-catchments.
3.2 Lake Alexandrina cores

The results of carbon and nitrogen isotopic ratios from three cores collected from Lake
Alexandrina are shown in Fig. 3 (cores 1 - 3 are with increasing distance from the shoreline, see
Fig. 1). The data are expressed as mass accumulation rate (g/cm*) to correct for bulk density
variations, and the approximate dates are shown on the right hand side. There appear to be
consistent variations of 6”C, and 6”N and C/N ratios from three sites, with some variation
associated with distance from the shoreline. The preserved organic matter appears to be
dominated by relatively low (~12) C/N ratios indicating that it is primarily of aquatic plant origin,
and little terrestrial plant litter contribute to the sediment. 613C values ranges from -27%0 to
-21%0 with a maximum recorded at about 1/3’d down the profile (10-l 5cm depth). 615N values are
roughly constant at -+2%0 below lOcm, increasing to -+4%0 at the top of the core.
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FIG. 3 ProjZes of C/N, 6°C and S”Nfiom three core locations (FIG.1) at Lake Alexandrina

The 613C data show an increasing trend of “C abundance from the mid 1800’s to about
1940 (this is magnified for the site furthest from the shore). This trend is reversed from 1940 to
the present, with a decrease of up to 5%0 over the past 50 years. These values indicate that prior
to alteration of land systems and flow regulation, the river/lake system was dominated by
terrestrial sources of carbon (6°C G -27%0) that were transformed into available CO2 before being
used by phytoplankton within the lake. Once major surface water diversions were implemented
in the early part of the century, the lake progressively became estuarine and the source of C
became marine dominated (613(&g - -20%0). A series of barrages were completed at the
downstream end of the River Murray in 1939 which prevented marine intrusions to the lake, and
the dissolved C source returned to terrestrial dominance (6°C - -27%0) during the latter half of
this century, where is remains today. The carbon isotope data for Lake Alexandrina therefore
reflects the changes in the water discharge characteristics (which in turn controls the carbon
source for aquatic plants) rather than reflecting nutrient or ecosystem dynamics.
The observed increase of -2%0 in S”N over the past -40 years is more indicative of
changes to aquatic health because seawater has very low dissolved inorganic concentrations. The
reason for the increase in 15N concentrations over the past 40 years may be one or both of the
following. 1) an increase in the amount of ammonium (derived from waste products delivered
through irri ation drainage) which is in turn used by aquatic plants. This NH4+ tends to be
enriched in $5 N due to volatilization of 14N in irrigated pastures of the lower River Murray which
in turn drain into the River. 2) An increase in the rate of aquatic metabolism which uses up more
of the available inorganic nitrate, which in turn increases the concentration of 15N in the
remaining reservoir of NOj- or NH,‘. Studies of the isotopic composition of dissolved inorganic
and organic N are needed to resolve these two hypotheses.

3.3 Lake Burrinjuck
Figure 4 shows a profile of 615N and 6l’C composition of sedimentary organic matter from
one core located upstream of the dam wall (see Fig. 1). Note that this core has a faster sediment
accumulation rate than that from Lake Alexandrina. The bottom of the core (9Ocm) corresponds
to about 1950, 33cm corresponds to 1967, and 10 cm corresponds to about 1983. C/N ratios for
Lake Burrinjuck vary between 10.5 - 14.5 (Table 1) which indicates that aquatic plant material dominates the
sediment record. A trend towards lower C/N ratios towards the top of the core (not shown) indicates either 1)
input of terrestrial organic material to the sediment has declined over the past 50 years, or 2) the relative amount
of aquatic (non-vascular) to terrestrial (vascular) plant material has increased with time.
S13C data for Lake Burrinjuck (Fig. 4) shows a trend from values of -24.5%0 at the bottom to -26.2%0
at the top of the cores. The decrease in “C concentration may be the result of increasing amounts of terrestrially
recycled carbon contribution to the aquatic metabolism over the past 30 years. Increased dissolved CO?

availability, particularly if derived from terrestrial catchments, tend to be reflected by decreases
in 13C concentrations in aquatic plants.
S*‘N values are the mirror image of the 6l’C trends, showing an increase of about 2.5%0 in
the upper 50 cm of the core. Increases in 15N concentration may be caused by a trend towards
nitrate limitation. This is because the isotopic composition of aquatic plants approach their
source composition, which in turn increases in 15N due to greater demand. Alternatively, there is
an increased flux of bioavailable N that is “N enriched (usually due to increased production of
NH4-N in the soils or sediment pore waters or sewage effluent).
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FIG. 4. ProJiles of C/N, S13C and S”N for Lake Burrinjuck, upper Murrumbidgee

catchment

The sharp increase in 6”N from 40cm to 25cm depth is concordant with an increase in
P/Fe ratio, chlorophyll a and total pigments [17] suggesting increased algal activity over the past
30 years possibly fuelled by increased N flux to the Reservoir. 6”N data also indicate increasing
amounts of recycled terrestrial N, especially above 50 cm depth (notional date of 1965).
3.4 Fitzroy River Basin
Isotope data are summarized in Table 2 from four sets of data from the Fitzroy catchment
collected on three major tributaries, and the downstream end of the Fitzroy River near
Rockhampton (Fig. 1). The first site (Fitzroy at Alligator Ck.) is near the downstream end of the
Fitzroy catchment and represents an ‘integrated’ sample of all inputs to that point. The other
three sites (McKenzie, Dawson and Isaac) are representative of the 3 of the 5 major subcatchments just upstream of their confluence with the Fitzroy River. The sub-catchment with the
least perturbation is considered to be the Isaac, while more substantial pastoral and irrigation
activities occur within the McKenzie and Dawson sub-catchments. The largest stream discharge
to the Fitzroy is from the McKenzie and Isaac, although the Dawson contributes a large fraction
of suspended sediment load.

TABLE 2 RESULTS OF C/N, 615N and 6°C FROM THE FITZROY RIVER AND
TRIBUTARIES, CENTRAL QUEENSLAND
LOCATION
Fitzroy (Alligator Ck)
Mackenzie (L. Mary)
Dawson (Knebworth)
Isaac (Manly)
Suspended matter

C/N
9 - 11.8
8.9 - 13.5
10.8 - 12.9
9.5 - 15.0
7.5 - 8.5

615N (%o,air)
+3.2 - i-5.0
+4.0 - +6.0
+4.0 - +5.8
-1.9 - +3.5
0 - +6.8

F13C (%o, PDB)
-22.5 - -20
-22.7 - -20.9
-22.4 - -20.7
-23.5 - -20.0
-26.5 - -31.2

None of the cores have yet been dated, therefore we do not know what time interval they
represent. However, we took care to preserve the top of each core ensuring that recent history of
land use change is recorded.
Rather than describe each site in detail, the following comparisons between the sites are
given, as well as comparison with sites cored from more temperate areas:
a) C/N ratios are very similar for each site, ranging from 8.9 to 15 and indicative of
dominance of aquatic plants preserved in the sediments. The C/N ratios in sediments are higher
than those measured in a one-off sampling of river borne suspended material, which serves to
highlight the dynamic nature of this tropical ecosystem.
b) 615N values range from 2 to 6%0, with lower values recorded for the Isaac River than
the other three sites. There is a general indication of higher “N concentrations in the upper art
of the cores (not shown) , again indicative of either increasing N limitation, or higher flux of p5 N
enriched inorganic N to the aquatic ecosystem.
c) 613C values cover a range from -23.5 to -19.8%0 with the Isaac being slightly more
depleted in 13C than the other three sites. These concentrations are generally higher in “C than
the sites cored from the other temperate and semi-arid catchments in southern Australia. Because
of the combined effects of lower carbon isotope fractionation at higher temperature, and
differences in organic matter isotopic compositions within the catchment, it is not possible to
conclude the reason for the observed difference with the available data.

4. CONCLUSIONS
Carbon to nitrogen mass ratios in organic material buried in sediments of lakes in rivers in
eastern Australia range from about 9 - 15, and are dominantly composed of remains of aquatic
plants.
l

The carbon isotopic composition of the organic material in most cases reflects the importance
of incorporation of recycled terrestrial material into the aquatic plants. There is no indication of
gross shifts in amounts or sources of carbon in aquatic primary metabolism over the past 100
years at any of the three field study areas.
l

All three study areas show an increase in “N concentrations in sedimentary organic material
over the past 30 - 50 years. This is thought to be caused by either a) increases in NH4+
containing higher “N/14N ratios, or b) tendency towards N limitation which could be caused by a
higher P fluxes from the catchments. Resolving the latter will require further studies involving
isotopic variations in dissolved inorganic and organic N in these systems.
l
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Abstract

The possibility of using Tc in a reduced chemical form to label fine sediments was
studied in laboratory and field conditions. Different reducing agents were tested. The
influence of the amount of chemical reducer and of different sediment to water ratios was
investigated. A very simple method for labelling fine sediments using SnCI, has been
developed. In this technique the reducing agent is added to the pertechniate solution eluted
from a ‘%ioP”‘Tc generator and mixed with the suspended sediment to be labelled. The
reduction and adsortion kinetics are rather fast. After five minutes, 95% adsortion is
achieved. Other reducing agents tested, as sodium thiosulphate and hydroxilamine
hydrochloride were not able to reduce the pertechniate to Tc(IV). The binding of the Tc
reduced compound to the sediment particles is rather strong. Experiments made stirring the
labelled fine sediment with water, showed negligible transfer of Tc to the water phase. A
field demonstration study was performed in a river with a flow rate of 74 m3/s
approximately, labelling fine sediments with 246 mCi of v9”Tc “in situ”, according to the
methodology developed in the laboratory. It was possible to follow the evolution of the
radioactive sediment cloud at least for 1.6 kilometres.

INTRODUCTION
In the aquatic environment, heavy metals and many organic compounds are usually
associated to the fine sediment phase (silt and clay). The fate of these contaminants will be
associated to the dynamic behaviour of suspended or bottom sediments in polluted streams.

The study of suspended sediment behaviour, is an activity to be included in many
environmental studies. Of special interest is the study of individual discharges of
contaminants associated to suspended sediments, the short-term dispersion of contaminated
material dredged from harbours and reservoirs when dumped into water bodies, and the
behaviour of natural sediment in suspension in bays, estuaries or reservoirs. Tracking for
few hours the contaminated suspended sediments introduced into the streams by individual

discharges could allow, in some cases, the quantitative “in situ” determination of the
advection, dispersion, dilution and sedimentation rates [ 11. These parameters are important
for the calibration and validation of hydrodynamic models which consider simultaneously
the solid and liquid phases.
Radioactive tracers are used to label fine sediment and some of them, such as: 198Au,
46Sc and 51Cr, have been employed to study the dynamics of suspended sediments. The
labelling technique consists in adsorbing the tracer, in an appropriate chemical form, to the
sediment [2].
99mTc has been used for water tracing in short-term hydrological studies and seems to
be a rather easy radionuclide to be obtained even in countries where nuclear reactors are not
available, because of its extended use in nuclear medicine. One limitation to its use in
hydrological studies is that not much information is available on its behaviour in the water
system. Some studies on the fate of 99Tc in the environment have been conducted because of
the potential release of this long-lived radionuclide from the nuclear power cycle industries,
but its short term behaviour is not yet well documented. It is known that in strong anaerobic
conditions, Tc(VI1) can be reduced to Tc(IV), which may limits its use as a conservative
tracer for hydrological studies in heavily polluted rivers and discharges with this
characteristic. A first attempt on using 99mTc as a tracer for sediments was made in Uruguay
in November 1997 [3].

CHEMISTRY OF TECHNETIUM
99mT~ is eluted from 99Mo in commercial generators as pertechniate (TcO;). Its
chemical properties are much more related to rhenium than to manganese. Its more stable
oxidation states are Tc(VI1) and Tc(IV). The pertechniate ion is a weak oxidising agent [4].
In the table 1 are presented the normal oxidation - reduction potentials for some Tc and Mn
chemical species [5].

Table 1. Normal Redox potential for Mn and Tc
Half-reaction

X = Technetium

X = Manganese

XO;(aq) + 4H’ + 3e- = X0, + 2H20

0.738 v

1.695 V

XO;(aq) + 2H’ + e- = X0, + H,O

0.700 v

0.564 V

X0, + 2H’ + 2e- = XOz + H,O

0.757 v

2.26 V

The actual potential for the reduction of pertechniate in real working conditions, where its
concentration is much lower (i.e., 10m8 to lo-” M), is much lower, near to 0 V. As a
consequence, rather strong reducers are needed to transform Tc(VI1) to Tc(IV).

The two preferred reducing agents for the reduction of Tc(VI1) are Sn(I1) and Zn(Hg) [6].
The reduction of Tc(VI1) with Sn(I1) is produced according to the following equations [7]:
3 Sn (II) + 2 Tc (VII) = 3 Sn (V) + 2 Tc (IV)
In aqueous solution, a colloidal compound is formed after reduction.
Tc02‘ + 2 H,O = TcO(OH), + 2H’
Most probably this is the chemical specie which is adsorbed in sediments after reduction of
the pertechniate.

LABORATORY STUDIES
Bottom sediment obtained from the Pampulha reservoir in Belo Horizonte city was sieved
and air-dried. The fraction ~63 pm was used in all the experiments.
Reduction of Dertechniate
Three different reducing agents were tested in the laboratory: stannous chloride SnC1,.2H,O; hydroxylamine hydrochloride - NH,OH.HCl, and sodium thiosulphate Na_S,O,.SH,O.
Zn(Hg), the second recommended reducing agent, was not used due to the possibility of
adsortion of the reduced Tc species on the amalgam granules [7], which would decrease the
yield of the process.
Three series of beakers containing 100 mg of sediment in 30 ml water were prepared. Each
series consisted of four samples, into which different quantities of reducing agent (0 - 5 - 10
and 20 mg) were added. They were stirred for five minutes and filtered. The activity
remaining in the solution was compared with the blank. The results are shown in figure 1. It
can be seen that only Sn(II), among the tested chemicals, was able to reduce the
pertechniate.
Due to the extremely low concentration of Tc in the labelling solution, very low
concentrations of reducing agent are necessary to reduce the pertechniate. Care should be
taken, when using river water during field labelling, of the eventual presence of oxidants,
specially in water which could be polluted with industrial discharges.
With increasing concentrations of reducing agent, there is a decrease in the efficiency of
adsortion, possibly due to the competition of the Sn(I1) cations with the reduced technetium
species for the active sites in the sediment. (Figure 2)

Effect of sediment to water ratio
It has been seen that increasing the proportion of sediment to water in the labelling solution,
increases the adsortion efficiency, as shown in figure 3.
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Figure 7: Desorption of Tc-99m in River Water for Different Suspended Sediment
Concentrations

Effect of vH
Lowering the pH reduces the adsortion of the tracer. This could be explained by changes in
the chemical structure of the Tc (IV) compound or by competition of the H’ ions with the
reduced Tc species for the active sites in the sediment. At pH 0, almost no adsortion is
observed. For practical applications, the pH of the labelling solution must be above 5, which
is the range found in most natural waters (figure 4).
Sediment

Concentration

Increasing the concentration of suspended sediments during labelling increases the adsortion
efficiency. The highest yields were obtained with sediment concentrations greater than 15 g/l
(figure 5).
Contact Time
The adsortion of the reduced species of Tc-99m is not instantaneous but is rather fast. In the
laboratory tests, efficiencies of more than 95% were obtained stirring the suspended
sediment with the Tc (IV) solution for at least 5 minutes (figure 6).
Desorption qf Tc-99m
After labelling, the sediment was centrifuged, for 5 minutes, the water phase was separated
and the activity of Tc-99m remaining in solution was measured. By difference, the activity
remaining in the sediment was calculated. The labelled sediment was resuspended in 500 ml
of river water and shaken for two hours. The increase of activity in the water with time was
measured. This test was made for three different concentrations of suspended sediments (50,
200 and 1000 mg/l), in the range normally found in natural streams. The release of
radioactivity was less than 10% (figure 7).
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Figure 8: Throughout curve for 99m Tc 1.6 km downstream from the injection point

FIELD EXPERIMENTS
A field experiment was made in the Paraopeba river, 50 km from Belo Horizonte city. The
flow rate of the river was 74 m3ls.
1728 grams of sediment with grain size ~63 urn, where labelled in field conditions with 246
mCi of 99mTc. The sediment was kept in suspension stirring it in a 58 1 drum containing 42 1
of river water and 5 gr of SnCl, resulting in an concentration of sediment of 41.1 g/l. The
99mTc was eluted into a beaker containing 250 ml of distilled water with 750 mg of SnC&.
This reduced Tc solution was added into the drum containing the suspended sediment,
stirred for six minutes and injected from a bridge into the centre of the river by gravity. The
injection time was 90 sec.
Floats were released at the beginning ant at the end of the injection, to help in the navigation
for the localisation of the radioactive cloud. Rhodamine WT was injected at the middle of
the injection time as well.
The labelled sediment cloud was followed in the river with a boat, measuring the activity
with a l”x2” NaI(T1) waterproof detector at increasing distances from the injection point.
The position of the boat was measured with GPS . A second NaI(T1) waterproof detector was
positioned at the centre of the river from a bridge located 1.6 km downstream the injection
section, to record the tracer breakthrough curve.
The results of this measurement can be seen in figure 8. The maximum activity measured
was 2500 cpm, giving a signal to background ratio of 20.

CONCLUSIONS
Three different aspects need to be considered when evaluating the results of this study: the
labelling technique, the use of ggmTc as a tracer in sedimentology and the public acceptance
of the use of this radioactive tracer in the environment.
The labelling technique proposed in this paper is very appropriate for field conditions. The
reduction of pertechniate and its adsortion on the sediment is a fast process. The binding to
the sediment is rather strong and the tracer remains firmly attached to the sediment at least
for two hours after being introduced in river water. This time interval is usually more than
enough for most of the suspended sediment dispersion studies. No special equipment is
needed for the labelling.
The use of a Tc generator facilitates the field work in remote areas where the availability of
other short-lived radioactive tracers, as 19*Au, is a problem. One generator can be used for a
daily experiment during one week. In 24 hours after total elution of the Tc, almost 94 % of
the equilibrium value is reached. Starting with a 1 Ci generator on Monday, and eluting it
every morning, almost 340 mCi of 99mTc would still be available on Friday. In the field
experiment performed, the activity used was 246 mCi and the results were satisfactory.
99mTc is widely used in nuclear medicine, for diagnosis purposes. This is a positive
characteristic that may help in getting public acceptance for this radioactive tracer in
environmental studies. The public opinion may accept more easily the use of this radioactive
tracer if explained that it is usually injected in humans for certain type of disease diagnoses.
Activities in the order of up 30 mCi/day are normally injected into patients for nuclear
medicine studies.
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SOIL EROSION AND SEDIMENTATION RATES IN A SMALL EUTROPHIC LAKE
IN SOUTHERN CHILE ESTIMATED BY *“Pb ISOTOPE ANALYSIS*
CISTERNAS M., R. URRUTIA, A. ARANEDA, P. DEBELS, F. RIOS
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Abstract
The purpose of this research is to study the effects of historical land use patterns on soil erosion
within the San Pedro Lake watershed (ConcepcZn? VIII Regibn, Chile). To this end, a
geochronological reconstruction of the last 50 years was accomplished by ‘lOPb isotope and photointerpretation analysis through the use of GIS. The erosion rate has varied from 0.40 t ha-’ y-’ in 1955
to 0.86 t ha-’ y-’ in 1994. The decrease in native forest was closely coupled with the increase in exotic
forestry. The Total Change, meaning the land use change without considering each typology, shows a
constant trend indicating a greater degree of anthropogenic intervention. As opposed to the expected,
there is no relationship between land use typologies and erosion rates, however it is possible to
recognise some degree of dependency between Total Change and erosion values. It is concluded that
over the last 50 years the soil erosion processes in the San Pedro Lake watershed may have been more
regulated more by land use changes than by land use typologies themselves.
1.

INTRODUCTION

The historical reconstruction of human disturbance over the environment shows that the
greatest impact was made over the last two centuries. Obviously, the technical and industrial
revolution has disturbed significantly the planet, affecting the original ecosystems and abiotic factors.
Nevertheless, great part of the environmental studies are mainly concerned with current
environmental damage, that is the damage affecting us at this moment. This approach has a limited
perspective since it only allows to obtain a simple photograph of the studied system. This kind of
studies represents only an instantaneous picture with respect to a time scale of hundred of years of
human disturbance and thousand of years of natural evolution in the system. With this viewpoint it is
impossible to know in what phase our environment is with respect to its complete evolution. Only by
overcoming this static-temporal concept, it will be possible to project correctly the future of our
environment. Therefore, the environmental problems should be studies from a dynamic-temporal
perspective.
Following this approach, over the last decades the role of lake sediments as ‘historical
recorders’ has been valued [l, 2, 3, 41. The slowly settling lacustrine sediments, record in their layers
diverse information about the human activities on the system. Thereby, the sediments are the basis for
reconstructing the anthropogenic impacts, the system change rate and its baseline.
In this context, different methodologies have been applied for evaluating historical erosive
processes. Amon,
0 the more used sedimentological methodologies, the 210Pb-isotope
recognised as a powerful tool for estimating sedimentation-erosion rates [I, 3, 5, 61.

technique is

Subsequently, this study attempts to quantify the sedimentation and soil erosion rates
(estimated through 210Pb), in a small disturbed lacustrine basin in relation with its last 50-year land

* Study performed within the framework of Projects FONDECYT No1 980529 and DIUC N’96.3 10.02 l-l. 1

use history. These results will serve for future design of lake management and conservation strategies
by providing realistic targets for restoration and enabling assessment of the ecosystem health.
2. METHODS
2.1. Study area

The floodplain of Conception (southern Chile) comprises a wide variety of aquatic systems of
high ecological value, such as estuaries, saltmarshes, swamps and lakes. These systems, and
especially the lacustrine ones, are characterised by a particular vegetation, both terrestrial and aquatic,
which sustain a rich fauna. Due to the lack of systematic land use planning during the last decades,
these lacustrine systems became degraded areas with serious environmental problems.
San Pedro Lake (36”5 1’S; 73”05’W) is located in the Conception floodplain close to the Pacific
Ocean (Fig. 1). The south side of the lake is surrounded by mountains of metamorphic structure while
on the north-west side consists of fluvial basaltic sediments. The drainage basin of the San Pedro
Lake (4.5 km2) is situated in the Nahuelbuta mountain range. The lake has a surface area of 0.87 km2,
a maximum depth of 18 m and an average depth of 10.3 m.
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FIG. 1. Location of study area

Among the human activities potentially affecting the system are land use (deforestation of the
native forest, intensive agriculture, introduction of exotic forestry and urbanisation), clandestine
rubbish discharges and recreation activities.
2.2. Methodological procedures

A 50 cm long core sample was obtained by scuba diving from the central and deepest part of
the San Pedro Lake. The absence of both physical and biological disturbance in the obtained core was
evaluated by X-ray inspection.
Subsequently, the core was extruded vertically and cut into 1 cm slices. Each subsample was
submitted to routine measurements of dry density (drying at 105’C) and organic carbon (loss on
ignition at 550°C).

210Pb (22.3 years) activity of each subsample was calculated by measuring the activity of the
first daughter isotope 210Po (13 8.4 days) using Alfa spectrometry [7]. The supported 210Pb was
estimated from the constant values of the three lower subsamples. Ages and sedimentation rates were
determined using the constant rate of supply (CRS) model [6, 8,9].
San Pedro watershed land use patterns were determined from aerial photographs for the periods
1943, 1955, 1961, 1978, 1983 and 1994. The watershed boundaries were determined using
topographical maps, printed to the scale of the aerial photograph and overlayed onto the photographs.
Coverages were digitised and analysed using ARC/INFO. Land use was categorised as native forest,
heterogeneous bushes, deforested areas, exotic forestry, urban-residential and grassland.
3. RESULTS
3.1 Sedimentation-erosion rates
The X-ray inspection showed the absence of both physical and biological disturbance in the
sedimentary record.
Unsupported 210Pb, age-depth relationship and sediment accumulation rate profiles are
presented in Fig. 2. The total residual unsupported 210Pb load in the core is 0.07569 Bq crnm2
equivalent to a 210Pb flux rate of 23.57 Bq mm2 y-l.
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FIG. 2. Unsupported “‘Pb activity, chronological model and sediment accumulation rate
plotted against depth in San Pedro Lake core.

Unsupported 210Pb activity does not decline smoothly with depth, thus proving that
sedimentation rates have changed through time. The Unsupported 210Pb profile yielded a date at 15
cm of 113 years (Fig. 2). The net sediment accumulation has varied in an order of magnitude, from
5.20 mg cmm2 y-l in 1883 to 60.00 mg cm‘2y-’ in 1968.
The temporal variation of sedimentation rates shows three clearly different sedimentary events.
The first one began ca. 1883 (5.20 mg cme2 y-‘) having its maximum intensity in the late 1940s (58.10
mg cme2 y-l). Subsequently, early in the 1950s (24.30 mg cmm2 y-l) another episode began, reaching its

highest rates in the late 1960s (60.00 mg cm-’ y-l). Finally, the last event started around 1978 (26.10
mg cmW2 y-l), continuing until the present decade during which an extreme value of 52.00 mg crne2 y-’
was observed (Fig. 2).
Applying linear interpolation between the oldest date at the 15 cm depth (1883), and the top of
the core corresponding to the year 1996 (when the core was taken), a mean sedimentation rate of 1.33
mm y“ was estimated. Based on mass accumulation analysis, considering the last 113 years (3.35 mg
cmm2), a mean sediment accumulation rate of 29.66 mg crnm2 y-’ was derived.
It is possible to obtain a first approximation of erosional tendencies in a lake using the lake bed
and watershed areas together with sedimentation rates [ 10, 111. In this way an estimation of erosional
rates were obtained for the 1943, 1955, 1961, 1978, 1983 and 1994 periods (Fig. 3). It is possible to
observe a decreasing tendency starting in 1943 with 0.63 t ha-’ y-’ reaching the minimum in 1955
(0.40 t ha-’ y-l). Subsequently, the values increased towards 1961 with 0.59 t ha-’ y-‘, the rates
decreased again about 1978 and 1981 (0.43 t ha-’ y-‘). Finally, in 1994 the profile shows the higher
values in the last 50 years (0.86 t ha-’ ye’).
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FIG. 3. Estimated erosion rates in San Pedro Lake watershed 1943-1994.

3.2 Land use changes

Figure 4 shows the land use percentages over the last 50 years in the San Pedro Lake
watershed. The percentage of native forest land use was highest in 1943 at 70% and decreased to 13%
by 1994. Contrary, the percentage of exotic forestry land use steadily increased from 4% in 1943 to
46% in 1990.
Thus the decrease of native forest (57%) in the San Pedro watershed was closely coupled with
the increase in exotic forestry (42%). Between 1943 and 1994 the watershed kept a relative constant
percentages of heterogeneous bushes with a maximum of 30% by 1955 and a minimum of 19% by
1978. The watershed showed irregular percentages of deforested areas during the 50-year period,
without presence in 1943 and 1955, increasing to 16% in 1961, 14% in 1978 and 22% in 198 1 with a

The Fig. 7 shows the good agreement between the estimated sediment yield, obtained by
isotopic analysis, and the percentages of Total Change, achieved through photo-interpretation
techniques. This result were based on two completely independent methodologies, hence it may be
suggested that the controlling factor of the erosion rates in the San Pedro watershed is the Total
Change variable.
4. DISCUSSION AND CONCLUSIONS
The 210Pb-activity profile behaves anomaly not fitting with the theoretical exponential profile
(radioactive decay). Since the X-ray inspection showed the absence of both physical and biological
disturbance in the sedimentary record, one likely cause to this anomaly is the isotopic dilution due to
sedimentation rate acceleration. This kind of phenomena has also been recognised in other lakes with
high sedimentation rates, [S, 12, 13, 141.
In comparison with the north hemisphere lakes, the San Pedro Lake has a low 210Pb flux (23.57
Bq mW2 y-l) from the atmosphere [15, 16, 171. Other studies carried out in South America (Titicaca
and other Andean lakes) have also found very low fluxes [18, 19, 201. The low atmospheric flux
recognised in South America could be the result of low 222Rn production (210Pb predecessor) from the
continental area. In the case of San Pedro Lake, and probably in most of the Chilean coast, the low
210Pb flux could be controlled by the air mass coming from the Pacific Ocean. This air mass regulates
precipitation on the western coast, and carries low quantities of 2’0Pb due to the absence of important
continental mass (222Pn producer) to the west of the continent.
In a compilation of world-scale data on 210Pb concentration [ 171 a low 2’0Pb air concentration
band between 30” and 60’ latitude south was recognised provoked by the smaller proportion of
continental areas (6%). A drastic decrease between 35” S with 0.3 mBq m-’ and 45” S with less than
0.1 mBq m-j is observed. In the occidental coast of the South American cone that phenomena would
be increase by the change in the wind zonal path in which the westerly winds have a stronger
influence south of 35” S. This situation produces a significant 210Pb air concentration reduction
between Santiago (0.32 mBq m-s) and Puerto Montt (0.048 mBq m”).
Comparatively with other South and Central American lakes, the San Pedro Lake mean
sedimentation rate (29.66 mg cmW2 yi’), could be considered relatively high [15, 16, 18, 19, 20, 211.
Nevertheless if the comparison is done with the north hemisphere lakes, the mean sedimentation rate
appears low [14, 22, 23, 24, 25, 261. Unfortunately there are no data available from other Chilean
lakes for comparison. However, the real important aspect is that the San Pedro Lake watershed has
suffered dramatic changes in its sediment yield over the last century.
Using the sedimentation rate data it was possible to obtain the erosion rates for the six land use
periods. During the last 50 years the mean erosion rate in San Pedro Lake was estimated in 0.43 t ha-’
y-l, with a minimum of 0.34 t ha-’ ye1 (ca. 1955) and a maximum of 0.73 t ha-” y-’ (ca. 1994).
Comparing with the north hemisphere lakes this results are in good agreement. In a small forested
basin in south England (with a mean rainfall of 674 mm) a mean erosion rate of 0.20 t ha-’ y-l was
recognised [27]. The last thousand-year erosional history of a Sweden lake allowed to recognise that
the early deforestation increased the erosional processes from 0.25 t ha-’ y-l to 0.86 y 2.5 t ha-’ y-’
[IO]. In other Sweden lake an increase of sediment yield produced by changes in land uses from 0.05 t
ha-’ y“ in pristine conditions to 0.50 t ha-’ y-’ during the last century was reported [28].
In Latin America a interesting study in Mexico was carried out utilising lacustrine records [29].
The results demonstrated that before Spanish settlements became established an accelerated erosion

already existed produced by intensive native land use. This study rejects the theory that the European
agricultural techniques were the first to degrade the American soil. The authors estimated erosion
rate fluctuations among 0.05 t ha-’ y-’ (3000 years ago), 0.13 t ha-’ y-l (1600 years ago) and 0.36 t ha-’
y-’ at present.
In Chile, there are no erosion rate data obtained from sedimentary records, although there exist
data achieved by other means. On the Nahuelbuta mountain range the erosion rates were estimated by
the USLE model [30]. Considering different land uses the author found that the native forest produces
a mean erosion rate of 0.25 t ha-’ y-i, and the disturbed native forest yields 0.52 t ha-’ y“, likewise the
pine forestry shows a similar value (0.5 1 t ha-’ y“).
Thus it is possible to observe that the San Pedro Lake results are in good agreement with the
published figures being within the same order of magnitude. In this way it is feasible to assume that
the estimated erosion rates are a good approximation to the real values. Nevertheless the erosion rate
estimation is based on some assumptions that are not necessarily truthful: i) the sedimentation is
homogeneous throughout the lake (e.,.
0 no focusing effect considered), ii) all the sediment supplied by
the watershed arrives to the lake (e.g. no watershed sediment retention considered) and iii) the
sediment is produced only in the watershed (e.g. no biogenic silica production considered). Although
the erosion rates are not completely accurate, the comparative and relative analysis among each
specific rate are valid. This data will be useful for obtaining the tendencies and temporal variations of
the watershed erosional processes and its relationship with the land use change patterns.
With respect to land use change patterns, the historical land use in San Pedro Lake watershed
has been controlled mainly by the economic policy of the Chilean State over the last 50-year period.
A clear replacement of native forest for forestry productive activities has been observed since the 30s
when the Chilean State began a steadily support policy to increase the forestry of the country [3 1, 321.
Logically this explosive forestry development demanded vast areas for its expansion. This was
accomplished by occupying the native forest land that covered almost 70% of the watershed by 1943,
being later diminished to 13% by 1994. Therefore it can be suggested that the San Pedro Lake
watershed has never been completely deforested, occurring only a replacement of vegetation. This
situation could explain the poor correlation between erosional processes and each land use typology,
since only a change in the vegetation species occurred without a drastical modification of the system.
The Total Change concept, which uses the overlapping of two photographs, is a simplification
of the reality but allows to obtain a temporal dynamic of the change. By comparing two pictures, the
interpolation of the missing information is possible. Utilising only one photograph it is necessary to
make an extrapolation of the information assuming that the territorial features remain intact after the
picture has been taken. However if the second photographs are considered as the results of the
territorial changes, it will represent reality more closely. Specially this process will be more valid if
the comparison is made using a consecutive set of photographs spanning a longer period of time.
In this way, the Total Change by periods recognises the modification produced between
photographs without considering each typology. The obtained information is presented as surface
watershed modification percentages. This allows to make comparisons between land use change and
the temporally dynamic chronological information.
Traditionally the erosion related studies have focused on the direct correlation between the
basin sediment yield and the rainfall. Nevertheless recent approaches are oriented at recognising the
real effects of land use, specially at a local scale. Considering the obtained results and the size of the
studied area, the present contribution favors this last approach. Since the correlation between the
erosion rates and the land uses is not significant, the natural system does not seems to behave in
accordance with land uses typologies. This could be the result of the watershed vegetation

replacement by other vegetation species. Hence, the isotopic technique used in obtaining the erosion
rates wasn’t able to distinguish the erosional changes produced by the vegetation replacement, due to
a probable lack of sensibility in the isotopic methodology. Despite of this, erosional changes were
recognised, so a question arises, what is the controlling factor?.
A possible answer to this question is that the Total Change controls the erosional process in the
San Pedro Lake watershed. The Total Change is the result of an environmental intervention that was
accomplished consciously to modify the watershed. Thus the real important factor is the intervention
itself and not the specific land use typology. Although the Total Change and erosion rates correlation
is not statistically significant it is necessary to consider that the used data represents a relative long
period of the system evolution. Finally it is possible to suggest that the change by itself has been
controlling the erosion rates over the last 50-year period in the San Pedro Lake watershed, and not the
land use typology.

ACKNOWLEDGEMENTS
The authors wish to thanks Michel Pourchet, Laboratoire de Glaciologie et Geophysique de 1’
Environnement (CNRS), Grenoble, France, by the 2IOPb analysis and his unselfishness help. This
research was supported by Projects FONDECYT NO1980529 and DIUC N”96.3 10.021-l. 1.

REFERENCES

PI
PI

[31
t41

[51
[61

[71

PI
[91

[lOI
[111
WI
[I31

DEARING, J., Lake sediments records of erosional processes. Hydrobiologia 214:99-l&5
(1991).
SMOL, J.P., Paleolimnology: an important tool for effective ecosystem management. Journal
of Aquatic Ecosystem Health, 1:49-58 (1992).
BOER, D.H., Lake sediments as indicators of recent erosional events in an agricultural basin on
the Canadian praires. Variability in stream erosion and sediment transport (Proceedings of the
Camberra Symposium). IAHS Publ. 224: 125- 132 (1994).
DIXIT, S.S., et al., Reading the records stored in the lakes sediments: A method of examining
the history and extent of industrial damage to lakes. In: J.M. Gunn (Ed.), Restoration and
recovery of an industrial region. Springer-Verlag, New York. 358 pp (1995).
BATTARBEE, R.W., et al., Pb210 dating of Scottish lakes sediments, afforestation and
accelered soil erosion. Earth Surf. Proc. Landf., 10:137-142 (1985).
APPLEBY, P.G., OLDFIELD, F., Application of Lead-210 to sedimentation studies. In:
Uranium-series disequilibrium. Applications to earth, marine and environmental sciences 2th.
Edition. (M. Ivanovich and R. Harmon Eds.) Oxford Science Publication. 910 pp (1992).
HASANEN, E., Dating of sediments, based on 210Pb measurements. Radiochemical and
Radioanalytical Letters, 3 1:207-2 14 (1977).
GOLDBERG, E.D., Geochronology with lead-2 10. In: Radioactive Dating. International
Atomic Energy Agency. Vienna: 121-131 (1963).
APPLEBY, P.G., OLDFIELD, F., The calculation of lead-2 10 dates assuming a constant rate of
supply of unsupported 2 1 OPb to the sediment. Catena, 5: 1-8 (1978).
DEARING, J., et al., Lake sediments used to quantify the erosional response to land use change
in southern Sweden. Oikos 50:60-78 (1987).
DEARING, J., Lake sediments records of erosional processes. Hydrobiologia 214:99-106
(1991).
OLAVI, S., et al., Drainage ditch erosion history as recorded in the varved sediment of a small
lake in East Finland. Journal of Paleolimnology, 3: 161-169 (1990).
ALVISI, F., FRIGNANI, N., 210Pb-derived sediment accumulation rates for the central Adriatic
Sea and crater lakes Albano and Nemi (central Italy). In: Palaeoenvironmental Analysis of Italian
Crater Lake and Adriatic Sediments. Guilizzoni, P. & F. Oldfield (Eds.). Mem. ist. Ital. Idrobiol.,
55:303-320 (1996).

[14]

VAN der POST, K.D., et al., A record of accelerated erosion in the recent sediments of Blelham
Tarn in the englhish lake district. Journal of Paleolimnology, 18: 103-120 (1997).
[ 151 BRENER, M., BINFORD, M.W., A sedimentary record of human disturbance from Lake
Miragoane, Haiti. J. Paleolimnol., 185-97 (1988).
[16] BRENER, M., et al., Recent sedimentary histories of shallow lakes in the Guatemalan savannas.
Journal of Paleolimnology, 4:239-252 (1990).
[ 171 PREISS, N., et al., A compilation of data on lead-2 10 concentration in surface air and fluxes at the
air-surface and water-sediment interfaces. Joum. Geophys. Research, 101:28847-28862 (1996).
[18] BINFORD, M.W., et al., Patrones de sedimentation temporal en la zona litoral de1 Huifiaimarca.
In: El lago Titicaca. C. Dejoux & A.Iltis (Eds.). ORSTOM-Hisbol, La Paz, Bolivia. 584 pp
(1991).
[19] POURCHET, M., et al., Sedimentation recente dans le lac Titicaca (Bolivie). C.R. Acad. Sci.
Paris 319:535-541 (1994).
[20] POURCHET, M., et al., Evaluation des vitesses de sedimentation recente dans les hautes valles
des Andes boliviennes. Son inter& dans l’estimation des paleo-pollutions atmospheriques. C.R.
Acad. Sci. Paris 320:477-482 (1995).

1211
WI
[x31
[241
P51

PI
P71

WI
P91
[301
[311
1321

DEEVEY, E.S., et al., Mayan urbanism: impact on a tropical karts environments. Science,
206:298-306 (1979).
KEMPT, T.W., et al., Sedimentation rates and recent sediment history of lakes Ontario, Erie and
Huron. J. Sediment. Petrol., 44:207-218 (1974).
OLDFIELD., P.G., et al., Alternative 210Pb dating; results from the New Guinea highlands and
Lough Eme. Nature, 271:339-342 (1978).
ELNER, S., WOOD, C., The history of two linked but contrasting lakes in N. Wales from a study
of pollen, diatoms and chemistry in sediments cores. J. Ecol., 68:95-121 (1980).
OLDFIELD, P.G., et al., Palaeoecological studies of lakes in the Highlands of Papua New
Guinea: I. The chronology of sedimentation. J. Ecol., 68:457-477 (1980).
ROWAN, D.J., et al., Sediment focusing and 210Pb dating: a new approach. Journal of
Paleolimnology, 13:107-118 (1995).
FOSTER, I.D., et al, Lake catchment based studies of erosion and denudation in the Merevale
catchment, Warwickshire, UK. Earth Surf. Proc & Landf., 10:45-68 (1985).
GAILLARD, M.J., et al., A late Holocene record of land-use history, soil erosion, lake trophy and
lake-level fluctuations at Bjaresjosjon (South Sweden). Journal of Paleolimnology, 6:51-81
(1991).
O’I-IARA, S.L., et al., Accelerated soil erosion around a Mexican highland lake caused by
prehispanic agriculture. Nature, 362:48-5 1 (1993).
OYARZUN, C.E., Estudio a mesoescala de la erosion de1 suelo en una cuenca hidrografica de
montaiia, Chile central. Revista de Geografia Meridiano, 5:23-28 (1997).
MORALES, J., El desarrollo forestal en Conception. Universidad Academia de Humanismo
Cristiano. Serie: Abriendo Caminos. Grupo de Estudios Agro-Regionales (Eds). 341 pp (1989).
UNDA, A., RAVERA, F., Analisis historic0 de sitios de establecimiento de las plantaciones
forestales en Chile. Instituto Forestal. Unidad de Medio Ambiente. 130 pp (1994).

SEDIMENTATION RATE RECORD IN THE CASPIAN SEA BOTTOM
SEDIMENTS AS INDICATOR OF CLIMATE CHANGES IN THE BASIN
V. I. Ferronsky
Water Problems Institute of the Russian Academy of Sciences, Moscow, Russia
V. A. Polyakov
Research Institute of Hydrogeology and Engineering Geology, Zeleny, Moscow
Region, Russia
A. L. Lobov, V. I. Batov
State Institute of Oceanography, Moscow
K. Froehlich and M. Groening
International Atomic Energy Agency, Vienna

Abstract
SEDIMENTATION RATE RECORD IN THE CASPIAN SEA BOTTOM SEDIMENTS AS
INDICATOR OF CLIMATE CHANGES IN THE BASIN
By radiocarbon dating of two sediment cores taken from the central and the southern basin of the
Caspian Sea an inverse behaviour of the sedimentation rate was found. In the Apsheron sill
separating both basins, a river channel of a depth of 180 m and a number of ancient terraces were
discovered studying its bathymetric map and latitudinal sections. Both findings together with the
measured isotope and hydrochemical data allowed to draw a number of unique conclusions
related to climatic, hydrologic and sedimentologic events in the basin during the last 25000
years.

1.

INTRODUCTION

In our previous paper, preliminary results of isotope-climatological investigations on
bottom sediments of the Caspian Sea were discussed [l]. Two sediment cores (7.87 m and 9.35
m long, respectively), taken from the southern (GS04, 38’41’39”N, 51’36’36”E) and central
(GS19, 41’32’38”N, 51’06’06”E) basin, respectively, were studied (Fig.1). The variation of the
stable isotopes of oxygen and carbon in the carbonates, the lithological structure and the
distribution of the main salt ions Cl, Na’ and K’ among the length of the cores were used to
establish a general relationship between water level fluctuations and climatic change in the sea
basin.
A number of features were found suggesting that the connection between the central and
southern basin of the sea was at a certain time in the past restricted or completely interrupted.
The findings pointing to this situations are as follows (Fig.2):
Substantial differences in the values and general shape of the 6180 and 613C curves.
(a>
Differences
in the lithology of the two cores. The basic component of core GS04 is sandy
(b)
clay. Core GS 19 consists of clay minerals, sand grains are completely absent.
The sedimentation rate of the two cores differ by an order of magnitude.
C>
The contents of Cl, Na’, K’ of the two cores differ in value and character.
Cd)

Fig. 1 Coring sites in the central (GS 19, GS20) and southern (GS04, GS05)
Caspian Sea.

On the basis of the above evidences the conclusion was made that the Caspian Sea was separated
during glacial ages into two lakes. During interglacial episodes they were connected.
Another interesting finding is the change of the salinity with the age which was fixed
both in the central and southern basin (Fig.2). But core GS19 shows a slow increase in age at the
top, whereas core GS04 has a steep increase within the first 0.5 m. This finding was explained by
variations of the water level and reversal of the main direction of the river discharge from the
north to the south and vice versa.
In this paper, new hydrologic and sedimentation effects of climate changes in the Caspian
Sea basin are discussed taking into account both additional measurements of the content of
radiocarbon and carbonate minerals in the sediments, and the discovery of the river channel with
a number of ancient terraces in the Apsheron sill,.
2.lUDIOCARBON

DATING

Standard procedures were used for the radiocarbon dating of the bulk carbon minerals. It
should be noted that the accuracy of the calculated ages is affected by the small terrigenic
fractions of the measured bulk sediments. There is no way to separate such fractions or to
directly correct the results with regard to these fractions. In order to estimate the amount of the
detritus component our French colleagues applied X-ray analysis. It seems that there is a
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Oxygen and carbon isotope record in bulk carbonates, lithology, contents of
Cl-, Na’ and K’ ions, Ca, Mg values and 14C dating results: (a) core GS04, (b) core GS19.

relationship between the sedimentation rate and the content of the terrigenic component. But in
our case a first approximation of the sediment dating appears to be applicable for the
interpretation of the main palaeoclimatic events in the Caspian Sea basin.
Table 1 presents results of the radiocarbon dating of GS04 and GS19 cores. The
measurements were done by R. Petrosius in Lithuanian Institute of Geology, Vilnius, and by M.
Groening in the IAEA Isotope Hydrology Laboratory. The corrected French data are also
included in Table 1.
Table 1:

*

**
***
* ***

Results of radiocarbon dating of GS04 and GS 19 core sediments

Percent modem carbon. The ages of GS04 and GS19 core samples are not corrected for
the detritus fraction;
Measured in the Lithuanian Institute of Geology, Vilnius;
Measured in the IAEA Lab, Vienna;
Measured at Paris University. The ages are corrected for the detritus fraction [7].

Table 2:

Contents of calcium and magnesium carbonates in two core sediments

3. CONTENT OF CARBONATE MINERALS
Carbonates are the main component of the bottom sediments which is the subject of the
stable and radioactive isotope measurement and interpretation. The content of carbonate minerals
in the Caspian Sea bottom sediments of quatemary age is varied from 10 to 70%. Those are
mainly chemogenic and biogenic calcium carbonate minerals. But many researchers assume that,
in addition to pelagic carbonate, which are formed in isotopically equilibrium with water masses
conditions, the bottom sediments contain terrigenic carbonate component, delivered by river
runoff and wind from the land. It is assumed that the isotopes of this part of the carbonate
sediments precipitates in not equilibrium state with the marine water.
The procedure of determination of the carbonate mineral content in the core sediments
was as follows. Sediment samples of about l-3 g in weight were taken each 50 cm along the
core. The samples were treated by hydrochloric acid for dissolution of the carbonate fraction.
After that the content of calcium and magnesium was determined by the titration method. The
results of bulk carbonate measurement in GS04 and GS19 cores are shown in Table 2 and Fig.2.

4. SEDIMENTATION AND ISOTOPE RECORD
Fig. 2 shows that the resolution of the isotope record in the carbonate minerals relative to
the studied events is very high. The resolution is guaranteed by continuous sampling every
centimetre along both cores GS04 and GS 19. In order to provide a basis for the interpretation of
the measured data, the sedimentation conditions and the isotopic composition of the carbonates
have to be considered.
It is known that for Caspian Sea water the index of the supersaturation by calcite is close
to 3 [2]. This fact appears to be a direct indication of supersaturation of water by Ca2’ and CO,‘ions leading to precipitation of (chemogenic) carbonates isotopically equilibrated with the sea
water. In principle there are two reasons for this supersaturation of water by calcites. Firstly, it is
due to concentration of salts in the surface water layer during evaporation. Secondly, the
supersaturation occurs as a result of the change of the ion force and pH value in the mixing zone
of the river and sea water. Calculations of the ion force equilibrium (made by our colleague G.
Solomin with the computer program MIF-4) show that an abrupt supersaturation of Volga River
water occurs when it mixes with sea water in a proportion of 1O:l at a salinity of about 1 %o.
The content of carbonate minerals in the Caspian bottom sediments of quatemary age
(mainly chemogenic and biogenic calcium carbonates) ranges from 10 to 70%. But many
researchers assume that the bottom sediments contain (in addition to the pelagic carbonates
which are formed in the water body at isotopic equilibrium conditions) terrigenic carbonate
minerals delivered by river runoff and wind from the land. It is obvious that this part of the
carbonate sediments is not in isotopic equilibrium with the marine water.
It follows from the theory of isotope thermometry that the isotopic composition of
oxygen in the carbonate sediments is a function of two variables: the temperature and the
isotopic composition of the water where the carbonates precipitate [3]. Palaeoclimatic studies of
the Pleistocene glaciations evidenced that the isotope record in marine carbonates reflects mainly
changes in the isotopic composition of the water. This marine water is known to be isotopically
enriched during glaciation due to accumulation of glaciers depleted in heavy isotopes. Thus, the
temperature of water appears to be a minor factor in the formation of the isotopic composition of
the carbonate minerals [4].
It is a characteristic feature of the Caspian Sea sediments that the isotopic composition of
chemogenic and organogenic carbonates mainly depends on the isotopic composition of the
water, but not of the temperature of the water. It is assumed that isotopic composition of the sea
water varied in the past. During transgressions, the basin was recharged by isotopically depleted
river water fed by melting glaciers. During the regression episodes the Caspian Sea water was
enriched in heavy isotopes due to enhanced contribution of the evaporation to the water balance
of the basin.
The carbon isotopic composition of the carbonate minerals is expected to show the same
picture. Such components as H,CO,, HCO,- and COJ2‘of the carbonate system should be enriched
in 13C in comparison with the carbonates dissolved in marine water.
The changes in the isotopic composition of the water during glacial and interglacial
episodes provide the basis for the interpretation of palaeoclimatic events using chemogenic and
organogenic carbonates in continental reservoirs. Of dominating influence is the temporal and
spatial variation in the isotopic composition of atmospheric precipitation, which is the only
source of water of the continental reservoirs and catchment basins of river systems. The variation
of deuterium and oxygen-l 8 in precipitation mirrors climatic changes and can in a good
approximation be assumed to be proportional to changes in the surface air temperature given by
the expressions [5]
As2H / At E (5.1 + 0.9) %o/‘C,

Consequently, in the cold climatic periods the Caspian Sea can assumed to be recharged
by isotopically light precipitation water and river runoff. But, because of the residence time of
water in the Caspian Sea was at least in the order of hundred years, the sea water has been
subject to enrichment due to kinetic fractionation of oxygen and hydrogen isotopes at
evaporation and isotopic exchange with atmospheric water vapour. The authors results of water
exchange study of Lakes Sevan in Armenia and Issyk Ku1 in Kyrgiz Republic prove this
statement [6].
The fact that enrichment of heavy isotopes in the Caspian Sea water took place in the past
through exchange with atmospheric water vapour, is also documented in our data on the isotopic
composition of hydrogen in pore water taken from core GS20 (Fig. 1). The samples were taken
from the core which also was studied by our French colleagues. Fig. 3 shows the results
demonstrating that during the studied time interval the hydrogen isotopic composition varied
between -10 and -25 %O and never approached the present -90 %O value of Volga River water.
Thus, it can be concluded that the isotopic composition of the chemogenic carbonate
minerals was formed in the mixing zones of marine and river water, and the river water plays the
dominating role. The fine-dispersed carbonate sediments were precipitated by currents within the
central and southern basins. The main part of such sediments was accumulated in zones of slow
water movement. Isotope record of the carbonate particles has been preserved because isotope
exchange in heterogenic system like solid sediment - water at temperatures below 400 K is
negligible and the rate of the isotope exchange reaction by diffusion kinetics is very low. In the
case of a sudden drop in the river runoff, what is characteristic for the south-eastern part of the
Caspian Sea, the isotopic composition of the chemogenic carbonate minerals becomes dependent
on the temperature of the marine water.
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Deuterium contents in pore water of core GS20 (central basin).

Table 3:

Oxygen and carbon isotopes in shells, bulk carbonates and water

As mentioned above, the sediments contains some terrigenic fraction in addition to the
pelagic carbonates, and this fraction not in equilibrium with the sea water distorts the
palaeoclimatic record. Unfortunately, there is no reliable method to separate the two components.
Such a separation was tried by our French colleagues [7]. Their studies show that the biogenic
(microfauna and microflora) fraction being a priori in isotopic equilibrium with sea water, occurs
in the studied cores in negligible amount not enough for a conventional mass-spectrometric
measurement of oxygen and carbon isotopes. For this reason, the isotope-palaeoclimatic
interpretation in our work is based on the analysis of the bulk carbonate in the sediments.
In order to assess the degree of isotope equilibrium of carbonates in the measured
samples, 6180 and 613C in Cardium edule and Diducna trigonoides mollusc shells occurring both
in the sediment carbonates and in the adjacent water were measured. For this purpose, samples of
shells, sediments and water were taken from the upper O-5 cm layer of the sediments below 13 m
water depth in the south-east part of the sea near Ogurchinsky Island. The second sampling place
selected for this investigation, was the dried lagoon south-east of the Iranian shore (Table 3).
The temperature of the calcite formation near Ogurchinsky Island was calculated using the UreyEpstein equation. The following results were obtained: the temperature during growing of the
shell is 20°C and the temperature at carbonate precipitation is 24°C. Such temperatures provide
conditions for oxygen isotope equilibrium between the water and sediments. During the
sampling (17.08.94), the temperature at the surface was about the same as at the bottom (28°C )
and the other parameter were: pH = 8.3, [HCO,J = 0.254 g/l, [Ca”] = 0.343 g/l, S = 13.2%0). The
above data show that water was 1.5 - 2.0 times supersaturated with calcite. The results
demonstrate that at summer temperatures the chemogenic carbonates were in equilibrium with
water. This was because precipitation of calcium carbonates was developed most intensive
during active evaporation of water when the degree of its oversaturation was rising. The
equilibrium temperature at formation of the calcium carbonates of the shell was somewhat lower
(by 4.6”C) in comparison with the chemogenic ones. The explanation of this is that growing of
shells appears in a wider range of temperature variation. The carbon isotopes give a reverse
picture. The shells are enriched by 0.5 %O in comparison with the chemogenic carbonates. The
cause of this is not clear. Metabolic effect is one of the possible explanation of the observation. It
is known that carbon of the body of living molluscs is depleted in 13C on 15 - 20 %O relative to
that of the carbonate components of water [6]. Enrichment of the carbonate sediments in 13C in
comparison with the shells was observed by Stuiver and Suess [8].
The values of 6180 close to equilibrium at 26-28 “C are characteristic for the top 0 - 5 cm
sediment layer from the southern basin of the sea where 6180 = -3.4 %O for the carbonates and
6180 = 1.72%0 for the water. It means that modem climatological and hydrological conditions

provide equilibrium state between marine water and formation of pelagic sediments in the
southern Caspian Sea. Modem carbonate sediments from GS19 core demonstrate a reverse
picture: the mean value of oxygen-18 in carbonates is -4.7%0, but at the measured water
temperature of 24.6”C and its 6”O = -1.89%0, the equilibrium value should be -3.9%0. The only
explanation on the observed difference is the presence of an impurity fraction in the sediments.
Assuming that the fraction of calcites depleted in oxygen and carbon heavy isotopes was formed
in the water of the River Volga with mean oxygen isotope value ranging between -8 and -12%0
and adopting a mean oxygen- 18 value for the river carbonates of - 1 O%O, than the river calcite in
the upper part of the core GS 19 should be at about 15 - 16%0. This assumption of a direct
terrigenic origin of the impurity fraction is however rather unrealistic because in the surrounded
mountains the carbonate rocks are of marine origin and thus their 6”O and 613C values should be
close to 0. Discharge of carbonate material by rivers to the central Caspian Sea is fixed in
modem bottom sediments by carbon isotopes which are depleted by 1.5 %O in comparison with
the southern Caspian sediments (See Fig. 2). It should be noted that a number of authors used
carbonate minerals in bottom sediments of continental lakes for palaeoclimatic reconstruction [9,
101.
The following practical conclusions can be drawn:
a ) The isotopic composition of oxygen and carbon of the calcites in the sediments is governed
by the isotopic composition of the water in which the calcite precipitates;
b ) Periodic regressions and transgressions should considerably change the isotopic composition
of the Caspian Sea water due to variations in the runoff, which is isotopically depleted;
c) Modem carbonate minerals in the southern part of the Caspian Sea are in isotopic
equilibrium (oxygen-18) with sea water, whereas the heavy isotopes are depleted in
carbonate sediments relative to the equilibrium state observed for the central basin is
observed;
d ) The above phenomenon is explained by recharge of carbonate minerals (depleted in “0) to
the central basin where they precipitate in the mixing zone.
We can conclude that the phase of the sea transgression is characterized by depletion of the
oxygen and carbon isotopes and enrichment during the regression phase when equilibrium state
with marine water and water vapour dominated.
5. INTERPRETATION OF PALAEOCLIMATIC EVENTS
Table 1 shows that the age of the sediments of cores GS04 and GS19 covers a radiocarbon time
interval of 24 kyr. The main palaeoclimatic events and their consequences within this time span
can be discussed on the basis of the collected data.
5.1. VARIATION IN SEDIMENTATION RATE
In Fig. 4 the radiocarbon ages of GS04 and GS19 are plotted versus depth in the respective
sediment core. The sedimentation rate (v) at a given depth can be calculated by the expression:
v=Ah/At, where At is the time interval during which a sediment layer with a thickness Ah was
formed. Fig. 4 reveals a reverse character of sedimentation rate in the two basins: the increase of
the sedimentation rate in one basin is accompanied by a decrease of the sedimentation rate in the
other basin. During the period from 24 to 11 kyr the mean sedimentation rate in the central basin
was low (0.12 rnm/yr), whereas 11 to 6 kyr this value increased up to 1.2 mm/yr. On the
contrary, from 23 to 17.8 kyr the mean sedimentation rate was relative high (0.9 mrn/yr.) in the
southern basin, but dropped up to 0.19 mm/yr. during the period between 17.6 to 6 kyr. Taking
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Changes in sedimentation rate within period of 24 kyr for GS04 and GS 19
core sediments.

into account that the volume of the river runoff is a function of sediment volume, it can be
assumed that the observed changes of the sedimentation rate in the two basins is the consequence
of changes in direction of the river runoff and points also to a separation of the Caspian Sea into
two basins in the past.
5.2. PERIODIC CHANGES IN DIRECTION OF RIVER RUNOFF
There are a number of facts which prove the assumption that the main direction of the river
runoff to the sea reversed in the past. The data of salinity variation presented in Fig. 2 show that
the salinity dropped within the depth interval from 5.4 to 1.5 m in sediment core GS04 which
corresponds to an age interval from 22.5 to 17 kyr. The fresh water input to the southern
obviously was represented by runoff from the southern part of the catchment are. On the other
hand, the depth interval from 7.5 to 2 m of core GS19 in the central basin (22.5 to 12 kyr) shows
higher salinity. This provides evidence of prevailing evaporation in this basin. A possible source
of discharge to the central basin at this time could be the eastern part of the catchment area and
overflow through the Apsheron sill.
There are two salinity peaks in the core of the central basin: at a depth of about 5.5 m (age of 12 12.5 kyr.) with a salinity of 12 - 15%0, and at a depth of 1.5 m (6-6.5 kyr.). In GS04 (southern
basin) the salinity starts to rise at 5.4 m and reaches its maximum at 1.5 m (at the age of 12 kyr.).

the modem topography of the bottom in terms of isobathes and three latitudinal sections of the
sill. It is seen that there (-180 m) are river channels washed by water flow. The flow was reversal
but, because the river mouth was in the central basin, its main direction seems to be from the
south to the north. The western slope of the upper (-80 m), more ancient part of the bed is steep
due to the effect of the Coriolis force. The eastern terrace is flat. Below 80 m the flow turned to
the north-east (more soft for washing sediments). A number of river terraces are observed along
the bed slope.
It can be assume that at a certain time there were two lakes completely isolated by the Apsheron
sill. Because of sea level rise and drop, the sill was washed up. Complete separation or restricted
hydraulic connection of the two basins existed during each climatic cycle in the basin.
5.4. VARIATION OF SEA LEVEL
The obtained data enable to determine a number of fixed positions of the sea levels. Due to the
data on major ions in the pore water (density corrections were taken into account), the lower
salinity of the Caspian water was about 5 - 7%0. This happened 22.5 kyr ago (sediment depth of
5.4 m in the southern and 7.5 m in the central core). The salinity was 2 - 2.5 time lower than the
present salinity.. It is obvious, that the volume of water in the basin should be estimated by figure
of 200 000 km3. Elementary calculation shows that the sea level should at this time have been 70
m higher than the modem one. It is seems, that the Caspian and Black Seas were in hydraulic
connection through the Kuma-Manych watershed.
The positions of the main terraces of the river bed in the Apsheron sill also provide a reliable
indication of the sea level. The main terrace is located about 80 m below the modem sea level.
Other levels seen by the sea terraces have been found at about 100 m, 150 m and at the bottom in
180 m depth.
6. CONCLUSION
In order to reconstruct palaeoclimatic events within the climatic cycle (130 kyr), new field and
laboratory research is needed in this unique basin.
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P.S. Datta, K.M. Manjaiah, S.K. Tyagi
Tracing and age-dating recycled waste water recharged for potable reuse in a seawater injection barrier,
southern California, USA
M.L. Davisson, G.B. Hudson, B.K. Esser, B. Ekwurzel, R.L. Herndon
Isotope and hydrogeochemical studies of Southern Jiangxi geothermal systems, China
Wenbin Zhou, Xueli Li, Weijun Shi, Zhanxue Sun
A combined tool for water-rock interactions studies: B, Sr, O, H isotopes in groundwater
W. Klopmann, Ph. Negrel, J. Casanova
Isotopic and geochemical assessment of the geothermal field of Limnos Island, Greece
E. Dotsika, D. Poutoukis,E. Lagios, J.L. Michelot
Geochemistry of CO2-rich water in the Jungwon area, Korea
Y.K. Koh, C.S. Kim, D.S. Bae, K.S. Kim, H.S. Choi
Monitoring the movement of the cooler fluids in the deep geothermal reservoirs of greater Tongonan
geothermal field, Philippines
J.S. Seastres, Jr., N.D. Salonga, F.L. Siega
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GROUNDWATER FOR SUSTAINABLE DEVELOPMENT
OPPORTUNITIES AND CONSTRAINTS
Fatma Abdel Rahman Attia

Director of the Research Institute for Groundwater
Cairo, Egypt

Water is the most spread natural resource on earth. It plays a vital role in both the
environment and human life. Among all fresh water resources, groundwater is the most
widely distributed one on earth. The rise and decline of civilizations have been linked to
climatic changes which, in turn, controlled the natural recharge of aquifers and regulated the
pollution of groundwater and soils.
Aquifers have specific characteristics that distinguish them from other water bodies:
(i) they can help in removing suspended solids and disease-causing organisms; (ii)
they can store water in quantities exceeding those which are or conceivably could
be stored in all natural and artificial surface-water bodies; (iii) they can regulate the
water temperature and its chemical quality; (iv) they transport water from areas of
recharge to areas of need; and (v) they slow-down the natural discharge of water to
the surface. As such, aquifers can be utilized as strategic storage reservoirs for
water to make up the bulk of the dry-weather flow of streams.

In addition to secular changes in groundwater caused by climatic variations, there are now
serious threats to both quantity and quality of groundwater resources caused by the
accelerating human intervention.
The main challenge facing the present and future availability of groundwater is “How to
sustain this precious natural resource and protect it from degradation? “. Groundwater
protection is thus a major challenge.
The groundwater protection framework constitutes of a series of actions. Some are preventive
while others are corrective. These should be directed to the software (mostly socio-economy
and legislation) as well as the hardware (technical). Main causes of software problems and
conflicts include: (i) short-versus-long-term considerations; (ii) externalities, which occur
when private costs or benefits do not equal social costs or benefits; and (iii) risks and
uncertainties, including conflicts among water user sectors. This dictates a change from
individual development and management to integrated development and management that is
accompanied by close monitoring and evaluation of actions. Technical actions include among
others: (i) proper assessment of the resource; (ii) appropriate dynamic planning; and (iii)
proper development and management.
The problems related to groundwater protection are more serious in arid zones due to the
hydrogeologic complexity of water systems in such zones. For this reason, UNESCO
identified as a priority theme in the Fifth Hydrologic Program (IHPV) “Groundwater at risk”.
Under this theme, among others, two networks have been initiated, one on wadi hydrology

and the other on groundwater protection in the Arab region (being one of the most arid
regions in the world). Various types of activities have already been identified and are under
implementation, including: (i) initiation of a “Data Base” for groundwater protection; (ii)
development of “Manuals” in various areas related to groundwater protection (various users
categories); (iii) regular training programs for various categories; (iv) development of
“Systematic approaches to research and implementation” for priority aquifers in the region;
(v) development of suitable “Dissemination means”; and (vi) development of awareness
means
WATER RESQURCES AVAILABILITY-AN OVERVIEW
Water

Resources

I1

Water is the most widely spread natural resource on earth. It plays a vital role in both the
I environment and human life.

The current estimate of water storage on earth (in the hydrosphere) is about 1386 million
cubic kilometers. However, 97.5 % of this amount is saline water, and only 2.5 % is fresh
water. The major portion of available fresh water (68.7 %) is in the form of ice and
permanent snow cover in the Antarctic, the Arctic, and in the mountainous regions; 29.9%
exists as fresh groundwater; and only 0.26% is surface waters (lakes, rivers, reservoirs,
etc.).
Source: Igor A. Shiklomanov (1998)
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Fresh water is characterized by its spatial and temporal variation. Temporal variations can
be quite significant, especially in arid regions where actual values are small.
Water Demand
Water demand is generally a function of various factors, among which, physiographic
(including climate) features, area served, population, and socio-economic status.

Water Availability and Deficits
The availability of water is not solely a function of volumes, but also of human factors.
Human factors affect water availability in various forms. They can either reduce available
water (e.g. deforestation increased evaporation, etc.) or promote it (e.g. decreased
evaporation by changing water storage modes). This is in addition to the impacts of global
warming which are still not clearly defined in many regions of the world.
Sorce: Ipor A. Shiklomanov (1998)
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Of Importance here is the type of distribution. of fresh water resources on earth which does
not follow the population growth. If only renewable water is considered as available,
statistics indicate that 75% of the world population has a specific water availability around
5,000 m3 per year per c.apita, with 35% having less than 1,000 m3 per year per capita. This
situation will deteriorate further in the beginning of the next century, especially in arid
regions.
SUSTAINABLE DEVELOPMENT-CONCEPT AND CONSTRAINTS
The Concept
Interest in sustainable development has arisen as a consequence of national, regional and,
subsequently, global concerns about the environment and in particular its natural heritage.
It began to articulate in Europe and North America in the 1960s and 1970s. In 1983, the
U.N. General Assembly established the World Commission on Environment and
Development and received the report on the so-called ‘!Our Common Future” (Brundtland
Commission, 1987). Good Development will protect and enhance the environment; attention
paid to environmental concerns will strengthen developmental progress and projects.
The FAO definition adopted by its council in 1988, in the context of agriculture, forestry and
fisheries is: “Sustainable development is the management and conservation of natural
resource base and the orientation of technolcgical and institutional change in such a manner
as to ensure the attainment and continued satisfaction of human needs for present and future
generations. Such sustainable development (in agriculture, forestry, and fishery sectors)

which conserves land, water, plant and animal genetic resources, is environmentally nondegrading, technically appropriate,economically viable and socially acceptable”.
In the run-up of the UNCED “The Earth Summit 92”) the International Conference on Water
and the Environment (ICWE), concluded with the Dublin statement on Water and Sustainable
Development: “Scarcity and misuse of fresh water pose a serious and growing threat to
sustainable development and protection of the environment; human health and welfare, food
security, industrial development and the ecosystems on which they depend, are all at risk
unless water and land resources are managed more effectively in the present decade and
beyond they have been in the past”.
Some Issues of Sustainable Development

Identification of development aspects that make development unsustainable has been more
successful than the development of remedial measures that reduce or eliminate those
undesirable effects. For example, if sustainable groundwater resources development is
considered, it is known that pumpage in excess of long-term recharge will result (in the long
or short term) in uneconomic (or even in stopping the) development. Similarly, if excessive
use of fertilizer and pesticide in agriculture is experienced by farmers, the use of
groundwater for drinking will be impaired.
Reasons behind the failure of developments include, among others:
1) Short-versus Long-term Considerations: Any plan that does not consider the
conflict of short-versus long-term sustainable development and attempt to identify realistic
alternatives to overcome the problem, is expected to fail.
2) Externalities: Externalities occur when private costs or benefits do not equal social
costs or benefits. Individuals operate primarily on the basis of their own private costs (e.g.
cost of sewage/waste disposal, cost of water, etc.) and benefits. If they perceive opportunities
which could reduce their costs and/or increase potential benefits, they often take actions
which could be beneficial to them but are unlikely to serve the common good. A proper
solution would be the internalization of external cost by various means (e.g. taxes, subsidies,
regulations, etc .) .
3) Risks and Uncertainties: For example, the increase in population dictate intensive
agricultural production, which is generally accompanied by intensive water development.
This may create conflicts among the various uses either due to other economic types of
demands and/or due to the reuse of low quality water. This issue will become more important
in the future and needs a change from individual development and management to integrated
development and management that is accompanied by close monitoring and evaluation of
actions.
GROUNDWATER PROTECTION FOR SUSTAINABLE DEVELOPMENT
The Framework

A unique framework for groundwater protection is generally not possible as the forms of
groundwater deterioration are diversified. However, there is one agreed upon issue regarding

groundwater protection which implies preventing or at least minimizing groundwater
deterioration. This issue is based on the fact that prevention is always simple and less
expensive than restoration.
In general terms, the framework for groundwater protection constitutes of a series of actions.
Some are preventive while others are corrective. These should be directed to both the
software as well as the hardware.
Preventive measures
Preventive measures include, among others: (i) groundwater assessment; (ii) groundwater
resources planning; (iii) groundwater resources management; and (iv) monitoring. Table 1
gives a summary of the main elements constituting groundwater protection prevention
measures.
Groundwater assessment is the base for any sustainable development. A proper assessment
of the resource dictates a proper understanding of the groundwater system (configuration),
the conceptual frame (present state) and system response to future stresses. The key of such
a proper assessment is the availability of data and information, and well trained professionals
who can apply all types of technologies in determining the state of the system (static and
dynamic). Various tools can be applied, including surface and sub-surface investigations,
hydrogeological maps, potential maps, vulnerability maps, models, etc.
Planning of groundwater development undertakings, on the other hand, needs a clear
identification of water needs. Planning should be based on the interaction between the
planners, managers, policy makers, and the public. Involvement of the public at the various
stages of the planning is a key issue in ensuring the sustainability of the undertakings. Longas well as short-term plans should be clear and well oriented to the needs. It should be
stressed here that the plans should be dynamic, i.e., plans should be revised at proper time
spans.
Groundwater management should always be carried out in the framework of integrated
management to ensure the sustainability of the resource. Technical tools, including models,
should be considered only as support tools. Pilot schemes are good means in the testing of
new management policies/strategies, and dessimination of results to decision makers and the
public.
Finally, monitoring represents the end of the chain. Monitoring should not be considered a
nuisance, but a support for early corrections of management and planning activities.
Monitoring does not only consider the system response, but also the users response. As such,
monitoring should be included in the planning and carried out at all stages.
Monitoring can be implemented at various levels and scales, including regional, project, or
problem specific; each of which has its objectives and design. Feed back from the monitoring
activities should be disseminated to the users, polluters, and decision makers. Results are also
used to enforce the groundwater protection laws and to decide upon appropriate corrective
measures.

Table 1. A Possible Classification of The Groundwater Preventive Measures
Measure/Issue

Hardware

Software

1. Groundwater Assessment

1.1 Proper identification of the static properties
of the system, including its boundaries, geology,
groundwater vulnerability to pollution, etc.
1.2 Proper identification of dynamic conditions,
including interaction with other water bodies,
water fluctuation, quality, recharge-discharge,
land use, groundwater use, etc.

1.1 Human resources development
through systematic training at all levels.

2. Groundwater Resources
Planning

2.1 Proper assessment of water needs.
2.2 Application of conservation means, including
conjunctive use of water resources.
2.3 Application of land and water planning.
2.4 Application of new technologies and
instruments, including GIS, models, etc.
2.5 Long-term as well as short-term planning is a
must.

2.1 Involvement of users/stakeholder
through proper and timely
users/stakeholder participation all over
the planning phases.
2.2 Human resources development.

3. Groundwater Resources
Management

3.1 Application of proper tools, including
management models.
3.2 Application of integrated water resources
management means.
3.3 Implementation of pilot projects and
dissemination of findings.

3.1 Raising Public awareness on
management issues.
3.2 Human resources development.

4. Monitoring Groundwater
Performance

4.1 At the land surface, including land use,
emissions, etc.
4.2 In the unsaturated zone.
4.3 In the saturated zone.
4.4 On regional (reference) as well as for
problem-specific.

4.1 Raising public awareness on health
impacts based on findings.
4.2 Involvement of the public in
monitoring.

Corrective

Measures

In the case of groundwater degradation, which could be a result of the feed back from the
monitoring system, corrective measures should be implemented before the problem becomes
more severe. Corrective measures, include among others: (i) artificial recharge, which is
directed to correct depletion of groundwater, sea water intrusion, deterioration of
groundwater quality? etc.; (ii) restrictions on land use, aiming at minimizing the long-term
effect; (iii) treatment of effluent at the source or its direction to other sites of less importance
with respect to groundwater; or (iv) other remedial measures, including removal of soil, etc.
SPECIFIC WATER ISSUXS IX ARID ZONES
Definition of Arid Zones
A precise definition of arid zones is not straightforward, as each discipline can have its own
view point. However: for hydrologists, arid zones are those regions characterized by low
average rainfall and the absence of perennial rivers. Generally, these basic criteria are
correlated with high mean
annual temperatures and
low atmospheric
i 5OC
humidities giving rise to a
high rate of potential
evapotranspiration. Water
resources are mainly
iimited togloundwater,
which may be derived
from annual, ephemeral or
fossil replenishment, by a
variety of possible
recharge mechanisms.
The variability of
groundwater recharge in
such zones is very large.
Replenishable groundwater
resources may be available
in regions where present
day recharge is potentially
very low or nil (e.g.
Nubian Sandstone in
North Africa). Similarly,
it may not be possible to
correlate directly the
presence of higher ra.infali
belts in certain areas in
recent years with the size
of the local groundwater
storage.
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Issues of Groundwater Development and Management in Arid Zones
The main aim of groundwater development and management is to ensure the sustainability
of the resource and developments based on it. This requires, as mentioned previously, a
good knowledge of the system configuration, present state, and response to future
stresses.
System Configuration: Geophysical investigations (especially geoelectrical
profiling), which are generally considered cheap tools in defining the configuration
of aquifer systems, meet several limitations in arid zones. Main reasons are: (i)
the relatively dry medium in the shallow horizons which make them very resistant
resulting in false resistivity; and (ii) deep horizons may contain saline water
obeying the density gradient, making the penetration of the signal difficult and its
discrimination is low.
Present State: A good understanding of the present state of the system is generally
based on clear identification of boundaries, flow rates, and hydraulic
characteristics. The main problems in arid zones is the proper determination of the
water balance components and the hydraulic continuity.
The water balance reads, in its simplest form:
RECHARGE = DISCHARGE + CHANGE

IN STORAGE

Recharge can be natural (rainfall) or artificial. Discharge can also be
natural (visible as sinks or seeps, or invisible as evaporation or
uptake by plants) or artificial (e.g. wells, surface and subsurface
drains). Change in storage is a function of the change in groundwater
heads and the aquifer storativity .

The question of recharge is one of the most critical factors for groundwater
management in dry areas. If recharge is occurring, further important problems
arise dealing with possible mechanisms of recharge, e.g. : (i) vertical direct
infiltration of rains; (ii) lateral seepage of river flood water and groundwater from
adjacent aquifers; and (iii) upward leakage from deep aquifers.
Whatever the depth of the water table, evaporative discharge is expected through
the soil zone or through sabkas. The phenomenon of aquifer discharge is relatively
simple to evaluate when it gives rise to permanent surface runoff. This is not the
case in arid zones where perennial surface flow does not exist. In coastal regions,
however, discharge may occur directly to the sea. In internal drainage basins
which occur widely in arid and semi-arid zones, discharge occurs either through
springs (oases) or though diffuse evaporation across the unsaturated zone. The
latter process is the most frequent, although very difficult to quantify, it is very
important for the groundwater balance.
The need for an accurate assessment of whether a small rate of recharge is
occurring appears rather trivial when the withdrawal from an aquifer clearly

surpasses the present day maximum possibilities of infiltration through the
catchment area. This problem, however, is not specific to arid zones since most of
the largest, confined aquifers are overexploited as evidenced by pressure decreases
which sometimes may have important consequences on soil stability.
Estimation of groundwater flow depends to a large extent on groundwater heads
and hydraulic characteristics. In the majority of the sediment basins in arid
regions, estimation of hydraulic characteristics through aquifer tests is very
difficult due to the associated long recovery time. In the case of fractured
formations, it becomes even more difficult to investigate the hydraulic continuity.
In arid regions, where deep aquifers provide sometimes the only source of water
supply, the question is of major importance for groundwater management. The
major problem of groundwater mining in arid regions is mainly related to the main
unconfined aquifers. At A first glance, groundwater mining can also be deduced
from hydraulic balances and decreases in the depth of the water table. However,
for both confined and unconfined aquifers the answer to this important question
appears rather complex and strongly dependent on the time scales of replenishment
and of development.
Groundwater Oualitv: Groundwater salinization may occur according to several
processes, including: (i) concentration through evaporation of surface water before
or during infiltration of flood episodes; (ii) diffuse discharge through unsaturated
soils between two episodes of sporadic recharge; (iii) leaching by surface waters of
salt beds within the aquifer; (iv) chemical weathering of silicates which leads to
the formation of clay minerals and oxides with subsequent increase in ions
(particularly Ca2+ and Na+); (v) irrigation return flow; and (vi) fertilizer
application.
A special case of salinization exists in coastal aquifers. Here, the heavier sea water
tends to flow inland below the fresh groundwater, even if the net inflow is toward
the sea. Thus, even under natural conditions, it is common that in coastal aquifers,
fresh water - flowing seaward - overlies stagnant sea water in deeper parts of the
aquifer. Pumping from such aquifers would attract the deep salt water until the
well is affected. This process is complicated and needs integration of various tools
to identify the source of saline water.

NETWORK ON GROUNDWATER PROTECTION IN THE ARAB REGION
Specifics of the Arab Region
The Arab region is suffering at present from water scarcity, which will become more
severe in the next century. The prevailing arid to semi-arid climate is generally a common
feature. Most rivers originate outside the borders of the region and their water is almost
fully utilized. Although extensive aquifer systems are encountered, groundwater contained
in such systems is deep and almost non-renewable (at present). Renewable groundwater,
on the other hand, is limited to specific regions where aquifers of limited extent are
prevailing. The percapita fresh water in some countries is as low as 100 m3/year, or even
less. This has already resulted in or will soon dictate recycling of used water (multiple
use); thus approaching closed water systems.

The present problems related to groundwater management in the Arab region can be
summarized as follows: (i) extensive drawdowns that are affecting sustainability of the
resource, especially the socio-economy; (ii) saline water intrusion and upconing in coastal
aquifers; (iii) pollution from various sources; (iv) lack of proper management tools and
related knowledge; (v) poor enforcement of legislation; and (vi) lack of public
participation and public awareness.
Groundwater protection is thus a major challenge for the sustainable development of the
region. It dictates the initiation and implementation of several actions, including: (i) the
implementation of monitoring system(s); (ii) development of proper tools to support
groundwater protection, e. g . hydrogeological maps, groundwater potential maps,
groundwater vulnerability maps, etc. ; (iii) enforcement of legislation, including well
licensing, types of agro-chemicals, proper disposal of effluents, etc. ; (iv) special attention
to environmental concerns and caution with the use of sewage water in irrigation, which
should be limited to regions of low vulnerability; (v) raising public awareness in relation
to the protection of the resource; (vi) development of simple technologies to protect
groundwater, which should be based on multi-criteria analysis of their appropriateness,
capability to improve, and adoption by the users; (vii) preparation for significant changes
which may present opportunities, but with potential adverse impacts.
Objectives of the Network

The main objectives of the network are to promote information exchange among
researchers and decision makers within the Arab region and other regions; and to
demonstrate the technical, economical, institutional, and environmental feasibility and
constraints of groundwater protection means and technologies.
The program is thus expected to contribute to rational development and appropriate
management of groundwater resources leading ultimately to sustainable socio-economic
development through: (i) assisting in strengthening and coordinating research concerning
groundwater assessment, planning, and management; (ii) assisting in the transfer of
adequate technology from other countries to the Arab region and among the Arab
countries; and(iii) assisting in disseminating and exchanging information on the state-ofthe-art of groundwater protection though meetings, workshops, etc.
Selection of Priority Areas for Cooperation/Coordination

The main priority areas for cooperation and coordination are as follows:
- Initiation of a “Data Base” for Groundwater protection.
Development of “Manuals” in various areas related to groundwater protection
i various users categories). The first manual will be targeted to technicians and
young hydrogeologists responsible for the collection of hydrogeological data.
- Two on-going training programs in the region will be considered as the main
official programs, the “groundwater protection” given by the Research Institute for

Groundwater, and “groundwater hydrology” given by Bahrain University. Other
ad-hoc training courses covering specific topics are also encouraged (sea water
intrusion, artificial recharge, etc.).
- Development of “Systematic approaches to research and implementation” for the
priority aquifers.
Type of aquifer and threat(s)

Examples

Countries

1. Regional non-renewable aquifers with
deep groundwater, subjected to
overexploitation.

Nubian sandstone,
Continental Intercalaire

Egypt, Libya, Sudan,
Tunisia, Algeria

2. Coastal aquifers, subjected to saline
water intrusion (sea or formation)

Mediterranean, Others

Egypt, Syria, Morocco

3. Aquifers underlying wadis, essentially
for integrated research to enhance water
conservation

Various

Many countries

4. Local aquifers subjected to recharge
with non-conventional water (e.g. sewage),
subjected to high pollution risks

Various

Many

- Selection of suitable “Dissemination means” and their preliminary outlines (web
site, newsletter, etc.).
- Development of appropriate awareness means.
CONCLUSIONS AND RECOMMENDATIONS
Conclusions
Water is the most spread natural resource on earth. It plays a vital role in both the
environment and human life. Groundwater is the most widely distributed fresh water
resource on earth. The rise and decline of civilizations have been linked to climatic
changes which, in mm, controlled the natural recharge of aquifers and regulated the
pollution of groundwater and soils.
In addition to secular changes in groundwater caused by climatic variations, there are now
serious threats to both quantity and quality of groundwater resources caused by the
accelerating human intervention.
The main challenge facing the present and future availability of groundwater is “How to
sustain this precious natural resource and protect it from degradation?“. Groundwater
protection is thus a major challenge.
The problems related to groundwater protection are more serious in arid zones due to the
hydrogeologic complexity of water systems. For this reason, UNESCO identified as a
priority theme “Groundwater at risk”. Under this theme, among others, two networks
have been initiated, one on wadi hydrology and the other on groundwater protection in
the Arab region (being one of the most arid regions in the world). Various types of

activities have already been identified and are under implementation, including: (i)
initiation of a “Data Base” for groundwater protection; (ii) development of “Manuals” in
various areas related to groundwater protection (various users categories); (iii) regular
training programs for various categories; (iv) development of “Systematic approaches to
research and implementation” for the priority aquifers; (v) development of suitable
“Dissemination means”; and (vi) development of awareness means.
Recommendations
Groundwater protection is a major challenge in arid region. It requires several actions:
1) Clear and systematic approach to protection.
2) Systematic training of professionals and technicians.
3) Development of proper tools for groundwater protection, e.g. hydrogeological
maps, groundwater potential maps, groundwater vulnerability maps, monitoring
systems, etc.
4) Development of appropriate tools for groundwater assessment and protection
(e.g. isotope).
5) Enforcement of legislation, including licensing, types of agro-chemicals, and
proper disposal of effluent, etc.
6) Increasing public awareness on water protection.
7) Selection of water conservation technologies based on multi-criteria analysis of
their appropriateness, capability to improve, and adoption by the users.
8) Preparation of decision makers and the public for significant changes in water
management styles which may present opportunities, but with potential adverse
impacts, on disadvantaged groups.
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HOW CAN ISOTOPE RESEARCH CONTRIBUTE TO UNDERSTANDING
AND MANAGING WATER QUALITY ISSUES?
N.E. Peters
US Geological Survey,
Atlanta, Georgia, United States of America

Advances in the understanding of hydrological processes, particularly water quality, have
increased rapidly over the last few decades. One major, recent factor leading to improved
knowledge in the field has been the use of isotopes in conjunction with hydrometric and
biogeochemical information. The choice of isotopes is presently constrained as some elements
are easier to study than others due to different levels of progress in experimental technology and
sample processing techniques. This presentation will explore schemes for the successful use of
isotopes in water-quality issues by discussing several recent advances in the comprehension of
hydrological processes, and will suggest some fertile areas for research. The use of s7Sr/86Sr

has

improved the understanding of the relative contributions of weathering, general patterns of longterm mineral transformations, water-quality evolution within catchment pathways, and the
biological cycling of base cations, particularly Ca”. The simultaneous analyses of 6 14N and 6’*0
of NO,- have helped to determine the role of sources such as atmospheric deposition and fertilizer
or manure application and oxidation state in N cycling and nutrient transport. These isotopes
have also been used to assess the efficiency and mechanisms for N removal related to
implementation of best management practices for specific ecosystem types such as wetlands. A
multi-component approach using elemental concentrations and ‘iB, 87Sr, and “0 has been used to
study the origin of salinity and formation of saline plumes in groundwater. In all hydrological
studies, it is important to determine water pathways, fluxes and residence times in order to
understand water-quality evolution or genesis. Consequently, isotopes have been very useful to
date young groundwater using ‘H, ‘He, *%, and 3sS and to date ice cores and sediments using

14C and 36C1. The ice cores and sediments can then be studied to determine long-term changes in
climate with the use of “0 and 13C. Isotopes are useful in studying other paleo-environmental
indices such as groundwater (D, 180, 13C, 36C1), clay minerals (13C, D, ‘“O), pedogenic carbonates
(13C, ‘“O), tree rings (D, 180, 14C), and plant fossils (D, 180, “C). Relative enrichments of other
elements with respect to the isotopic content suggest patterns of chemical evolution. Patterns,
processes and rates of sediment erosion and deposition and associated transport and
transformation of pesticides and herbici’des have been discovered using “Be, 7Be, 137Cs, and 210Pb.
The importance of biological activity in cycling S and N has been quantified under controlled
conditions and from experimental field investigations of pathways and transport rates, using 34S
35S, and 14N. The importance of atmospheric S sources in headwater watersheds and the
subsequent transformation and transport of the element have been elucidated using 35S and 34S. In
most of these research areas the greatest advances were made by establishing comprehensive data
collections and data analysis schema, which included hydrometric and ancillary biogeochemical
information. For example, an evaluation of only the 87Sr/86Sr ratio of groundwaters does not show
the entire process of water-quality evolution. Additional solid phase data, hydrometric
information and a broader spectrum of hydrochemistry provides complementary information on
the direction and potential magnitude of transport and processes controlling temporal variations,
solid phase adsorption characteristics and potential end-member contributions to 87Sr/86Sr,

solid

and liquid Sr concentrations, and relative compositions of associated elements. Finally, a
discussion will be given on the use of isotopes to ascertain the biological processes in - and
energy flow through ii aquatic food webs, which are central to most of the critical water-quality
health-related issues.
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Abstract: Isotopic ratios of 81KrKr were measured with accelerator mass spectrometry in prenuclear atmospheric krypton and in modem krypton. Within the experimental uncertainty
c+30%) the 81KrKr ratios were found to be the same. This establishes “Kr (t1,2 = 230,000
years) as a long-lived cosmogenic radionuclide essentially unaffected by anthropogenic
contributions. First applications of ‘lKr to groundwater dating in the Great Artesian Basin of
Australia enabled to obtain mean residence times of 225,000 to 400,OO years.
1 Introduction
The main interest of “Kr lies in the possibility it provides for dating deep ice from the polar ice
caps, and old groundwater. Due to its favourable geochemical properties it is possibly the only
cosmogenic radionuclide that has the potential to become a reliable absolute chronometer for
these applications. However the extremely low concentration of “Kr in these reservoirs
(~1000 atoms per kg ice or water) demands a very high overall detection efficiency.
The development of an AMS technique for the detection of ‘lKr as well as the first application
of this method to date groundwater samples from the Great Artesian Basin of Australia has
been an ongoing program at our Institute. The first measurement of the “Kr concentration in
atmospheric krypton using AMS in 1994 [l] and the first experimental comparison of the ‘lKr
concentration in pre-nuclear and modem atmospheric krypton samples in 1996 [2] laid down
the base for this first dating application.
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Abstract
Environmental tracers, chemistry and hydraulic data have been used to develop a
conceptual model for groundwater flow in a fractured rock aquifer, at Clare, South Australia.
In the upper 36 m there is relatively high horizontal flow, closely spaced fractures and large
apertures. Below 36 m, horizontal flow rates are less and apertures become smaller. A sub
horizontal fracture at 36 m separates the upper system from flow systems below. There is
minimum vertical connection of groundwater above and below 36 m as indicated by low
hydraulic conductivity and a steep 14C concentration gradient. The observed linear trends in
chemistry and isotope data are a result of mixing between old saline water and relatively
younger fresh water. Greater mixing has occurred in the upper 36 m, with the amount of
mixing diminishing with depth. We propose that this mixing is a recent process that has been
triggered as a result of increased recharge to the system since the clearing of native
vegetation approximately 100 years ago. Increased recharge of lower salinity water has
resulted in the establishment of concentration gradients between the matrix and the fractures.
This has resulted in diffusion of relatively immobile water in the matrix into relatively fast
moving water in the fractures. Greater flushing has occurred in the upper 36 m due greater
fracture density and larger apertures and higher horizontal flow rates.
1. INTRODUCTION
Fractured rock aquifer research to date has largely focused on the development of a
number of complex hydraulic and solute transport models [ 1,2,3]. Applied tracer tests have
often been used to characterise fractured flow at small scale field sites [4, 51. However, little
effort has been placed on the use of environmental tracer data to characterise fracture flow,
or the coupling of environmental tracer data with numerical models. Environmental tracer
techniques have advantages over hydraulic methods, as they can integrate over temporal and
spatial scales. Hydraulic methods provide only a ‘snap shot’ of the present day flow regime.
Where possible both environmental tracers and hydraulic data should be used together to
help develop or constrain conceptual and numerical models.
A distinctive feature of the Glare Valley fractured rock aquifers is that the
groundwater is stratified with respect to salinity. In a number of bores in the district, salinity
can increase by a factor of four over a vertical distance of only 100 meters. The unique
feature of this stratification is that salinity changes abruptly, with rapid changes (up to 3000
uScm-1) occurring in a step-like fashion over vertical distances of only l-5 m. In this paper
we examine chemical, isotopic and hydraulic data from the Wendouree field site in the Clare
Valley, in an attempt to elucidate the major flow processes and aquifer characteristics
occurring, including water velocities, fracture spacings, apertures and connectivity.

2. FIELD SITE
The Clare Valley is located 100 km north of Adelaide, South Australia and forms part of
the Adelaide Geosyncline which is an ancient failed rift margin. Proterozoic rocks (600 -800
million years old) are exposed as indurated and fractured quartzites, shales and dolomites
with low porosity that have been subjected to low grade regional metamorphism.
The climate is Mediterranean with hot dry summers and cold winters. Precipitation varies
from 590 to 650 mm yr 1, throughout the region and is winter dominated from June to
August. Average annual evaporation is 1975 mm yr-1 at Glare. Today the dominant land use
is vineyards and pasture with only a minor amount of native vegetation remaining. Large
scale clearing of native vegetation occurred approximately 100 years ago as a result of the
introduction of European style agriculture. In other parts of Australia land clearing has
resulted in an order of magnitude increase in groundwater recharge [6]. The impact that land
clearing has had on increased groundwater recharge in Clare has not yet been assessed.
Groundwater of variable quality (500 - 7000 mg L-l) and low yield (0.5 to 20 L s-l) is
stored in these low porosity rocks. The major use of this groundwater is for domestic and
irrigation supplies of grape vines. Over the past few decades the demand for increased grape
yield and volume from the district has led to increased irrigation from groundwater. This has
raised concerns in the community about the long term sustainability of the groundwater
resource.
The data reported here is from a carbonaceous dolomite aquifer at the Wendouree field
site. The first well drilled is 200 mm in diameter to a depth of 117.5 m, and completed as an
uncased open hole. Vertical profiles of electrical conductivity (EC) and temperature were
taken using a down hole logging probe. 222Rn and major ion data were collected in situ in
the unpurged open bore hole by means of a bailer. This well, and another well drilled to a
depth of 55 meters, 2 meters to the north, were later converted to a series of nested
piezometers. The nested site has ten different well completions intervals located between 2
and 100 m below the water table. The piezometers are open to the aquifer by slotted casing at
their base. The slotted intervals varies from 2 to 6 meters. Individual piezometers are gravel
packed around the slots and are separated by cement and bentonite seals. Piezometers were
sampled for environmental tracers *4C, 13C, 2% 180,3H and CFCs. Hydraulic conductivity
was determined on the piezometers by standard pumping tests. Porosity of a rock core from
at 8.2 m was measured to be 4.7 % using helium porosimetry. The vertical hydraulic
gradient at the site is less than 5 x10-3.
3. GROUNDWATER FLOW AND FRACTURES
3.1 EC, temperature and 222Rn
Electrical conductivity (EC), temperature and radon profiles have been used to infer
the location of fracture flow into the open borehole (Figure 1). Step-like changes in EC of
between 300 to 1500 @S/cm occur over vertical distances of only 1-3 metres. At the same
depths a small temperature spike of 0.08 to 0.12 oC is observed. These changes in EC and
temperature occur at depths of 36, 52, 77 and 82 meters below the water table. We believe
these represent locations of major groundwater inflow to the bore via fractures.
Cook et al [7] have shown that 222Rn concentrations in unpurged bores can be used
as a qualitative indicator of groundwater flow rate. Radon is produced from decay of

uranium and thorium minerals in the aquifer and has a half life of 3.8 days. High
concentrations of radon in streams have been used as a quantitative indicator of groundwater
discharge [8]. In a similar way, high concentrations of radon in the borehole should indicate
active groundwater inflow. If there was zero flow from the aquifer to the borehole we would
expect radon concentrations in the borehole to be zero due to radiogenic decay. However if
flow through the well is faster than radon can decay then we would expect significant
concentrations of radon in the well. If we assume that the concentrations of 222Rn are
uniform in the aquifer over the length of the borehole, then radon concentrations can be
related to groundwater flow rate.
We observe high 222Rn concentrations in the upper 36 metres of the bore indicating
relatively rapid horizontal flow. Because radon concentrations are relatively high and
uniform in the upper flow system we suggest that there is relatively high fracture density in
this region as well as high horizontal flow throughout this zone. A small peak of 222Rn at a
depth of 52 metres correspond to a step change in EC and a small temperature spike.
Another small peak of radon occurs at about 75 m. We believe these represent the location
of active fractures intersecting the borehole. As the 222Rn peak at 52 m is larger than the one
at 75 m we infer that groundwater inflow at the fracture at 52 m is greater than that at 75 m.
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Figure 1 Electrical conductivity, temperature, radon and hydraulic conductivity data at
Wendouree a) EC profile data from open hole b) Temperature gradient open hole, c)
Radon concentrations unpurged open hole, d) Horizontal hydraulic conductivity obtained
from pumping tests in the piezometers. The depths are shown below standing water level.
The horizontal hatched bar in d represents the length of the piezometer interval.
3.2 Hydraulic data
Hydraulic conductivity varies by four orders of magnitude with values decreasing with
depth (Figure 2d). High values of hydraulic conductivity in the top four piezometers
correspond to high unpurged 222R.n concentrations in the open borehole indicating rapid
throughflow in the top 36 m. Below the fracture at 36 m, hydraulic conductivity and 222Rn

concentrations are much lower than in the upper section of the borehole, indicating reduced
horizontal flow. The radon peak at 52 m corresponds to relatively low hydraulic
conductivity while the smaller radon peak at 75 m corresponds to higher hydraulic
conductivity. However we would not necessarily expect hydraulic conductivity and radon to
have a direct correlation. Rather, the data may indicate a decrease in the horizontal hydraulic
gradient with depth.
The dolomite aquifer has been mapped in an exposure approximately 2 kms north of
the field site. The outcrop data shows fracture spacing of 0.1 to 0.5 m, which is probably
representative of the upper 36 m at the Wendouree site. Open fractures at outcrop have
apertures ranging from 2 to 0.01 mm, with a mean of approximately 0.6 mm. Fracture planes
are parrel to bedding, both at outcrop and at Wendouree. Evidence for this is the presence of
mineral striations on the bedding surfaces. A number of sub-horizontal fracture planes are
also evident at outcrop.
Flow through individual fractures can be represented by analogy to laminar flow
between two smooth parallel plates according to the cubic law [9]. In the analysis below we
have assumed that each piezometer interval tested has only one single fracture. By
rearranging the cubic law, fracture apertures can be estimated from values of hydraulic
conductivity in the piezometers by:

b, =
where bf is the aperture, p is the viscosity of the fluid, Kf is the hydraulic conductivity of the
interval tested, L is the length of the aquifer test , p is the fluid density, g is the acceleration
of gravity and N is the number of open fractures intersected in the test interval.
We compute horizontal apertures ranging between 1540 pm for the upper section of
the bore and 72 pm for the lower section of the bore. If we assumed a more realistic fracture
spacing ranging between 0.5 to 0.1 m (based on outcrop data) for the upper 36 m, then
apertures reduce to between 850 and 500 pm respectively. For an aperture of 500 pm and a
vertical hydraulic gradient of less than 5 x 1 O-3 this would correspond to vertical flow
through a single fracture of less than 9 mday 1. Similar way if we assume an aperture of 72
j.trn below 36 m deep this would permit a vertical velocity in the fracture of up to 0.18 m
day-l.
As discussed previously we believe that the variation in EC down the borehole
indicates the location of different water bodies entering the well. For the upper 36 m of the
bore, there is high fracture density, high horizontal flow and relatively large apertures. We
assume that most of the water entering the well moves horizontally through the well. At 36
m, the bore intersects a new fracture containing water with a higher EC. We believe that the
constant EC between 36 and 52 m is due to some of the water from this fracture moving
down through the bore. As EC is constant and there is no radon peak or temperature spike
we believe that no major fracture intersects the well from 36 to 52 m. At 52 m another step
change in EC occurs, representing a new fracture intersecting the bore containing water of a
higher EC. We assume that this fracture has a smaller aperture (based on aperture estimated
from hydraulic conductivity) and a reduced flow rate (from radon data) from the fracture
above. This new fractured water can move either horizontally through the well into the
aquifer or vertically in the bore. Again as the EC in the bore does not change between 52 and

77 m we assume that no major new fracture has intersected the well until 77 m where there is
another step change in EC.
We propose that the step changes in salinity are a result of mixing between
immobile water in the matrix and mobile water in the fractures. We believe this mixing is a
result of increased recharge to the system due to land clearing approximately 100 years ago.
Under this scenario, greater flushing of the system has occurred in the upper 36 m due to
higher horizontal hydraulic conductivity, closer fracture spacings and larger apertures.
Groundwater in this section of the bore move horizontally. Decreased flushing occurs for the
lower flow systems due to decreased flow rates.
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Figure 2. Environmental tracer data in the piezometer nest, a) 14C, b) 13C, c) CFC-12,
d) Tritium, e) Deuterium. The depths are shown below standing water level. The vertical bar
represents the length of the piezometer interval.
3.3 3H and CFC-12
3H and CFC- 12 depth profiles can provide information on the vertical hydraulic
connection at the site. The presence of CFC-12 to a depth of 25 meters and thermonuclear
tritium at 36 meters below the water table indicates that a proportion of relative modern
water has reached these depths (Figure 2 c & d). Solutes transport in a fractured rock aquifer
is characterised by rapid advection in the fractures with a diffusive exchange between water
in the fracture and relatively immobile water in the matrix. This diffusion process is driven
by a concentration gradient between the matrix and the fractures. The gradient can be either
from the fracture to the matrix or visa versa depending on the characteristic of the solute. In
the case of CFC-12 and 14C diffusion occurs from the fracture to the matrix which can
result in significant retardation of the solute [lo]. For tritium diffusion will be from the
fracture to the matrix, until the bomb peak has passed and then tritium will back diffuse from
the matrix to the fracture.
The measured concentrations of 3H and CFC- 12 can provide information on
minimum vertical velocities in the fractures. The CFC-12 concentration of 92 pgkg-1 at 25 m

below the water table corresponds to a groundwater age of 23 years (sampling occurred in
1998). This can be converted to a minimum velocity Vf 2 1.1 myr-I (25m /23 yrs). In a
similar way the presence of post 1963 3H at 36 m below the water table converts to Vf 2 1.0
myr 1 (36 ml 35 years). However the actual groundwater velocities may be orders of
magnitude greater than this depending on the extent of matrix diffusion which is difficult to
quantify.
3.4 Major ions, 62H and 6180 data
The major ion data plotted against chloride (Figure 3 a and b) all display positive
linear correlations, with the concentrations of all dissolved ions increasing with depth
(correlation coefficients (r2) = 0.86 - 0.97).
For the total range in Cl concentrations the K/Cl marine ratio is preserved. The
Cl/Br mole ratios range from 500 to 700 indicating preservation of the marine aerosol ratio
(632) with no dissolution of evaporites in the groundwater system (Br data not presented).
For Cl concentrations < 13 mmol L-l, the Na/Cl and SO4/Cl marine ratio is preserved which
indicates that at low chloride concentrations (ie, in the top 36 m) that Br, K, Na and SO4
behave conservatively and the ions are concentrated by evapotranspiration prior to recharge.
For Cl > 13 mmol L-l (ie, > 36 m) both Na and SO4 are above the ion/Cl marine ratio
suggesting that addition of these ions to the groundwater above the seawater dilution line is
by water/rock interactions.
G/Cl and Mg/Cl ratios are well above their marine ion/Cl ratios for the entire range
of concentrations. As the groundwaters are saturated with respect to calcite and dolomite any
addition of Ca and Mg from carbonate dissolution in the groundwater system is unlikely and
therefore the enhanced concentration of these ions must have must have occurred via
dissolution of Mg -carbonates in the unsaturated zone prior to groundwater recharge.
The linear correlations for all ions versus Cl may be the result of a number of
possible processes; 1) variable evapotranspiration of a single input water during recharge, 2)
progressive addition of ions via water/rock interactions, 3) mixing of two different water
bodies with different end member compositions. In this case the mixing process would be by
diffusion, where older more saline stagnant water in the matrix would mix by diffusion into
the relatively younger fresher more mobile water in the fractures.
The stable isotopes of the water molecule plot on or near the meteoric water line
(Figure 3~). 62H and 6180 compositions are relatively enriched in 2H and I80 just below
the water table and progressively become more depleted with depth (Figure 2e). This
increasingly negative signature with depth (i.e, a - 10 per mil shift in 62H in 100 m)
corresponds to increased chloride and EC. This is the opposite to what is normally observed
throughout the world where more negative 62H and 6180 values are often associated with
lower chloride concentrations due to colder climatic conditions at the time of recharge. There
are many examples of this in the literature from the last glacial period [ 11, 121.
The chemical and isotope data suggests two end members with a continuum of
concentrations between these two end members, 1) low salinity groundwater controlled by
evapotranspiration in the top 36 m and 2) higher salinity groundwater with an increased
contribution from water/ rock interactions at depth. We suggest that the observed linear
correlations in chemical and isotopic data between these two end members is a result of
mixing between old more saline water in the matrix and fresher younger water in the
fractures, particularly in the top 36 m. Addition of solutes via mineral weathering is

b)

4
25-

**
.O’*?
5

-6

Chkicle

10

-5.5

-5

MgKJl

l

l

.

.

20

25

(mM)

4.5
6% %c SMOW

5

10

4

4

3.5

0

20

25

Chloti~ (mM)

w

50

75

Yi % MC
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relatively unimportant because Cl bearing minerals are absent and all other ions are
correlated with Cl. Increasing evaporation of a single recharge source would tend to enrich
2H and 180 with increasing Cl, which is the opposite of that observed. The exact origin of
the relatively depleted saline end member is unknown, we assume that the water is older than
the last glacial, possibly recharged in a more arid environment with episodic recharge events.
The major source of dissolved salts in the system is from concentration of rainfall
cyclic salts due to evapotranspiration in the upper 36 m with a greater contribution from
water/rock interactions with depth. As discussed previously the step-like changes in salinity
are most likely a result of increased recharge to the system since the clearing of native
vegetation -100 years ago. Pre clearing recharge to the system was low (estimated to be < 5
mmyrl) and the dissolved ion concentrations were in equilibrium between matrix and the
fractures. Since clearing, recharge has increased by an order of magnitude, which has
resulted the introduction of lower salinity groundwater which is currently flushing the
fracture systems and has established a concentration gradient between matrix and fracture
components. Dissolved ions now back diffuse from the matrix into the fractures.

3.5 1‘k and 13C data
Uncorrected 14C concentration above 36 m are all > 70 %MC, the decrease of 14C
concentration with depth reflects an increases in age (Figure 2a). The steep 14C “age”
gradient below the fracture at 36 m (ie between piezometer 4 and 5) indicates minimum
connection between groundwaters in the upper 36 m and those below. As the sub horizontal
fracture at 36 m has a large hydraulic conductivity we would expect a decrease in
groundwater “age” below this depth as a large proportion of groundwater would discharges
horizontally at 36 m. Another steep 14C age gradient occurs below the fracture at 52 m (ie
between piezometers 6 and 7) again indicating reduced vertical connection with increasing
depth.. As piezometer 6 has a higher hydraulic conductivity than piezometer 7 we would
expect a large proportion of groundwater moving vertically in the bore to be discharge into
the aquifer via the sub horizontal fracture at 52 m..
The 14C versus 13C data (Figure 3d) also shows a remarkable linear correlation with
14C concentrations at 90 %MC at 2 meters below the water table to background (~2 %MC)
at 100 meters below the water table (Figure 2a and b). 13C becomes progressively enriched
relative to 12C, increasing from - 14.1 per mil at 2 meters below the water table to - 3 per mil
at 100 meters. As with the chemical data we need to determine whether this linear correlation
is a result of mixing from two end members or is caused by geochemical evolution which
results in more enriched 13C and lower 14C than the initial recharge value.
Geochemical processes that may produce this trend of increasing 13C/l2C values
include i) incongruent dissolution of dolomite, and ii) methanogenisis (where 13C enriched
CO2 is produced as a by product). Incongruent dissolution of dolomite involves dissolution
of a MgC03 initially with increased concentrations of Ca and Mg followed by reprecipitation of a lower MgC03 which will result in increased concentrations of the
dissolved Mg/Ca ratio. As the Mg/Ca mole ratio remains relatively constant (between 3-4)
throughout the profile we can discount incongruent dissolution. Methanogenesis appears to
be not important because the alkalinity/ DIC ratio is near unity and CO2(aq) concentrations
are relatively constant with increasing depth, if methane production were important, the
alkalinity/DIG ratio would be much less than unity as well the C02(aq) concentrations
would increase [ 13, 141.
The carbon isotopic dam supports the geochemical and stable isotopic evidence for
mixing between two end members. The shallow near surface end member has modem 14C
with a 613C composition consistent with equilibrium with the soil CO2 reservoir; the deep
end member has background 14C with an enriched 13C of -3 per mil, which is consistent
with equilibrium with the dolomite. We assume that the near surface end member represents
the influx of new recharge water into the fractures and that the older end member at depth
represents water sourced from the matrix. In this case 14C would diffuse from the fracture to
the matrix, while 13C would back diffuse from the matrix to the fracture. With increasing
depth down the profile there tends to be a greater contribution from the older water
component.
4. CONCLUSIONS
Interpretation of chemical, isotopic, temperature and hydraulic data have provided
information on the internal structure and groundwater flow in a fractured rock aquifer.
Groundwater fractures can be identified by step-like changes in EC, temperature spikes and
radon peaks. Groundwater flow through these fractures decreases with depth as supported by
smaller radon peaks and smaller apertures determined from hydraulic conductivity. In the
upper 36 m there is high fracture density, relatively large apertures and high horizontal
groundwater flow. Groundwater has been dominated by cyclic salts that have been

concentrated by evapotranspiration prior to recharge. Connection of groundwater in the upper
36 m with that below is minimal. Below 36 m, apertures are smaller and horizontal flow is
less than above 36 m. In the lower flow systems there is a greater contribution of salt from
water/rock interactions, due to the longer contact times.
The observed isotopic and chemical profiles are a result of mixing of older more
saline water with fresher younger water. This mixing was most likely triggered by land
clearing approximately 100 years ago which has resulted increased recharge to the
groundwater. Concentration gradients for salt between the matrix and the fractures have been
established which is resulting in the system being flushed by back diffusion.
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Abstract
In Qena area, fresh groundwater is present in the Quaternary aquifer (S-5Om depth), fresh to
brackish groundwater is pumped from the aquifer of the Plio-Pleistocene and of Wadi deposits (60IOOm) both on elevated structural plateau. Below 150m locally semi-confined or confined Nubian
Sandstone aquifer is situated and contains fresh water under artesian conditions. It may have
hydraulic contacts to the shallow Quaternary aquifer by structural zones and fractures. One of the
objectives of the isotope hydrological study was to estimate the contribution of different groundwater
to the water budget. The dominate process is mixing, there are six possible end member components
with different isotope signature as follows:
I- River Nile water before construction of Aswan High Dam (NRo).
2- River Nile water after construction of Aswan High Dam (NR).
3- Canal water which transports River Nile water with different isotopic compositions (CW).
4- Irrigation water return which is isotopically enriched water (Ir).
S- Flood waters (FW), frequently occuring every year since 1993 may contribute to the groundwater
recharge. This water is about 3 to 4%0 isotopically less enriched in 180 than the Nile water.
6- Nubian Sandstone water (NS): This water is isotopically most depleted and was recharged in cool
and humid periods {Pleistocene time}.
Applying different mixing models using several end members resulted in the following
contributions from palaeo water for the different aquifers: Quaternary aquifer, (1 to 5%), PlioPleistocene aquifer, (9 to 16%) and in Wadi deposits and Basement aquifers, (25 to 35%).

INTRODUCTION
The increasing population in Egypt are putting a great pressure on the existing water supplies
of the Nile system which is the main resource of water. Therefore groundwater resources seem to be
one of the most promising solution to the drinkin, (7 water shortage. However there are serious
limitations about the intensive use of groundwater resources as some of these resources are nonrenewable. For this reason, it is of utmost importance to identify the possibility of recent recharge of
the groundwater aquifers on the fringes of the Nile Valley. The Egyptian Authorities selected a series
of land reclamation projects. In order to put a sensible water management plan, it is important to
investigate the relation between the River Nile system and the existing groundwater aquifers. Fig.
(I ,2) show the location map of the studied area and the land use. The selected area where land
reclamation projects started represents an ideal site for the use of the isotope hydrology techniques to
answer some of the questions about the water availability and its recharge.
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GEOMORPI-IOLOGY
111 Qena area, two geomorphic units exist. They include the alluvial plains and the structural
plateau (Pig. 3). The alluvial plains are differentiated into the young plain, which is intensively
cultivated, and the old plains, which are developed into terraces. Parts of which are under
reclamation. The young alluvial plain occupies the central portion of the Nile Valley and is underlain
by a thin silty clay layer that was developed as result of the successive floods of the Nile.
The course of the River Nile cuts the plain close to the eastern side and flows in S-N
direction. The old alluvial plains occupy the outer portions of the valley. They are underlain by mixed
sand and gravel and are developed into successive terraces rising up to 1OOm above the present level
of the flood plain. These terraces are dissected by complex drainage lines (Wadis) directed towards
the low portions of the valley. The structural plateaux determine the edges of the Nile trough. The
surface of these plateaux is rough and is underlain by weathered resistant limestone. The plateaux
terminate with faults - controlled escarpments, which rise abruptly from the alluvial plains.

REGIONAL GEOLOGICAL SETTING
Qena area, located in the central portion of the Nile Valley, occupies a portion of a subregional sedimentary basin (Assiut Basin) having a depth exceeding 3000m. This basin is located in
the foreland side of the Arabian - Nubian Massif, where the dip is regionally in the westward
direction. In this basin the top portion of the sedimentary section is dominated by carbonate rocks
belonging to the Eocene and the Upper Cretaceous, and the lower portion is mainly elastics belonging
to the Paleozoic and the Mesozoic (Nubian Sandstone Complex). The sedimentary section is locally
overlain in the Nile Valley itself by late Tertiary clays and Quaternary fluviatile silty clay, sand and
gravel. The basin was affected by tensile stresses which are responsible for the formation of a
complex fault system running in NW-SE direction. Basaltic extrusions are generally associated with

Table 1: Characteristics of the hydrogeological units
Units

Description

Jnit (1) Highly productive unit, consisting of quatemary

Saturated
Depth to
thickness groundwater Transmissivity
level (m)
(cm2/day)
04

10 - 140
graded sand and gravel with clay lenses.
Continuous recharge from irrigation.
Jnit (2) Moderately productive unit consisting of graded 20 - 100
sand and gravel with clay lenses, occasional
recharge from irrigation, surface runoff and
local rainfall.
20 - 80
Jnit (3) Low productive unit consisting of PlioPleistocene sand and gravel and clay,
recharge from irrigation and
continuous
occasionally from surface runoff and local rain.
Init (4) Low to moderately productive unit consisting
Of:
n

I

Eocene Limestone with paleokarst feature;
Upper Cretaceous shale, Paleocene
shale;and Pliocene clay (non aquifer);
I
Upper Cretaceous - Paleozoic Nubian
Sandstone complex.

<5

5.000 - 20.000

5-10

5.000 - 10.000

5- I5

3.000 - I0.000
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such faults, but these are not recorded a the Qena area. In Qena area, the stratigraphy of the surface
and the near surface sedimentary succession as outlined by [I] is as follows from top to base;
l-

2345

Holocene: silty clay (Neonile and young wadi deposits).
Late Pleistocene: graded sand and gravel (Prenile deposits).
Plio-Pleistocene: clay sand and conglomerate (Protonile deposits).
Pliocene: clay (Paleonile deposits) and,
Eocene: limestone (shallow marine deposits).

HYDROGEOLOGY
In the discussion of the hydrogeology of Qena area emphasis is given to the Quaternary
fluviatile and the Plio-Pleistocene fluviomarine aquifer systems. The main sources of information are
the observation wells drilled by the Research Institute for Groundwater (RIGW) and the private wells.
This information includes the lithology, groundwater levels, groundwater extraction and quality. The
other aquifer systems, particularly the carbonates and the Nubian sandstone, are not explored in this
area. The main aquifers are of granular type. Based 011 their area extent and productivity, these
aquifers are classified into four hydrogeological units (Table 1) and (Fig. 4), [2].
The Quaternary aquifer is continuously recharged from vertical percolation of irrigation water
(from canals and irrigation return flow). On the other hand, the Plio-Pleistocene aquifer is either
recharged from irrigation return flow, runoff, or vertically from deeper aquifers (Nubian Sandstone
complex). Groundwater discharge from the Quatemary aquifer is either through transversal flow to
the River or to the adjacent aquifers, or vertically through pumping. The Plio-Pleistocene aquifer is
discharged mainly through horizontal flow to the Quaternary; or vertically by groundwater pulnping.
The Eocene carbonate aquifer system is recharged from local rainfall or from other aquifers in direct
contact. Groundwater discharge is generally through groundwater flow to the adjacent aquifers
depending on groundwater heads.
CONDITIONS OF THE STUDY AREA
Fresh groundwater is present in the Quaternary aquifer (S-50111 depth), fresh to brackish
groundwater is pumped from the Plio-Pleistocene aquifer and of the Wadi deposits (60-I OOm depth)
both located on the elevated structural plateaux. Hydrograph records from 1982-1992 show a fast and
a delayed hydraulic response of the groundwater level of the Quaternary aquifer and the PlioPleistocene aquifer, respectively, to level changes of the River Nile. Hence, these aquifers form joint
hydraulic systems. The groundwater tables of the Quaternary aquifer and the Plio-Pleistocene aquifer
range from a few meters to I Sm and from 20 to 4Om below the ground respectively. Below 1 SOm, the
locally semi-confined or confined Nubian Sandstone aquifer is situated and contains artesian fresh
water. It may have hydraulic contacts to the shallow Quaternary aquifer by structural zones and
fractures [3]. The Nile River crosses the study area. Its water is artificially distributed via channels for
irrigation agriculture into the inland. Irrigation return flow and leakage from the drainage systems
pollute the groundwater in the Quaternary aquifer and in the aquifer of Wadi deposits. These fluxes
explain why the groundwater in the upper aquifer consists mainly of Nile Water. In addition,
episodically occurring floods may contribute to the groundwater recharge.
EXPERIMENTAL WORK
Water samples for hydrochemical and isotope hydrological analyses were collected EOUI
times: before a flood in April 1995, just after this event in October/November 1995, in August 1996
and in October 1996. Fig. 5 shows the sampling sites for the study area. The isotope analyses (l‘k,
3H, 180, 2H and l3C) were done in three laboratories: BARC, Bombay, India; IAEA, Vienna,
Austria and GSF, Neuherberg, Germany. The major ion species (Na, K, Ca, Mg, Cl, SO4 and HC03)
were determined in Cairo. The electrical conductivity, pH, temperature and depth to water table were
measured in the field. The corresponding isotope and chemical data are compiled.[4]
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HYDROCHEMICAL RESULTS
The salinity of the groundwater in the Quaternary aquifer varies from 478 to 2205 mg/l with
an average of 888 mg/l, while in the Plio-Pleistocene aquifer, the salinity found is in the range of 388
- 7819 with an average of 2020 mg/l. The salinity of the groundwater of the Nubian Sandstone
aquifer varies from 14.53 to 6480 with an average of 2325 mg/l. In the wadi deposits and Basement
aquifer,. the salinity ranges from 5 I8 to 10545 mg/l with an average of 2990 mg/l for groundwater
The groundwater of the Quaternary aquifer belongs to the Ca-HC03 or NaCl type. It is fresh and does
not undergo any hydrochemical reaction with the rocks in the aquifers. The groundwater of the PlioPleistocene aquifer is fresh to brackish and of CaC12 or NaCI type. The sulfate concentration (up to
245 mg/l) of the water in the Quaternary aquifer is attributed to anthropogenic sources (e.g.
fertilizers). Higher sulfate concentrations between 200-2200 mg/l in the groundwater of the PlioPleistocene aquifer could be due to the dissolution of naturally occurring gypsum. The nitrate
concentrations are below the permissible limits. By using the geochemical trilinear diagram [5] two
main groups are differentiated as follows (Fig. 6). The first group occupies the lower side of the
diamond shape. The water in this group is dominated by secondary alkalinity, where Ca + Mg > SO4
+ Cl and calcium & magnesium bicarbonate salts prevail. The second group occupies the upper side
of the diamond shape. The water in this group is characterized by secondary salinity where SO4+CI>
Na+K and calcium & magnesium sulpahte and chloride salts dominate. The presence of Na2S04,
MgS04 reflects the mixed water type in the Plio-Pleistocene aquifer. The existence of MgCl2 in
small amounts reflects the up-conin g of saline water due to over pumping from both Quaternary and
Basement aquifers.
ISOTOPE HYDROLOGICAL RESULTS

I- Groundwater wells itz the Nubian Sandstone Aquifer
The water samples from wells in the Nubian Sandstone aquifer yielded 6180 and 62H values ranging
from -5.39%. to -7.66%0 and from -38.5%0 to - 60.9%0, respectively. The mean values for all data
is -6.8iO.9%0 and -5 I .5+7.8%0 for 6’80 and 62H, respectively. The 6 IgO/ 62H diagram is shown in
Fig(7). A few data fit the Global Meteoric Water Line with d=lO%o and the others belong to a local
palaeowater line with d=4%0. A similar low d value was found by [6,7]. Studied groundwater from
the Nubian Sandstone aquifer in the Sahara desert obtained 6 ‘80 and 6 2H values between -10 to I I%o and -78 to -90%0, respectively. The deuterium excess amounts to +5%0. Sonntag et al., [7]
explained this low d value as result of a lower moisture deficit over the source area of the water in the
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past compared to the present. Hamza et al., (81 published a F 180 value of-10.7%0 for the Nubian
Sandstone water. The higher O-18 and H-2 values found in this study in water of wells in the Nubian
sandstone aquifer at Wadi Qena (Eastern Desert) suggest an admixture of flood water. In recent years,
floods have been ovserved in this area every year and the isotopic composition of the flood water has
been found to be - I .Oo/oo for 0- 18 and -5.00/00 for H-2.
II- Nile River and Canal Waters
During the sampling campaigns in the Qena area, water was collected from the River Nile
along its course between the High Dam and Cairo, as well as from canals in the region. It was found
that the 6 180 values of the Nile water samples occupy a rather narrow range characterized by the
analytical accuracy with a mean value of +2.3%0. (Other authors found values up to +3.20/00 for OI8 and +28.30/00 for H-2) The canal samples are slightly depleted with respect to Nile water; the
mean values are +2.0 + 0.5%0 for 6 180 and +l9.5 + 1.8%0 for 6 2. The results suggest that the canal
water contains portions of Nile water from periods before the construction of the High Dan [9], [IO].
In order to distinguish River Nile Water from the groundwater of other- origin in the study area, the
mean isotope compositions and their temporal variability should be precisely knower. When the High
Dam in Aswan came into operation (constructed between I964 and 1970) in 1967, the isotope
compositions of tile Nile Water changed.
The situation before 1967 in Upper Egypt was reconstructed from the present inflow of native
Nile River water into the dam. It has average 6 180 and 6 2H values of -1.24 + 0.08%0 and 0.8 +
0.6%0, respectively, in December 1988 [6]. Hence, the present Nile water is by 3.5%0 higher in 6
180. There are other indications that there are long-term variations of the isotope compositions of the
Nile water. Hamza et al. [8] found an enrichment of 6%o in 6 IH-2 between Beba and Cairo. The mean
value of the F 2H was +2 I. 15%0 compared to +2S.30/00 given by Simpson et al. [I 11. Near the IHigh
Dam area the scatter of the data is smaller and range from +I 9.7 to 23.5%0 (Table 2). In summary, the
6180 value of the Nile water changed from -1.2+0.1%0 before 1967 to about +2.3 to +3.3%0
afterwards. Correspondingly, the 6 2H value increased by 7 to 8%0. This result suggests long-term
variations of the isotopic compositions of the Nile water.
III-

Quaternary Aquifer
The 6 I 80/ F 2H plot of the water samples of the quaternary aquifer is shown in Fig. (7). The
points in this figure are situated below the MWL. The 6 1 SO heavy values range from +I .64 to
+3.87%0. There is a trend of increasing salinity with enrichment of the stable isotopes which is the
result of evaporation and the admixture of irrigation return flows.
IV- Basement Rock and Wadi Deposits Aquifer
The 6 IgO/ 6 2H plot of the water samples of the wadi deposits and the Basement rocks are
shown in Fig. (7). The 6 180 values range widely from +6.5%0 to -7.1%0. A large number of delta
values form a distinct evaporation line with a slope of 5.8. This side range of scattered points depend
on its location near different adjacent aquifers and depth of sampling.
V-

Plio-Pleistocene Aquifer
The delta values of the groundwater from the Plio-Pleistocene aquifer fit the MWL or are
located just below (Fig. 7). The bulk of the data are concentrated around the old River Nile Water
before the construction of the High Dam. There is a possibility of leakage from the depleted water of
the Nubian Sandstone aquifer as indicated by several points. The distribution of the delta values show
the effect of mixing and evaporation processes.
AGE ESTIMATION
Several tritium and carbon- 14 measurements on groundwater samples were carried out in the
Qena region. Applying the exponential model [ 121 to 3H values, the mean residence time ( MRT) for
the groundwater of the Plio-Pleistocene aquifer ranges from decades and several centuries. The
conventional carbon- I4 age for the Plio-Pleistocene aquifer amounts to a few thousand years. The
reason for deviating 3H MRT and carbon-14 water ages may be a choice of the erratic initial carbonI4 value. If it would amount to 55 pMC instead of the applied 85 pMC the reservoir correction
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Table (2) Values applied for mixing calculation for the possible end members

6D
0.8,4.3
19.7, 28.3
17.1
26.3
-50.2
-58
-5

6’*0
-1.2 .-0.6
2.30, 3.20
2.70
4.20
-6.60
-7.50
-1 .oo

Component

River Nile water before IHigh Dam (RNo) [6,13]
River Nile water after IHigh Dam (RN)
Canal water (CW)
Irrigation Return (II-)[9]
Nubian Sandstone water Baster-n Desert (NS)
Nubiarr Sandstone water (average) (NS) [ 141
Flood Water (FW) [ 151

decreases from-1300 yr to -5000 yr. Another reason for such deviation can be a hydrochemically
induced decrease of the l4C value and the corresponding apparent increase of the l4C water age [3].
Last but not least, mixture of young and old groundwater has to be taken into account.
DISCUSSION OF THE ISOTOPE HYDROLOGICAL RESULTS
The goal of the isotope hydrological study has been to estimate the contribution of different
groundwater to the water budget. The dominant process is mixing. The isotopic data of the
distinguished components are listed in Table 2.
THREE - COMPONENT MIXING MODEL (MX3)
The most simple interpretation of the isotope results can be based on mixing considerations
of three major components RNo, RN and NS. The four other components are considered as absent
and isotopic enrichment after mixing is neglected. It is assumed that the delta values of the end
members do not vary temporally. The used end member values are compiled in Table 3.
Table 3: End member

values applied for the MX3 model [3]
6180

Component

River Nile water before 1967
River Nile water after 1967
Nubian sandstone water

- 1.220. %o
+2.8~0.5%o
-7.5+0.6%0

62H

+0.8+1 .O%o
+21.6+1.5%0
-58.0+4.0%0

d-excess

+ 10.4%0
-0.8%0
+ 1 .O%o

The effect of a wrong choice of the end member values is shown in Table 4, we applied the
end member values of Table 3 and considered different mixtures of these three components. The
sample water had a 6180 value of -3%o.
Table 4: Two - component mixing calculations for a sample with a 6180 value of -3%o [3]
End members River Nile water
Proportion of River
Proportion of Nubian
Nile water
sandstone water
After 1967
Before 1967
100%

0%

50%
0%

50%
100%

7 1%
46
56%

29%
54%
44%

The results confirm that the modeled mixing proportions are very sensitive to the choice of
the end member value.
MIXING MODEL WITH CORRECTION FOR EVAPORATIVE ISOTOPE ENRICHMENT
WX2)

There are two major mixing components with known isotopic compositions: NS and RNo.
The third is flood water. The other four components consists of the three major components although
their isotope compositions might had been modified by enrichment due to evaporation. Hence, we can
reduce the number of mixing components to two (or maximum three) by correction of the 6lgO and
621-1 values for evaporative isotope enrichment. By this, the problem of different isotopic

compositions of the River Nile water before and after 1967 would also be solved. The isotope data of
the native River Nile water fit the MWL while those from the High Dam outflow reflect isotope
enrichment due to a partial loss of water by evaporation [6]. The slope of the evaporation lines was
determined to be 5.68. We found 5.8 for the Qena region. A slope of 5.95 was calculated for the
Qusier-Safaga area, Eastern Desert in Upper Egypt [IS]. Although a slope of 6 is unusually high
compared to 4.5, this value seems to be representative for Upper Egypt. We adopt the mean value of
5.8. The correction for evaporative isotope enrichment is done with equations using the raw 6180 and
621~ and the corrected 6180, and 6 *He values, respectively:
6180~ = (62H - S x 6180 - 10) / (8 -S) and h2HC = 8 x 618OC + 10

By this, the 6 180 and 6 2H values of the end members were corrected for evaporative isotope
enrichment. We used the calculated mean values of the data by Aly et al., [6] instead of the end
member values given in Table 3. The uncorrected and corrected the 6 180 attd 6 *H values of both
Nile LWICI-s are shown in Table (5).
Table 5: End member the 6 180 values for Nile water and Nubian Sandstone water
6180 (%o]
ti2H [%o]
uncorrected

Nile water before 1967
Nile water after 1967
Mean
Nubian Sandstone water

6180 p&o]

6 % [%o]

Corrected (S = 5.8)

-1.20 LO.23

+O.S + 1.0

-1.02 + 0.7

+I.8 55.6

+2.30+0.5

+19.7 k 1.0

-1.65 + 1.4
-l-32? 1.1

-3.2F 11.2
+0.2 5 5.0

-7.40 50.6

-55.2 20.4

-10.4 + 0.5

-73 + 12.8

The procedure of the 6 TO correction for evaporative isotope enrichment before the
application of the MX2 model is demonstrated in Fig. 8. It is of minor importance if isotope
enrichment occurs before or after the mixing.
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The MX2 model give more reliable results than MX3 model. The reliability check is based on the
proportions of the River Nile water calculated for the samples of surface water and of the Quaternary
aquifer. Both kinds of water should contain 100% River Nile water.
Applying third mixing model using several end members resulted in the following
contributions from palaeo water in the different aquifers. For the Quaternary aquifer-, the contribution
of Palaeo water is 1 to 5%, Plio-Pleistocene aquifer, (9 10 16%) to in Wadi deposits Sr Basement
aquifer, (25 to 35%).

The main results of the chemical arid the isotope hydrological olalrration are:
I-

Tile mean residence time of the groundwater in the Quaternary aquifer ranges from a few decades
to centuries, while iii the I’lio-Pleistocene aquifer it ranges from 3 few ccnturics to inillcnnia aS
indicated from tritium and carbon- I4 n~easurenicnts.
(rroundwater
samples was affected by partial evaporation as sl~own by the
2- ‘l‘llc ma-jority o f
tile
a
slopes of their regression lines.
3- ‘l‘llc rcchar-ge contribution of tllc palaeo water of the Nubian sandstollc aquifcl- is cstilnatcd to bc
up (0 3 5% of the total iilpiit soul-ccs.
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Abstract
At Schtisselgrund valley, East Germany an uranium mine dump of about 4 Mil m3 had been
built due to an intensive exploitation of uranium ore deposit near Dresden. In order to evaluate and to
specify the current and future environmental impact of the disposal site, investigations of environmental and radioactive isotopes have been performed as part of a hydrogeological and hydrochemical
study at the Schtisselgrund Mine Dump. Beneath the dump we find significantly contaminated water
in the first and second aquifer in a narrow strip of faulted rock. The main contaminants comprise of
uranium and radium as well as of zinc, nickel and sulphate. The mean residence time of those waters
percolating the dump is about 1 to 5 years with contributions of an older component. The 3H and *%r
contents in the groundwater of the first aquifer yield a mean residence time of about 20 years, which
obviously is less than the life time of the dump (built in 1967). The second aquifer shows a groundwater mixing system. Within this study, the groundwater of the third aquifer with 3H contents close to
or below detection limit did not show any detectable influence of the dump waters. This is supported
by high groundwater ages of several thousand years according to the 14C values. Close to the former
mine system, there are local groundwater samples from the third aquifer showing 3H contents of up to
8 TU, which may be caused by groundwater flowing on fractures and on pathways within the former
mine system.
Part of the dump waters drain into the nearby rivers by interflow
processes as indicated by stable isotopes.

1. INTRODUCTION
The Kijnigstein Uranium Mine in East Germany has been closed in 1990 due to the end of uranium production in the former GDR. In consequence of the intensive exploitation of the uranium ore
deposit, a mine dump of about 4 Mil m3 has been built at Schtisselgrund valley near Konigstein [l].
After remediation of the dump, the groundwater will become the most important pathway for the migration of radioactive and toxic contaminants, which are released from the dump into the environment.
Due to adjacent groundwater resources, efficient and sustainable remediation concepts are needed.
In order to comply with the requirements of radiological protection [2], long time scenarios for
the current and future environmental impact of the dump and its effluent waters have to be derived.
The aim of this study was to investigate the geochemical characteristics of the surface and groundwater near the dump, the migration processes and the time scales of the release and subsequent transport
of contaminants within the groundwater. This can only be fulfilled by a combination of hydrogeological, isotope, specific radiological and hydrochemical investigations. The paper presented here, will
focus on the characteristics and time scales of the aqueous contaminant transport derived from isotope
geochemical investigations.

4. RESULTS OF ENVIRONMENTAL ISOTOPES AND HYDROCHEMISTRY
4.1. Hydrochemistry of the surface and groundwater

Groundwater and surface water samples were taken at selected monitoring wells upstream and
downstream from the Schiisselgrund Mine Dump (Fig. 1). The hydrochemical results clearly indicate
the release of contaminated dump water into the surface- and groundwater. High oxygen contents and
low pH inside the dump result in a prevailing mobilising milieu for radionuclides and heavy metals.
Thus. the porewater from two observation wells inside the dump (nos. 4016 and 4017) as well as from
basins collecting the percolating water (nos. 022 and 023) show high contents of uranium (20 to
30 mg/l), thorium 230 (150 to 250 Bq/l), radium 226 (about 1 Bq/l) and actinium 227 (2 to 10 Bq/l). In
addition high contents of the heavy metals zinc (50 to 150 mg/l) and nickel (2 to 4 mg/l) also high
sulphate contents of 2 to 4 g/l are present in the dump water. The low pH of about 3 is due to residues
of leaching acid in the pore water of the dump material and only secondarily due to pyrite oxidation.
The influence of the dump on the surface waters of the study area can be seen from elevated
contents of the main contaminants U, Ra, Zn and Ni at the sampling sites in the small Eselsbach creek
(nos. 014 and 024). According to the difference of more than 10 m between the position of the Eselsbath and the water level of the first aquifer, the contaminants are assumed to migrate to the river by
interflow of dump water in the sandstone formations.
The groundwaters of the first and second aquifer are dominated by SO4 and HCOj-SO4 types.
Underneath the dump we find significantly contaminated water with uranium contents up to 2 mg/l in
a narrow strip of fractured rock less than 1 km downstream the dump (Fig. 1). The water of the second
aquifer is characterized by lower concentrations of the contaminants, but still higher concentrations
than the geological background. A value of about 25 % of contaminated dump water in the first aquifer can be derived by a mixing estimation based on chloride and sulphate (no. 4006). Within this
study, the groundwater of the third aquifer did not show any detectable influence of the dump waters.
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The mobility of the dissolved contaminants in the groundwater can be verified by comparison
with a conservative tracer like chloride. In case of uranium (Fig. 3) the groundwater samples from the
contamination plume downstream the dump plot along a mixing line with porewater from the dump.
This suggests that only a minor part of uranium is removed from solution by sorption effects. In contrast to uranium the radium contents do not exhibit a distinct correlation with chloride (Fig. 4). Most
likely radium 226 and other radionuclides are precipitated by changes of the geochemical conditions
when released from the dump.
4.2. Stable Isotopes “0 and *H in surface and groundwater

The dump waters are characterized by mean 6180 and 6’H values of -8.8 %O and -61 .O %o, respectively and agree reasonably well with the isotope signature of the surface waters (e.g. nos. 0 14 and
024 in the Eselsbach creek). In contrast to this the groundwaters below the dump show significantly
different 6”O and h2H values ranging from -9.3 to -9.8 %O and -65 to -69 %O (Fig. 5). An influence of
evaporation effects cannot be identified in neither the groundwater samples nor the dump and surface
waters.
The identical range of 6180 values in the third (almost tritium free) and the uppermost two aquifers (high tritium contents) indicates, that the groundwaters found in the study area are of Holocene
origin. There is no evidence for a contribution of groundwaters significantly depleted in the stable
isotopes “0 and ‘H, due to recharge under cooler climatic conditions in the Late Pleistocene.
From the contaminant content in the surface water of the Eselsbach creek an admixture of dump
water has been concluded. The 6i80 value of the surface sampling sites along the river are in good
agreement with the isotopic composition of the dump waters and do not show an admixture of waters
with more negative 6’*0 values, which are typical for the first groundwater level. This confirms, that
the migration of contaminants is due to an interflow of dump water into the Eselsbach creek.
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The time scale of these interflow processes is derived by comparison of the time series of the
6”O values with the annual variation of “0 in precipitation. The surface near dump waters take about
one month to drain into the nearby rivers, A similar annual variation of the 6’*0 values has been found
in the dump water (no. 4016), which suggests the contribution of a fast infiltrating water component
with residence times of less than 1 year to the water percolating the dump.

4.3. Tritium (3H) and “Kr content of surface- and groundwater
The tritium content of the dump waters is in good agreement with the tritium range of the actual
precipitation (Fig. 6). This supports the dominance of a young water component with residence times
of less than 5 years. Two samples show lower tritium contents of about 10 TU, which is confirmed by
a low “Kr content of 28 dpm/mlKr, as against the current specific activity of the atmosphere of about
70 dpm/mlk, [7]. A consistent age estimation of about 10 years for 3H and ‘%r is derived if the piston
flow model is applied to the dump waters. An alternative explanation of the low tritium and krypton85 content is the admixture of an old 3H and *‘Kr free water. On a first view this contradicts the timespan of about 30 years of the dump existing at the study site. This discrepancy is solved, if the block
size of the dump material is taken into account. In addition to residues of the leaching acid, blocks
with grain sizes above 10 cm are likely to contain residues of the original, tritium free pore water from
the fourth groundwater level of the pre-mining era.
The groundwaters of the first and second aquifer are characterized by tritium contents ranging
from 2 to 34 TU. Values of more than 20 TU are exclusively found within the first groundwater level,
but still the groundwaters here show large variations from 14 to 35 TU. Tritium contents of 14 to
18 TU in some samples from the first aquifer, which agrees with the tritium activity of recent precipitation, indicate the presence of recent infiltration (< 5 years) in areas of high permeability along the
fault system. In contrast to this, tritium values above 25 TU suggest residence times of about 20 years
according to the exponential model. In correspondence with the hydrogeolo,T of the study area, the
range of tritium contents can be explained by exchange and/or mixing processes between fast flowing
water on fractures and groundwater in the pore spaces of the sandstones with higher residence times.
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The tritium contents of 2 to 19 TU in the second aquifer are most likely due to a mixing system
consisting of ‘H containing groundwater from the first level and ‘H-free groundwater from a distant
recharge to the second aquifer. The mixing process is confirmed by “Kr contents of about
12 dpm/mlK,, which suggests an addition of about 50 to 60% of an old (> 40 years) 3H and “Kr free
component [7]. Due to several shafts and exploration boreholes as well as natural hydraulic windows
between the surface near aquifers, connections between the different groundwater levels exist and
obviously result in the observed mixing. Thus, it can be concluded, that the low contaminant concentrations in the second aquifer are due to dilution by uncontaminated water.
Outside the mining area, the third aquifer shows ‘H contents close to or below detection limit.
The absence of a polluted groundwater component in this part of the third aquifer is supported by high
groundwater ages according to the 14C values. Local groundwater samples, which are expected to be
influenced by the uranium mine (most of these samples were taken from exploration boreholes in mine
galleries) show ‘H contents of up to 14 TU, which may be caused by the leakage of groundwater from
the first and second level flowing on fractures and artificial pathways of the former mine system.

4.3. Carbon isotopic composition of the third groundwater level
The “C contents in the deep groundwater of the third groundwater level range from 15 to 53 %modern. Due to the very low carbonate contents of the Cretaceous sandstones the dissolved inorganic
carbon (DIC) contents of the groundwater are also low (HCO; contents of less than 1.5 mmolil, see
Fig. 7). The 6°C of the DIC shows values of -20 to -15 %o, which suggests dominating carbonate
dissolution under closed conditions within the aquifer.
Only one sample (no. 6013) from the undisturbed part of the third aquifer shows a high DIC
content of 3.5 mmol/l. The 8°C value of -9.9 %O indicates the influence of additional isotope exchange processes, which may have led to a further dilution of the 14C content towards the measured
value of 15 %-modern.
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The groundwater samples in close relation to the former mine system have been shown to contain tritium, which is due to local mixing with groundwater from the surface near aquifers. Therefore,
the decrease of the 14C contents as a function of 6°C and HCOj values in Fig. 7 is supposed to be only
partly due to carbonate evolution but also due to mixing with a young groundwater component.
The observation of tritium in samples of low 14C content can be explained in two ways. Due to
exploration shafts and boreholes in connexion with the uranium mining and the local decrease in water
levels around the mine, young tritium bearing surface near groundwater entered the third groundwater
level by hydraulic connections. Such a mixing system is indicated in Fig. 8 as hydraulic mixing. The
“old endmember” is best represented by the tritium free groundwater sample of observation well no.
60 13 with a 14C content of 15 %-modem. Assuming a reasonable initial 14C content of about 50 to
80 %-modern a residence time of about 10000 years can be estimated from the r4C content. This is in
agreement with the stable isotopes, which suggested Holocene recharge of the groundwater.
An additional mixing process is expected to originate from the hydrogeological conditions of
the investigated aquifers, which are characterized by a combination of groundwater flow in the pore
space and preferential flow on fractures and fissures of the fault system, In this case mixing is also due
to an exchange of solutes and isotopes between the mobile groundwater on fractures and relatively
slow moving pore water within the sandstone matrix by molecular diffusion [S]. Using a mean hydraulic conductivity of about 5.10m6 m/s, a total porosity of about 0.15 and a hydraulic gradient of
about 0.02 known from pumping tests in the third aquifer, a theoretical distribution of ‘H and 14C
contents along a mixing line from matrix diffusion has been calculated in Fig. 8.
The distribution of the data points su,,
DOests the ‘H and ‘jC values to be the result of a combination of the discussed processes. Their specific relevance depends on the complex hydrogeological
conditions of the considered sampling site.
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5. CONCLUSIONS
The impact of the Schtisselgrund Mine Dump on the aquatic environment is determined by the
evolution of the contaminants dissolved in the dump water and the amount of water released from the
dump per year. Precipitation will infiltrate into the mostly uncovered dump body and eluate contaminants. Due to the heterogeneous structure of the dump, preferential flow paths for percolating waters
are assumed to be responsible for the dominating water with low residence times, indicated by variations in F’*O and recent ‘H values. This is also confirmed by first geochemical modelling of the dump
water, which suggests non equilibrium conditions of the dissolved uranium with uranium minerals
present in the dump material. In addition, minor contributions of water with residence times of about
10 years or even above (according to 3H and “Kr) are due to a porous flow in less permeable parts of
the dump or to small admixtures of pore waters from the sandstone blocks.
Because of the continuous addition of acid to the percolating dump water the delivery of heavy
metals and radionuclides cannot be stopped but minimized. Therefore an in-situ-remediation with covering the dump with compacted soil in order to reduce the infiltration rate was proposed. The reduced
input of infiltrating water will result in an increased residence time of the dump water approaching the
values deduced from “H and *‘Kr due to the disappearance of the fast flowing component, which was
supplied by single rain events. Longer residence times will presumably also increase the uranium
content of the dump water due to solution kinetics. Changes in the geochemical conditions for example by a distinct decrease in redox-conditions by a geochemical barrier may help to prevent uranium
from being mobilised.
Besides the behaviour of the dump itself, the future impact of the Schiisselgrund Mine Dump is
also affected by the time scales of groundwater flow and contaminant transport deduced from the isotope investigations. The contaminant content present in the first aquifer represents the utmost contamination at the prevailing geochemical conditions, which is feasible within the aqueous environment

of the dump. This can be concluded from groundwater residence times of up to 20 years in the
groundwater of the first aquifer, which obviously is less than the life time of the dump (build in 1967).
Although retardation effects by sorption cannot be ruled out, the results of the hydrochemical
investigations show, that in case of the dissolved uranium, sorption effects during groundwater flow
are only of minor importance. The influence of uranium retardation by diffusive exchange with pore
water is already taken into account by the groundwater residence time derived by isotope measurements. A retardation factor of about 5 is revealed for the first aquifer by comparing the groundwater
flow velocity of about 1.5 m/d (hydraulic conductivity of 5.10-’ m/s; hydraulic gradient of 0.05; porosity of 0.15) with the tracer velocity of 0.3 m/d (residence time 20 years; flow distance 2500 m).
Due to strong dilution by uncontaminated groundwater, no contaminant contents can be found in the
third groundwater level. There is no evidence of a present or future influence of the Schtisselgrund
mine dump on the groundwater wells situated in the third aquifer downstream of the mine.
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Abstract
The isotopic compositions of oxygen and hydrogen of the shallow groundwater in the Gurinai
Grasslands west of the Badajilin Desert in China are unusual: Both the 6”O and 6’H values fit an apparent local meteoric water line with an unusually low deuterium excess of c-20 %. Four possible
causes have been considered: (a) an admix&ue of fossil lake water, (b) an admixture of water from the
Black River, (c) unusual isotopic compositions of the regional precipitation, and (d) processes which
secondarily modify the isotope signature. Cases (a) and (b) have been excluded on the basis of our
former isotope results.
In two other case studies in Chile and Canada similar unusual isotope compositions were found
for shallow groundwater in the Valle de1 Rio Copiapo in the arid part of central Chile and for water in
lakes located along the northern tree line of Canada, respectively.
The extremely low deuterium excess can be explained with the physical processes occurring in
the unsaturated zone which modify the isotopic compositions of the pore water in arid regions. The
slope of the evaporation lines in the 6180/6’H plot decrease from 4 to 5 for open water systems down
to about 2.0 in the unsaturated zone with increasing thickness of the dry cover sediment.
In the Gurinai Grasslands and at the foot of the megadunes in the Badajilin
Desert the dry cover
sediments are 0.5 to 3.5 m thick, both the water level and the isotope enrichment due to evaporation
are constant over the year. There is a linear interrelationship between 6”O values and the depth of the
water table, Assuming varying slopes of the evaporation lines, a similar grain size composition of the
cover sediments throughout the study area, steady-state conditions of the isotope profiles in the unsaturated zone before succeeding recharge events and groundwater recharge lower than the amount of
pore water in the unsaturated zone the described phenomenon is explainable. It is also reflected from
the observed isotopic results of the described case studies in Chile and Canada. It may be applicable to
estimate regional evaporation rates and recharge rates for groundwater balance studies.

1. INTRODUCTION
A long-term isotope hydrological study on the shallow groundwater in the Gurinai Grasslands
western Inner Mongolia, China, revealed unusual properties [ 1, 21: The stable isotope compositions of
hydrogen and oxygen fit an apparent local meteoric water line (MWL) with an extremely low deuterium excess of d < -20%. Four explanations have been considered: 1) Admixture of ancient lake water. A lake might had existed until 1920 AD and disappeared due to an increasing aridity parallel to the
steep global warming since that time accompanied with an ecohydrological degeneration of the vegetation in the study area. In contrast to this assumption, a Swedish expedition in 1929 a described the
“Gurinai depression” as densely forested. Mongolian nomads produced charcoal and mined soda from

2.1. GEOLOGICAL, GEOGRAPHICAL

AND

ECOLUGICAL

SJTLJATION

The Gurinai Basin was tectonically formed during the Mesozoic and Cenozoic periods and is
divided by the ephemeral Black River: which discharges into two terminal lakes (Gaxun Nur and Sogo
Nur) to the north. Satellite images show that erosion has formed the Gurinai depression for a long time
and the material was transported to the east and southeast forming the megadune field of the Badajilin
Desert. The Gm-i.nai Grasslands are minimum 80 km away from the Black River. There was a very
large lake in this area as early as the Pliocene period (Ju-Yan lake). The last lake period started in the
Pleistocene. The Gurinai Grasslands consist of low rolling hills between 990 and 1050 m above m.s.1.
Today, about 1000 nomads with their camels and sheep inhabit this area. Anthropogenic causes
are supposed to be responsible for increasing desertification. Dense herbage and sacsaoul cover have
been displaced by bushes. The water quality is steadily declining. Only a few wells contain water suitable for drinking. The nomads and their livestock suffer from endemic diseases which is attributed to
the high fluorine content of up to 4 mg/l.
2.2. HYDR~GEOL~CICAL

AND GEOHYDRAULIC

ASPECTS

The not well-known piezometric surface of the study area does not support a hydraulic connection between the Black River and the shallow groundwater in the Gurinai Grasslands. The high tritium
values indicate low mean residence times of the shallow groundwater in the Gurinai Grasslands which
excludes an 80-km movement from far away. Minimum transit times of at least 4000 to 8000 years
were estimated for the possible gradient of 40 m/80 km, a reasonable hydraulic conductivity between 5
and 15 m/day, and a porosity of 10%. The 6°C values of the dissolved inorganic carbon compounds of
the shallow groundwater reflecting the C1 assimilating vegetation in the Gurinai Grasslands are well
distinct from those reflecting of C; vegetation of the groundwater in the alluvions of the Black River.
Last but not least, a buried anticline seems to exist serving as a groundwater divide between the Black
River and the Gurinai Grasslands. As consequence, local direct recharge is most likely though soil
temperatures rise as high as 69°C in summer. Rare and irregular rain storms of very high intensity (up
to 100 mm per hour), but of very limited area1 extension of only a few km’ are assumed as main
source of direct groundwater recharge. A secondary source may be groundwater entering the Gurinai
Grasslands from the Badajilin Desert in the east.
There are many dug wells and one spring with rather fresh water in the Gurinai Grasslands (Table 1). Brackish water and brine are also found in the near-surface unconfined aquifer, whose water
table is only 0.5 to 3.5 m below ground. The groundwater flows to the northeast.
Annual precipitation varies considerably, from 10 to 88 mm, with a mean of 40 - 50 mm. The
estimated annual groundwater recharge based on the diurnal temperature changes in the soil is
6 mm&. Dew may contribute a maximum of 20 mm/yr maintaining the vegetation. The humidity is
low year-around. The potential evaporation rate exceeds 2580 mm/yr and may approach 3700 mm/y-r.
2.3. I SOTOPE HYDROLOGICAL

SITUATION OF THE

SHALLOW

GROUNDWATER

The isotopic compositions of oxygen and hydrogen of the shallow groundwater in the Gurinai
Grasslands are unusual: The 61s0 /S2H values fit an apparent local meteoric water line with an extremely low deuterium excess of c-20 “/oo (Fig. 2; [l, 21).
The results of conventional isotope hydrological analyses - “C, ‘H, 6?, 61s0, 6’H - carried out
on water samples from September 1989 and December 1990 yield a differentiated picture of the
sources of groundwater. The samples for stable isotope analyses were collected monthly in 1987/88
from a meteorological station at the Black River, from the river itself, as well as from a spring, various
dug wells in and around the Gurinai Grasslands and a drilled well.
One group of data fit the global meteoric water line (MWL) with d z +100/o the other group fits
an apparent local water line with d < -20% (Fig. 2).
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Water is the most spread natural resource on earth. It plays a vital role in both the
environment and human life. Among all fresh water resources, groundwater is the most
widely distributed one on earth. The rise and decline of civilizations have been linked to
climatic changes which, in turn, controlled the natural recharge of aquifers and regulated the
pollution of groundwater and soils.
Aquifers have specific characteristics that distinguish them from other water bodies:
(i) they can help in removing suspended solids and disease-causing organisms; (ii)
they can store water in quantities exceeding those which are or conceivably could
be stored in all natural and artificial surface-water bodies; (iii) they can regulate the
water temperature and its chemical quality; (iv) they transport water from areas of
recharge to areas of need; and (v) they slow-down the natural discharge of water to
the surface. As such, aquifers can be utilized as strategic storage reservoirs for
water to make up the bulk of the dry-weather flow of streams.

In addition to secular changes in groundwater caused by climatic variations, there are now
serious threats to both quantity and quality of groundwater resources caused by the
accelerating human intervention.
The main challenge facing the present and future availability of groundwater is “How to
sustain this precious natural resource and protect it from degradation? “. Groundwater
protection is thus a major challenge.
The groundwater protection framework constitutes of a series of actions. Some are preventive
while others are corrective. These should be directed to the software (mostly socio-economy
and legislation) as well as the hardware (technical). Main causes of software problems and
conflicts include: (i) short-versus-long-term considerations; (ii) externalities, which occur
when private costs or benefits do not equal social costs or benefits; and (iii) risks and
uncertainties, including conflicts among water user sectors. This dictates a change from
individual development and management to integrated development and management that is
accompanied by close monitoring and evaluation of actions. Technical actions include among
others: (i) proper assessment of the resource; (ii) appropriate dynamic planning; and (iii)
proper development and management.
The problems related to groundwater protection are more serious in arid zones due to the
hydrogeologic complexity of water systems in such zones. For this reason, UNESCO
identified as a priority theme in the Fifth Hydrologic Program (IHPV) “Groundwater at risk”.
Under this theme, among others, two networks have been initiated, one on wadi hydrology

and the other on groundwater protection in the Arab region (being one of the most arid
regions in the world). Various types of activities have already been identified and are under
implementation, including: (i) initiation of a “Data Base” for groundwater protection; (ii)
development of “Manuals” in various areas related to groundwater protection (various users
categories); (iii) regular training programs for various categories; (iv) development of
“Systematic approaches to research and implementation” for priority aquifers in the region;
(v) development of suitable “Dissemination means”; and (vi) development of awareness
means
WATER RESQURCES AVAILABILITY-AN OVERVIEW
Water

Resources

I1

Water is the most widely spread natural resource on earth. It plays a vital role in both the
I environment and human life.

The current estimate of water storage on earth (in the hydrosphere) is about 1386 million
cubic kilometers. However, 97.5 % of this amount is saline water, and only 2.5 % is fresh
water. The major portion of available fresh water (68.7 %) is in the form of ice and
permanent snow cover in the Antarctic, the Arctic, and in the mountainous regions; 29.9%
exists as fresh groundwater; and only 0.26% is surface waters (lakes, rivers, reservoirs,
etc.).
Source: Igor A. Shiklomanov (1998)
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Fresh water is characterized by its spatial and temporal variation. Temporal variations can
be quite significant, especially in arid regions where actual values are small.
Water Demand
Water demand is generally a function of various factors, among which, physiographic
(including climate) features, area served, population, and socio-economic status.

Water Availability and Deficits
The availability of water is not solely a function of volumes, but also of human factors.
Human factors affect water availability in various forms. They can either reduce available
water (e.g. deforestation increased evaporation, etc.) or promote it (e.g. decreased
evaporation by changing water storage modes). This is in addition to the impacts of global
warming which are still not clearly defined in many regions of the world.
Sorce: Ipor A. Shiklomanov (1998)
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Of Importance here is the type of distribution. of fresh water resources on earth which does
not follow the population growth. If only renewable water is considered as available,
statistics indicate that 75% of the world population has a specific water availability around
5,000 m3 per year per c.apita, with 35% having less than 1,000 m3 per year per capita. This
situation will deteriorate further in the beginning of the next century, especially in arid
regions.
SUSTAINABLE DEVELOPMENT-CONCEPT AND CONSTRAINTS
The Concept
Interest in sustainable development has arisen as a consequence of national, regional and,
subsequently, global concerns about the environment and in particular its natural heritage.
It began to articulate in Europe and North America in the 1960s and 1970s. In 1983, the
U.N. General Assembly established the World Commission on Environment and
Development and received the report on the so-called ‘!Our Common Future” (Brundtland
Commission, 1987). Good Development will protect and enhance the environment; attention
paid to environmental concerns will strengthen developmental progress and projects.
The FAO definition adopted by its council in 1988, in the context of agriculture, forestry and
fisheries is: “Sustainable development is the management and conservation of natural
resource base and the orientation of technolcgical and institutional change in such a manner
as to ensure the attainment and continued satisfaction of human needs for present and future
generations. Such sustainable development (in agriculture, forestry, and fishery sectors)

which conserves land, water, plant and animal genetic resources, is environmentally nondegrading, technically appropriate,economically viable and socially acceptable”.
In the run-up of the UNCED “The Earth Summit 92”) the International Conference on Water
and the Environment (ICWE), concluded with the Dublin statement on Water and Sustainable
Development: “Scarcity and misuse of fresh water pose a serious and growing threat to
sustainable development and protection of the environment; human health and welfare, food
security, industrial development and the ecosystems on which they depend, are all at risk
unless water and land resources are managed more effectively in the present decade and
beyond they have been in the past”.
Some Issues of Sustainable Development

Identification of development aspects that make development unsustainable has been more
successful than the development of remedial measures that reduce or eliminate those
undesirable effects. For example, if sustainable groundwater resources development is
considered, it is known that pumpage in excess of long-term recharge will result (in the long
or short term) in uneconomic (or even in stopping the) development. Similarly, if excessive
use of fertilizer and pesticide in agriculture is experienced by farmers, the use of
groundwater for drinking will be impaired.
Reasons behind the failure of developments include, among others:
1) Short-versus Long-term Considerations: Any plan that does not consider the
conflict of short-versus long-term sustainable development and attempt to identify realistic
alternatives to overcome the problem, is expected to fail.
2) Externalities: Externalities occur when private costs or benefits do not equal social
costs or benefits. Individuals operate primarily on the basis of their own private costs (e.g.
cost of sewage/waste disposal, cost of water, etc.) and benefits. If they perceive opportunities
which could reduce their costs and/or increase potential benefits, they often take actions
which could be beneficial to them but are unlikely to serve the common good. A proper
solution would be the internalization of external cost by various means (e.g. taxes, subsidies,
regulations, etc .) .
3) Risks and Uncertainties: For example, the increase in population dictate intensive
agricultural production, which is generally accompanied by intensive water development.
This may create conflicts among the various uses either due to other economic types of
demands and/or due to the reuse of low quality water. This issue will become more important
in the future and needs a change from individual development and management to integrated
development and management that is accompanied by close monitoring and evaluation of
actions.
GROUNDWATER PROTECTION FOR SUSTAINABLE DEVELOPMENT
The Framework

A unique framework for groundwater protection is generally not possible as the forms of
groundwater deterioration are diversified. However, there is one agreed upon issue regarding

groundwater protection which implies preventing or at least minimizing groundwater
deterioration. This issue is based on the fact that prevention is always simple and less
expensive than restoration.
In general terms, the framework for groundwater protection constitutes of a series of actions.
Some are preventive while others are corrective. These should be directed to both the
software as well as the hardware.
Preventive measures
Preventive measures include, among others: (i) groundwater assessment; (ii) groundwater
resources planning; (iii) groundwater resources management; and (iv) monitoring. Table 1
gives a summary of the main elements constituting groundwater protection prevention
measures.
Groundwater assessment is the base for any sustainable development. A proper assessment
of the resource dictates a proper understanding of the groundwater system (configuration),
the conceptual frame (present state) and system response to future stresses. The key of such
a proper assessment is the availability of data and information, and well trained professionals
who can apply all types of technologies in determining the state of the system (static and
dynamic). Various tools can be applied, including surface and sub-surface investigations,
hydrogeological maps, potential maps, vulnerability maps, models, etc.
Planning of groundwater development undertakings, on the other hand, needs a clear
identification of water needs. Planning should be based on the interaction between the
planners, managers, policy makers, and the public. Involvement of the public at the various
stages of the planning is a key issue in ensuring the sustainability of the undertakings. Longas well as short-term plans should be clear and well oriented to the needs. It should be
stressed here that the plans should be dynamic, i.e., plans should be revised at proper time
spans.
Groundwater management should always be carried out in the framework of integrated
management to ensure the sustainability of the resource. Technical tools, including models,
should be considered only as support tools. Pilot schemes are good means in the testing of
new management policies/strategies, and dessimination of results to decision makers and the
public.
Finally, monitoring represents the end of the chain. Monitoring should not be considered a
nuisance, but a support for early corrections of management and planning activities.
Monitoring does not only consider the system response, but also the users response. As such,
monitoring should be included in the planning and carried out at all stages.
Monitoring can be implemented at various levels and scales, including regional, project, or
problem specific; each of which has its objectives and design. Feed back from the monitoring
activities should be disseminated to the users, polluters, and decision makers. Results are also
used to enforce the groundwater protection laws and to decide upon appropriate corrective
measures.

Table 1. A Possible Classification of The Groundwater Preventive Measures
Measure/Issue

Hardware

Software

1. Groundwater Assessment

1.1 Proper identification of the static properties
of the system, including its boundaries, geology,
groundwater vulnerability to pollution, etc.
1.2 Proper identification of dynamic conditions,
including interaction with other water bodies,
water fluctuation, quality, recharge-discharge,
land use, groundwater use, etc.

1.1 Human resources development
through systematic training at all levels.

2. Groundwater Resources
Planning

2.1 Proper assessment of water needs.
2.2 Application of conservation means, including
conjunctive use of water resources.
2.3 Application of land and water planning.
2.4 Application of new technologies and
instruments, including GIS, models, etc.
2.5 Long-term as well as short-term planning is a
must.

2.1 Involvement of users/stakeholder
through proper and timely
users/stakeholder participation all over
the planning phases.
2.2 Human resources development.

3. Groundwater Resources
Management

3.1 Application of proper tools, including
management models.
3.2 Application of integrated water resources
management means.
3.3 Implementation of pilot projects and
dissemination of findings.

3.1 Raising Public awareness on
management issues.
3.2 Human resources development.

4. Monitoring Groundwater
Performance

4.1 At the land surface, including land use,
emissions, etc.
4.2 In the unsaturated zone.
4.3 In the saturated zone.
4.4 On regional (reference) as well as for
problem-specific.

4.1 Raising public awareness on health
impacts based on findings.
4.2 Involvement of the public in
monitoring.

Corrective

Measures

In the case of groundwater degradation, which could be a result of the feed back from the
monitoring system, corrective measures should be implemented before the problem becomes
more severe. Corrective measures, include among others: (i) artificial recharge, which is
directed to correct depletion of groundwater, sea water intrusion, deterioration of
groundwater quality? etc.; (ii) restrictions on land use, aiming at minimizing the long-term
effect; (iii) treatment of effluent at the source or its direction to other sites of less importance
with respect to groundwater; or (iv) other remedial measures, including removal of soil, etc.
SPECIFIC WATER ISSUXS IX ARID ZONES
Definition of Arid Zones
A precise definition of arid zones is not straightforward, as each discipline can have its own
view point. However: for hydrologists, arid zones are those regions characterized by low
average rainfall and the absence of perennial rivers. Generally, these basic criteria are
correlated with high mean
annual temperatures and
low atmospheric
i 5OC
humidities giving rise to a
high rate of potential
evapotranspiration. Water
resources are mainly
iimited togloundwater,
which may be derived
from annual, ephemeral or
fossil replenishment, by a
variety of possible
recharge mechanisms.
The variability of
groundwater recharge in
such zones is very large.
Replenishable groundwater
resources may be available
in regions where present
day recharge is potentially
very low or nil (e.g.
Nubian Sandstone in
North Africa). Similarly,
it may not be possible to
correlate directly the
presence of higher ra.infali
belts in certain areas in
recent years with the size
of the local groundwater
storage.
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Issues of Groundwater Development and Management in Arid Zones
The main aim of groundwater development and management is to ensure the sustainability
of the resource and developments based on it. This requires, as mentioned previously, a
good knowledge of the system configuration, present state, and response to future
stresses.
System Configuration: Geophysical investigations (especially geoelectrical
profiling), which are generally considered cheap tools in defining the configuration
of aquifer systems, meet several limitations in arid zones. Main reasons are: (i)
the relatively dry medium in the shallow horizons which make them very resistant
resulting in false resistivity; and (ii) deep horizons may contain saline water
obeying the density gradient, making the penetration of the signal difficult and its
discrimination is low.
Present State: A good understanding of the present state of the system is generally
based on clear identification of boundaries, flow rates, and hydraulic
characteristics. The main problems in arid zones is the proper determination of the
water balance components and the hydraulic continuity.
The water balance reads, in its simplest form:
RECHARGE = DISCHARGE + CHANGE

IN STORAGE

Recharge can be natural (rainfall) or artificial. Discharge can also be
natural (visible as sinks or seeps, or invisible as evaporation or
uptake by plants) or artificial (e.g. wells, surface and subsurface
drains). Change in storage is a function of the change in groundwater
heads and the aquifer storativity .

The question of recharge is one of the most critical factors for groundwater
management in dry areas. If recharge is occurring, further important problems
arise dealing with possible mechanisms of recharge, e.g. : (i) vertical direct
infiltration of rains; (ii) lateral seepage of river flood water and groundwater from
adjacent aquifers; and (iii) upward leakage from deep aquifers.
Whatever the depth of the water table, evaporative discharge is expected through
the soil zone or through sabkas. The phenomenon of aquifer discharge is relatively
simple to evaluate when it gives rise to permanent surface runoff. This is not the
case in arid zones where perennial surface flow does not exist. In coastal regions,
however, discharge may occur directly to the sea. In internal drainage basins
which occur widely in arid and semi-arid zones, discharge occurs either through
springs (oases) or though diffuse evaporation across the unsaturated zone. The
latter process is the most frequent, although very difficult to quantify, it is very
important for the groundwater balance.
The need for an accurate assessment of whether a small rate of recharge is
occurring appears rather trivial when the withdrawal from an aquifer clearly

surpasses the present day maximum possibilities of infiltration through the
catchment area. This problem, however, is not specific to arid zones since most of
the largest, confined aquifers are overexploited as evidenced by pressure decreases
which sometimes may have important consequences on soil stability.
Estimation of groundwater flow depends to a large extent on groundwater heads
and hydraulic characteristics. In the majority of the sediment basins in arid
regions, estimation of hydraulic characteristics through aquifer tests is very
difficult due to the associated long recovery time. In the case of fractured
formations, it becomes even more difficult to investigate the hydraulic continuity.
In arid regions, where deep aquifers provide sometimes the only source of water
supply, the question is of major importance for groundwater management. The
major problem of groundwater mining in arid regions is mainly related to the main
unconfined aquifers. At A first glance, groundwater mining can also be deduced
from hydraulic balances and decreases in the depth of the water table. However,
for both confined and unconfined aquifers the answer to this important question
appears rather complex and strongly dependent on the time scales of replenishment
and of development.
Groundwater Oualitv: Groundwater salinization may occur according to several
processes, including: (i) concentration through evaporation of surface water before
or during infiltration of flood episodes; (ii) diffuse discharge through unsaturated
soils between two episodes of sporadic recharge; (iii) leaching by surface waters of
salt beds within the aquifer; (iv) chemical weathering of silicates which leads to
the formation of clay minerals and oxides with subsequent increase in ions
(particularly Ca2+ and Na+); (v) irrigation return flow; and (vi) fertilizer
application.
A special case of salinization exists in coastal aquifers. Here, the heavier sea water
tends to flow inland below the fresh groundwater, even if the net inflow is toward
the sea. Thus, even under natural conditions, it is common that in coastal aquifers,
fresh water - flowing seaward - overlies stagnant sea water in deeper parts of the
aquifer. Pumping from such aquifers would attract the deep salt water until the
well is affected. This process is complicated and needs integration of various tools
to identify the source of saline water.

NETWORK ON GROUNDWATER PROTECTION IN THE ARAB REGION
Specifics of the Arab Region
The Arab region is suffering at present from water scarcity, which will become more
severe in the next century. The prevailing arid to semi-arid climate is generally a common
feature. Most rivers originate outside the borders of the region and their water is almost
fully utilized. Although extensive aquifer systems are encountered, groundwater contained
in such systems is deep and almost non-renewable (at present). Renewable groundwater,
on the other hand, is limited to specific regions where aquifers of limited extent are
prevailing. The percapita fresh water in some countries is as low as 100 m3/year, or even
less. This has already resulted in or will soon dictate recycling of used water (multiple
use); thus approaching closed water systems.

The present problems related to groundwater management in the Arab region can be
summarized as follows: (i) extensive drawdowns that are affecting sustainability of the
resource, especially the socio-economy; (ii) saline water intrusion and upconing in coastal
aquifers; (iii) pollution from various sources; (iv) lack of proper management tools and
related knowledge; (v) poor enforcement of legislation; and (vi) lack of public
participation and public awareness.
Groundwater protection is thus a major challenge for the sustainable development of the
region. It dictates the initiation and implementation of several actions, including: (i) the
implementation of monitoring system(s); (ii) development of proper tools to support
groundwater protection, e. g . hydrogeological maps, groundwater potential maps,
groundwater vulnerability maps, etc. ; (iii) enforcement of legislation, including well
licensing, types of agro-chemicals, proper disposal of effluents, etc. ; (iv) special attention
to environmental concerns and caution with the use of sewage water in irrigation, which
should be limited to regions of low vulnerability; (v) raising public awareness in relation
to the protection of the resource; (vi) development of simple technologies to protect
groundwater, which should be based on multi-criteria analysis of their appropriateness,
capability to improve, and adoption by the users; (vii) preparation for significant changes
which may present opportunities, but with potential adverse impacts.
Objectives of the Network

The main objectives of the network are to promote information exchange among
researchers and decision makers within the Arab region and other regions; and to
demonstrate the technical, economical, institutional, and environmental feasibility and
constraints of groundwater protection means and technologies.
The program is thus expected to contribute to rational development and appropriate
management of groundwater resources leading ultimately to sustainable socio-economic
development through: (i) assisting in strengthening and coordinating research concerning
groundwater assessment, planning, and management; (ii) assisting in the transfer of
adequate technology from other countries to the Arab region and among the Arab
countries; and(iii) assisting in disseminating and exchanging information on the state-ofthe-art of groundwater protection though meetings, workshops, etc.
Selection of Priority Areas for Cooperation/Coordination

The main priority areas for cooperation and coordination are as follows:
- Initiation of a “Data Base” for Groundwater protection.
Development of “Manuals” in various areas related to groundwater protection
i various users categories). The first manual will be targeted to technicians and
young hydrogeologists responsible for the collection of hydrogeological data.
- Two on-going training programs in the region will be considered as the main
official programs, the “groundwater protection” given by the Research Institute for

Groundwater, and “groundwater hydrology” given by Bahrain University. Other
ad-hoc training courses covering specific topics are also encouraged (sea water
intrusion, artificial recharge, etc.).
- Development of “Systematic approaches to research and implementation” for the
priority aquifers.
Type of aquifer and threat(s)

Examples

Countries

1. Regional non-renewable aquifers with
deep groundwater, subjected to
overexploitation.

Nubian sandstone,
Continental Intercalaire

Egypt, Libya, Sudan,
Tunisia, Algeria

2. Coastal aquifers, subjected to saline
water intrusion (sea or formation)

Mediterranean, Others

Egypt, Syria, Morocco

3. Aquifers underlying wadis, essentially
for integrated research to enhance water
conservation

Various

Many countries

4. Local aquifers subjected to recharge
with non-conventional water (e.g. sewage),
subjected to high pollution risks

Various

Many

- Selection of suitable “Dissemination means” and their preliminary outlines (web
site, newsletter, etc.).
- Development of appropriate awareness means.
CONCLUSIONS AND RECOMMENDATIONS
Conclusions
Water is the most spread natural resource on earth. It plays a vital role in both the
environment and human life. Groundwater is the most widely distributed fresh water
resource on earth. The rise and decline of civilizations have been linked to climatic
changes which, in mm, controlled the natural recharge of aquifers and regulated the
pollution of groundwater and soils.
In addition to secular changes in groundwater caused by climatic variations, there are now
serious threats to both quantity and quality of groundwater resources caused by the
accelerating human intervention.
The main challenge facing the present and future availability of groundwater is “How to
sustain this precious natural resource and protect it from degradation?“. Groundwater
protection is thus a major challenge.
The problems related to groundwater protection are more serious in arid zones due to the
hydrogeologic complexity of water systems. For this reason, UNESCO identified as a
priority theme “Groundwater at risk”. Under this theme, among others, two networks
have been initiated, one on wadi hydrology and the other on groundwater protection in
the Arab region (being one of the most arid regions in the world). Various types of

activities have already been identified and are under implementation, including: (i)
initiation of a “Data Base” for groundwater protection; (ii) development of “Manuals” in
various areas related to groundwater protection (various users categories); (iii) regular
training programs for various categories; (iv) development of “Systematic approaches to
research and implementation” for the priority aquifers; (v) development of suitable
“Dissemination means”; and (vi) development of awareness means.
Recommendations
Groundwater protection is a major challenge in arid region. It requires several actions:
1) Clear and systematic approach to protection.
2) Systematic training of professionals and technicians.
3) Development of proper tools for groundwater protection, e.g. hydrogeological
maps, groundwater potential maps, groundwater vulnerability maps, monitoring
systems, etc.
4) Development of appropriate tools for groundwater assessment and protection
(e.g. isotope).
5) Enforcement of legislation, including licensing, types of agro-chemicals, and
proper disposal of effluent, etc.
6) Increasing public awareness on water protection.
7) Selection of water conservation technologies based on multi-criteria analysis of
their appropriateness, capability to improve, and adoption by the users.
8) Preparation of decision makers and the public for significant changes in water
management styles which may present opportunities, but with potential adverse
impacts, on disadvantaged groups.
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HOW CAN ISOTOPE RESEARCH CONTRIBUTE TO UNDERSTANDING
AND MANAGING WATER QUALITY ISSUES?
N.E. Peters
US Geological Survey,
Atlanta, Georgia, United States of America

Advances in the understanding of hydrological processes, particularly water quality, have
increased rapidly over the last few decades. One major, recent factor leading to improved
knowledge in the field has been the use of isotopes in conjunction with hydrometric and
biogeochemical information. The choice of isotopes is presently constrained as some elements
are easier to study than others due to different levels of progress in experimental technology and
sample processing techniques. This presentation will explore schemes for the successful use of
isotopes in water-quality issues by discussing several recent advances in the comprehension of
hydrological processes, and will suggest some fertile areas for research. The use of s7Sr/86Sr

has

improved the understanding of the relative contributions of weathering, general patterns of longterm mineral transformations, water-quality evolution within catchment pathways, and the
biological cycling of base cations, particularly Ca”. The simultaneous analyses of 6 14N and 6’*0
of NO,- have helped to determine the role of sources such as atmospheric deposition and fertilizer
or manure application and oxidation state in N cycling and nutrient transport. These isotopes
have also been used to assess the efficiency and mechanisms for N removal related to
implementation of best management practices for specific ecosystem types such as wetlands. A
multi-component approach using elemental concentrations and ‘iB, 87Sr, and “0 has been used to
study the origin of salinity and formation of saline plumes in groundwater. In all hydrological
studies, it is important to determine water pathways, fluxes and residence times in order to
understand water-quality evolution or genesis. Consequently, isotopes have been very useful to
date young groundwater using ‘H, ‘He, *%, and 3sS and to date ice cores and sediments using

14C and 36C1. The ice cores and sediments can then be studied to determine long-term changes in
climate with the use of “0 and 13C. Isotopes are useful in studying other paleo-environmental
indices such as groundwater (D, 180, 13C, 36C1), clay minerals (13C, D, ‘“O), pedogenic carbonates
(13C, ‘“O), tree rings (D, 180, 14C), and plant fossils (D, 180, “C). Relative enrichments of other
elements with respect to the isotopic content suggest patterns of chemical evolution. Patterns,
processes and rates of sediment erosion and deposition and associated transport and
transformation of pesticides and herbici’des have been discovered using “Be, 7Be, 137Cs, and 210Pb.
The importance of biological activity in cycling S and N has been quantified under controlled
conditions and from experimental field investigations of pathways and transport rates, using 34S
35S, and 14N. The importance of atmospheric S sources in headwater watersheds and the
subsequent transformation and transport of the element have been elucidated using 35S and 34S. In
most of these research areas the greatest advances were made by establishing comprehensive data
collections and data analysis schema, which included hydrometric and ancillary biogeochemical
information. For example, an evaluation of only the 87Sr/86Sr ratio of groundwaters does not show
the entire process of water-quality evolution. Additional solid phase data, hydrometric
information and a broader spectrum of hydrochemistry provides complementary information on
the direction and potential magnitude of transport and processes controlling temporal variations,
solid phase adsorption characteristics and potential end-member contributions to 87Sr/86Sr,

solid

and liquid Sr concentrations, and relative compositions of associated elements. Finally, a
discussion will be given on the use of isotopes to ascertain the biological processes in - and
energy flow through ii aquatic food webs, which are central to most of the critical water-quality
health-related issues.
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Abstract: Isotopic ratios of 81KrKr were measured with accelerator mass spectrometry in prenuclear atmospheric krypton and in modem krypton. Within the experimental uncertainty
c+30%) the 81KrKr ratios were found to be the same. This establishes “Kr (t1,2 = 230,000
years) as a long-lived cosmogenic radionuclide essentially unaffected by anthropogenic
contributions. First applications of ‘lKr to groundwater dating in the Great Artesian Basin of
Australia enabled to obtain mean residence times of 225,000 to 400,OO years.
1 Introduction
The main interest of “Kr lies in the possibility it provides for dating deep ice from the polar ice
caps, and old groundwater. Due to its favourable geochemical properties it is possibly the only
cosmogenic radionuclide that has the potential to become a reliable absolute chronometer for
these applications. However the extremely low concentration of “Kr in these reservoirs
(~1000 atoms per kg ice or water) demands a very high overall detection efficiency.
The development of an AMS technique for the detection of ‘lKr as well as the first application
of this method to date groundwater samples from the Great Artesian Basin of Australia has
been an ongoing program at our Institute. The first measurement of the “Kr concentration in
atmospheric krypton using AMS in 1994 [l] and the first experimental comparison of the ‘lKr
concentration in pre-nuclear and modem atmospheric krypton samples in 1996 [2] laid down
the base for this first dating application.
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ENVIRONMENTAL TRACERS AS INDICATORS OF GROUNDWATER
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Abstract
Environmental tracers, chemistry and hydraulic data have been used to develop a
conceptual model for groundwater flow in a fractured rock aquifer, at Clare, South Australia.
In the upper 36 m there is relatively high horizontal flow, closely spaced fractures and large
apertures. Below 36 m, horizontal flow rates are less and apertures become smaller. A sub
horizontal fracture at 36 m separates the upper system from flow systems below. There is
minimum vertical connection of groundwater above and below 36 m as indicated by low
hydraulic conductivity and a steep 14C concentration gradient. The observed linear trends in
chemistry and isotope data are a result of mixing between old saline water and relatively
younger fresh water. Greater mixing has occurred in the upper 36 m, with the amount of
mixing diminishing with depth. We propose that this mixing is a recent process that has been
triggered as a result of increased recharge to the system since the clearing of native
vegetation approximately 100 years ago. Increased recharge of lower salinity water has
resulted in the establishment of concentration gradients between the matrix and the fractures.
This has resulted in diffusion of relatively immobile water in the matrix into relatively fast
moving water in the fractures. Greater flushing has occurred in the upper 36 m due greater
fracture density and larger apertures and higher horizontal flow rates.
1. INTRODUCTION
Fractured rock aquifer research to date has largely focused on the development of a
number of complex hydraulic and solute transport models [ 1,2,3]. Applied tracer tests have
often been used to characterise fractured flow at small scale field sites [4, 51. However, little
effort has been placed on the use of environmental tracer data to characterise fracture flow,
or the coupling of environmental tracer data with numerical models. Environmental tracer
techniques have advantages over hydraulic methods, as they can integrate over temporal and
spatial scales. Hydraulic methods provide only a ‘snap shot’ of the present day flow regime.
Where possible both environmental tracers and hydraulic data should be used together to
help develop or constrain conceptual and numerical models.
A distinctive feature of the Glare Valley fractured rock aquifers is that the
groundwater is stratified with respect to salinity. In a number of bores in the district, salinity
can increase by a factor of four over a vertical distance of only 100 meters. The unique
feature of this stratification is that salinity changes abruptly, with rapid changes (up to 3000
uScm-1) occurring in a step-like fashion over vertical distances of only l-5 m. In this paper
we examine chemical, isotopic and hydraulic data from the Wendouree field site in the Clare
Valley, in an attempt to elucidate the major flow processes and aquifer characteristics
occurring, including water velocities, fracture spacings, apertures and connectivity.

2. FIELD SITE
The Clare Valley is located 100 km north of Adelaide, South Australia and forms part of
the Adelaide Geosyncline which is an ancient failed rift margin. Proterozoic rocks (600 -800
million years old) are exposed as indurated and fractured quartzites, shales and dolomites
with low porosity that have been subjected to low grade regional metamorphism.
The climate is Mediterranean with hot dry summers and cold winters. Precipitation varies
from 590 to 650 mm yr 1, throughout the region and is winter dominated from June to
August. Average annual evaporation is 1975 mm yr-1 at Glare. Today the dominant land use
is vineyards and pasture with only a minor amount of native vegetation remaining. Large
scale clearing of native vegetation occurred approximately 100 years ago as a result of the
introduction of European style agriculture. In other parts of Australia land clearing has
resulted in an order of magnitude increase in groundwater recharge [6]. The impact that land
clearing has had on increased groundwater recharge in Clare has not yet been assessed.
Groundwater of variable quality (500 - 7000 mg L-l) and low yield (0.5 to 20 L s-l) is
stored in these low porosity rocks. The major use of this groundwater is for domestic and
irrigation supplies of grape vines. Over the past few decades the demand for increased grape
yield and volume from the district has led to increased irrigation from groundwater. This has
raised concerns in the community about the long term sustainability of the groundwater
resource.
The data reported here is from a carbonaceous dolomite aquifer at the Wendouree field
site. The first well drilled is 200 mm in diameter to a depth of 117.5 m, and completed as an
uncased open hole. Vertical profiles of electrical conductivity (EC) and temperature were
taken using a down hole logging probe. 222Rn and major ion data were collected in situ in
the unpurged open bore hole by means of a bailer. This well, and another well drilled to a
depth of 55 meters, 2 meters to the north, were later converted to a series of nested
piezometers. The nested site has ten different well completions intervals located between 2
and 100 m below the water table. The piezometers are open to the aquifer by slotted casing at
their base. The slotted intervals varies from 2 to 6 meters. Individual piezometers are gravel
packed around the slots and are separated by cement and bentonite seals. Piezometers were
sampled for environmental tracers *4C, 13C, 2% 180,3H and CFCs. Hydraulic conductivity
was determined on the piezometers by standard pumping tests. Porosity of a rock core from
at 8.2 m was measured to be 4.7 % using helium porosimetry. The vertical hydraulic
gradient at the site is less than 5 x10-3.
3. GROUNDWATER FLOW AND FRACTURES
3.1 EC, temperature and 222Rn
Electrical conductivity (EC), temperature and radon profiles have been used to infer
the location of fracture flow into the open borehole (Figure 1). Step-like changes in EC of
between 300 to 1500 @S/cm occur over vertical distances of only 1-3 metres. At the same
depths a small temperature spike of 0.08 to 0.12 oC is observed. These changes in EC and
temperature occur at depths of 36, 52, 77 and 82 meters below the water table. We believe
these represent locations of major groundwater inflow to the bore via fractures.
Cook et al [7] have shown that 222Rn concentrations in unpurged bores can be used
as a qualitative indicator of groundwater flow rate. Radon is produced from decay of

uranium and thorium minerals in the aquifer and has a half life of 3.8 days. High
concentrations of radon in streams have been used as a quantitative indicator of groundwater
discharge [8]. In a similar way, high concentrations of radon in the borehole should indicate
active groundwater inflow. If there was zero flow from the aquifer to the borehole we would
expect radon concentrations in the borehole to be zero due to radiogenic decay. However if
flow through the well is faster than radon can decay then we would expect significant
concentrations of radon in the well. If we assume that the concentrations of 222Rn are
uniform in the aquifer over the length of the borehole, then radon concentrations can be
related to groundwater flow rate.
We observe high 222Rn concentrations in the upper 36 metres of the bore indicating
relatively rapid horizontal flow. Because radon concentrations are relatively high and
uniform in the upper flow system we suggest that there is relatively high fracture density in
this region as well as high horizontal flow throughout this zone. A small peak of 222Rn at a
depth of 52 metres correspond to a step change in EC and a small temperature spike.
Another small peak of radon occurs at about 75 m. We believe these represent the location
of active fractures intersecting the borehole. As the 222Rn peak at 52 m is larger than the one
at 75 m we infer that groundwater inflow at the fracture at 52 m is greater than that at 75 m.
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Figure 1 Electrical conductivity, temperature, radon and hydraulic conductivity data at
Wendouree a) EC profile data from open hole b) Temperature gradient open hole, c)
Radon concentrations unpurged open hole, d) Horizontal hydraulic conductivity obtained
from pumping tests in the piezometers. The depths are shown below standing water level.
The horizontal hatched bar in d represents the length of the piezometer interval.
3.2 Hydraulic data
Hydraulic conductivity varies by four orders of magnitude with values decreasing with
depth (Figure 2d). High values of hydraulic conductivity in the top four piezometers
correspond to high unpurged 222R.n concentrations in the open borehole indicating rapid
throughflow in the top 36 m. Below the fracture at 36 m, hydraulic conductivity and 222Rn

concentrations are much lower than in the upper section of the borehole, indicating reduced
horizontal flow. The radon peak at 52 m corresponds to relatively low hydraulic
conductivity while the smaller radon peak at 75 m corresponds to higher hydraulic
conductivity. However we would not necessarily expect hydraulic conductivity and radon to
have a direct correlation. Rather, the data may indicate a decrease in the horizontal hydraulic
gradient with depth.
The dolomite aquifer has been mapped in an exposure approximately 2 kms north of
the field site. The outcrop data shows fracture spacing of 0.1 to 0.5 m, which is probably
representative of the upper 36 m at the Wendouree site. Open fractures at outcrop have
apertures ranging from 2 to 0.01 mm, with a mean of approximately 0.6 mm. Fracture planes
are parrel to bedding, both at outcrop and at Wendouree. Evidence for this is the presence of
mineral striations on the bedding surfaces. A number of sub-horizontal fracture planes are
also evident at outcrop.
Flow through individual fractures can be represented by analogy to laminar flow
between two smooth parallel plates according to the cubic law [9]. In the analysis below we
have assumed that each piezometer interval tested has only one single fracture. By
rearranging the cubic law, fracture apertures can be estimated from values of hydraulic
conductivity in the piezometers by:

b, =
where bf is the aperture, p is the viscosity of the fluid, Kf is the hydraulic conductivity of the
interval tested, L is the length of the aquifer test , p is the fluid density, g is the acceleration
of gravity and N is the number of open fractures intersected in the test interval.
We compute horizontal apertures ranging between 1540 pm for the upper section of
the bore and 72 pm for the lower section of the bore. If we assumed a more realistic fracture
spacing ranging between 0.5 to 0.1 m (based on outcrop data) for the upper 36 m, then
apertures reduce to between 850 and 500 pm respectively. For an aperture of 500 pm and a
vertical hydraulic gradient of less than 5 x 1 O-3 this would correspond to vertical flow
through a single fracture of less than 9 mday 1. Similar way if we assume an aperture of 72
j.trn below 36 m deep this would permit a vertical velocity in the fracture of up to 0.18 m
day-l.
As discussed previously we believe that the variation in EC down the borehole
indicates the location of different water bodies entering the well. For the upper 36 m of the
bore, there is high fracture density, high horizontal flow and relatively large apertures. We
assume that most of the water entering the well moves horizontally through the well. At 36
m, the bore intersects a new fracture containing water with a higher EC. We believe that the
constant EC between 36 and 52 m is due to some of the water from this fracture moving
down through the bore. As EC is constant and there is no radon peak or temperature spike
we believe that no major fracture intersects the well from 36 to 52 m. At 52 m another step
change in EC occurs, representing a new fracture intersecting the bore containing water of a
higher EC. We assume that this fracture has a smaller aperture (based on aperture estimated
from hydraulic conductivity) and a reduced flow rate (from radon data) from the fracture
above. This new fractured water can move either horizontally through the well into the
aquifer or vertically in the bore. Again as the EC in the bore does not change between 52 and

77 m we assume that no major new fracture has intersected the well until 77 m where there is
another step change in EC.
We propose that the step changes in salinity are a result of mixing between
immobile water in the matrix and mobile water in the fractures. We believe this mixing is a
result of increased recharge to the system due to land clearing approximately 100 years ago.
Under this scenario, greater flushing of the system has occurred in the upper 36 m due to
higher horizontal hydraulic conductivity, closer fracture spacings and larger apertures.
Groundwater in this section of the bore move horizontally. Decreased flushing occurs for the
lower flow systems due to decreased flow rates.
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Figure 2. Environmental tracer data in the piezometer nest, a) 14C, b) 13C, c) CFC-12,
d) Tritium, e) Deuterium. The depths are shown below standing water level. The vertical bar
represents the length of the piezometer interval.
3.3 3H and CFC-12
3H and CFC- 12 depth profiles can provide information on the vertical hydraulic
connection at the site. The presence of CFC-12 to a depth of 25 meters and thermonuclear
tritium at 36 meters below the water table indicates that a proportion of relative modern
water has reached these depths (Figure 2 c & d). Solutes transport in a fractured rock aquifer
is characterised by rapid advection in the fractures with a diffusive exchange between water
in the fracture and relatively immobile water in the matrix. This diffusion process is driven
by a concentration gradient between the matrix and the fractures. The gradient can be either
from the fracture to the matrix or visa versa depending on the characteristic of the solute. In
the case of CFC-12 and 14C diffusion occurs from the fracture to the matrix which can
result in significant retardation of the solute [lo]. For tritium diffusion will be from the
fracture to the matrix, until the bomb peak has passed and then tritium will back diffuse from
the matrix to the fracture.
The measured concentrations of 3H and CFC- 12 can provide information on
minimum vertical velocities in the fractures. The CFC-12 concentration of 92 pgkg-1 at 25 m

below the water table corresponds to a groundwater age of 23 years (sampling occurred in
1998). This can be converted to a minimum velocity Vf 2 1.1 myr-I (25m /23 yrs). In a
similar way the presence of post 1963 3H at 36 m below the water table converts to Vf 2 1.0
myr 1 (36 ml 35 years). However the actual groundwater velocities may be orders of
magnitude greater than this depending on the extent of matrix diffusion which is difficult to
quantify.
3.4 Major ions, 62H and 6180 data
The major ion data plotted against chloride (Figure 3 a and b) all display positive
linear correlations, with the concentrations of all dissolved ions increasing with depth
(correlation coefficients (r2) = 0.86 - 0.97).
For the total range in Cl concentrations the K/Cl marine ratio is preserved. The
Cl/Br mole ratios range from 500 to 700 indicating preservation of the marine aerosol ratio
(632) with no dissolution of evaporites in the groundwater system (Br data not presented).
For Cl concentrations < 13 mmol L-l, the Na/Cl and SO4/Cl marine ratio is preserved which
indicates that at low chloride concentrations (ie, in the top 36 m) that Br, K, Na and SO4
behave conservatively and the ions are concentrated by evapotranspiration prior to recharge.
For Cl > 13 mmol L-l (ie, > 36 m) both Na and SO4 are above the ion/Cl marine ratio
suggesting that addition of these ions to the groundwater above the seawater dilution line is
by water/rock interactions.
G/Cl and Mg/Cl ratios are well above their marine ion/Cl ratios for the entire range
of concentrations. As the groundwaters are saturated with respect to calcite and dolomite any
addition of Ca and Mg from carbonate dissolution in the groundwater system is unlikely and
therefore the enhanced concentration of these ions must have must have occurred via
dissolution of Mg -carbonates in the unsaturated zone prior to groundwater recharge.
The linear correlations for all ions versus Cl may be the result of a number of
possible processes; 1) variable evapotranspiration of a single input water during recharge, 2)
progressive addition of ions via water/rock interactions, 3) mixing of two different water
bodies with different end member compositions. In this case the mixing process would be by
diffusion, where older more saline stagnant water in the matrix would mix by diffusion into
the relatively younger fresher more mobile water in the fractures.
The stable isotopes of the water molecule plot on or near the meteoric water line
(Figure 3~). 62H and 6180 compositions are relatively enriched in 2H and I80 just below
the water table and progressively become more depleted with depth (Figure 2e). This
increasingly negative signature with depth (i.e, a - 10 per mil shift in 62H in 100 m)
corresponds to increased chloride and EC. This is the opposite to what is normally observed
throughout the world where more negative 62H and 6180 values are often associated with
lower chloride concentrations due to colder climatic conditions at the time of recharge. There
are many examples of this in the literature from the last glacial period [ 11, 121.
The chemical and isotope data suggests two end members with a continuum of
concentrations between these two end members, 1) low salinity groundwater controlled by
evapotranspiration in the top 36 m and 2) higher salinity groundwater with an increased
contribution from water/ rock interactions at depth. We suggest that the observed linear
correlations in chemical and isotopic data between these two end members is a result of
mixing between old more saline water in the matrix and fresher younger water in the
fractures, particularly in the top 36 m. Addition of solutes via mineral weathering is
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Figure 3. Compostional diagrams a) Ca, Mg, Na, K versus Cl, the ion/Cl lines represents the
seawater dilution line b) HC03, SO4 versus chloride, the ion/Cl lines represents the
seawater dilution line c) 62H versus 6 180 , MWL = World Meteoric Water Line d) 14C
versus 13C

relatively unimportant because Cl bearing minerals are absent and all other ions are
correlated with Cl. Increasing evaporation of a single recharge source would tend to enrich
2H and 180 with increasing Cl, which is the opposite of that observed. The exact origin of
the relatively depleted saline end member is unknown, we assume that the water is older than
the last glacial, possibly recharged in a more arid environment with episodic recharge events.
The major source of dissolved salts in the system is from concentration of rainfall
cyclic salts due to evapotranspiration in the upper 36 m with a greater contribution from
water/rock interactions with depth. As discussed previously the step-like changes in salinity
are most likely a result of increased recharge to the system since the clearing of native
vegetation -100 years ago. Pre clearing recharge to the system was low (estimated to be < 5
mmyrl) and the dissolved ion concentrations were in equilibrium between matrix and the
fractures. Since clearing, recharge has increased by an order of magnitude, which has
resulted the introduction of lower salinity groundwater which is currently flushing the
fracture systems and has established a concentration gradient between matrix and fracture
components. Dissolved ions now back diffuse from the matrix into the fractures.

3.5 1‘k and 13C data
Uncorrected 14C concentration above 36 m are all > 70 %MC, the decrease of 14C
concentration with depth reflects an increases in age (Figure 2a). The steep 14C “age”
gradient below the fracture at 36 m (ie between piezometer 4 and 5) indicates minimum
connection between groundwaters in the upper 36 m and those below. As the sub horizontal
fracture at 36 m has a large hydraulic conductivity we would expect a decrease in
groundwater “age” below this depth as a large proportion of groundwater would discharges
horizontally at 36 m. Another steep 14C age gradient occurs below the fracture at 52 m (ie
between piezometers 6 and 7) again indicating reduced vertical connection with increasing
depth.. As piezometer 6 has a higher hydraulic conductivity than piezometer 7 we would
expect a large proportion of groundwater moving vertically in the bore to be discharge into
the aquifer via the sub horizontal fracture at 52 m..
The 14C versus 13C data (Figure 3d) also shows a remarkable linear correlation with
14C concentrations at 90 %MC at 2 meters below the water table to background (~2 %MC)
at 100 meters below the water table (Figure 2a and b). 13C becomes progressively enriched
relative to 12C, increasing from - 14.1 per mil at 2 meters below the water table to - 3 per mil
at 100 meters. As with the chemical data we need to determine whether this linear correlation
is a result of mixing from two end members or is caused by geochemical evolution which
results in more enriched 13C and lower 14C than the initial recharge value.
Geochemical processes that may produce this trend of increasing 13C/l2C values
include i) incongruent dissolution of dolomite, and ii) methanogenisis (where 13C enriched
CO2 is produced as a by product). Incongruent dissolution of dolomite involves dissolution
of a MgC03 initially with increased concentrations of Ca and Mg followed by reprecipitation of a lower MgC03 which will result in increased concentrations of the
dissolved Mg/Ca ratio. As the Mg/Ca mole ratio remains relatively constant (between 3-4)
throughout the profile we can discount incongruent dissolution. Methanogenesis appears to
be not important because the alkalinity/ DIC ratio is near unity and CO2(aq) concentrations
are relatively constant with increasing depth, if methane production were important, the
alkalinity/DIG ratio would be much less than unity as well the C02(aq) concentrations
would increase [ 13, 141.
The carbon isotopic dam supports the geochemical and stable isotopic evidence for
mixing between two end members. The shallow near surface end member has modem 14C
with a 613C composition consistent with equilibrium with the soil CO2 reservoir; the deep
end member has background 14C with an enriched 13C of -3 per mil, which is consistent
with equilibrium with the dolomite. We assume that the near surface end member represents
the influx of new recharge water into the fractures and that the older end member at depth
represents water sourced from the matrix. In this case 14C would diffuse from the fracture to
the matrix, while 13C would back diffuse from the matrix to the fracture. With increasing
depth down the profile there tends to be a greater contribution from the older water
component.
4. CONCLUSIONS
Interpretation of chemical, isotopic, temperature and hydraulic data have provided
information on the internal structure and groundwater flow in a fractured rock aquifer.
Groundwater fractures can be identified by step-like changes in EC, temperature spikes and
radon peaks. Groundwater flow through these fractures decreases with depth as supported by
smaller radon peaks and smaller apertures determined from hydraulic conductivity. In the
upper 36 m there is high fracture density, relatively large apertures and high horizontal
groundwater flow. Groundwater has been dominated by cyclic salts that have been

concentrated by evapotranspiration prior to recharge. Connection of groundwater in the upper
36 m with that below is minimal. Below 36 m, apertures are smaller and horizontal flow is
less than above 36 m. In the lower flow systems there is a greater contribution of salt from
water/rock interactions, due to the longer contact times.
The observed isotopic and chemical profiles are a result of mixing of older more
saline water with fresher younger water. This mixing was most likely triggered by land
clearing approximately 100 years ago which has resulted increased recharge to the
groundwater. Concentration gradients for salt between the matrix and the fractures have been
established which is resulting in the system being flushed by back diffusion.
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Abstract
In Qena area, fresh groundwater is present in the Quaternary aquifer (S-5Om depth), fresh to
brackish groundwater is pumped from the aquifer of the Plio-Pleistocene and of Wadi deposits (60IOOm) both on elevated structural plateau. Below 150m locally semi-confined or confined Nubian
Sandstone aquifer is situated and contains fresh water under artesian conditions. It may have
hydraulic contacts to the shallow Quaternary aquifer by structural zones and fractures. One of the
objectives of the isotope hydrological study was to estimate the contribution of different groundwater
to the water budget. The dominate process is mixing, there are six possible end member components
with different isotope signature as follows:
I- River Nile water before construction of Aswan High Dam (NRo).
2- River Nile water after construction of Aswan High Dam (NR).
3- Canal water which transports River Nile water with different isotopic compositions (CW).
4- Irrigation water return which is isotopically enriched water (Ir).
S- Flood waters (FW), frequently occuring every year since 1993 may contribute to the groundwater
recharge. This water is about 3 to 4%0 isotopically less enriched in 180 than the Nile water.
6- Nubian Sandstone water (NS): This water is isotopically most depleted and was recharged in cool
and humid periods {Pleistocene time}.
Applying different mixing models using several end members resulted in the following
contributions from palaeo water for the different aquifers: Quaternary aquifer, (1 to 5%), PlioPleistocene aquifer, (9 to 16%) and in Wadi deposits and Basement aquifers, (25 to 35%).

INTRODUCTION
The increasing population in Egypt are putting a great pressure on the existing water supplies
of the Nile system which is the main resource of water. Therefore groundwater resources seem to be
one of the most promising solution to the drinkin, (7 water shortage. However there are serious
limitations about the intensive use of groundwater resources as some of these resources are nonrenewable. For this reason, it is of utmost importance to identify the possibility of recent recharge of
the groundwater aquifers on the fringes of the Nile Valley. The Egyptian Authorities selected a series
of land reclamation projects. In order to put a sensible water management plan, it is important to
investigate the relation between the River Nile system and the existing groundwater aquifers. Fig.
(I ,2) show the location map of the studied area and the land use. The selected area where land
reclamation projects started represents an ideal site for the use of the isotope hydrology techniques to
answer some of the questions about the water availability and its recharge.
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GEOMORPI-IOLOGY
111 Qena area, two geomorphic units exist. They include the alluvial plains and the structural
plateau (Pig. 3). The alluvial plains are differentiated into the young plain, which is intensively
cultivated, and the old plains, which are developed into terraces. Parts of which are under
reclamation. The young alluvial plain occupies the central portion of the Nile Valley and is underlain
by a thin silty clay layer that was developed as result of the successive floods of the Nile.
The course of the River Nile cuts the plain close to the eastern side and flows in S-N
direction. The old alluvial plains occupy the outer portions of the valley. They are underlain by mixed
sand and gravel and are developed into successive terraces rising up to 1OOm above the present level
of the flood plain. These terraces are dissected by complex drainage lines (Wadis) directed towards
the low portions of the valley. The structural plateaux determine the edges of the Nile trough. The
surface of these plateaux is rough and is underlain by weathered resistant limestone. The plateaux
terminate with faults - controlled escarpments, which rise abruptly from the alluvial plains.

REGIONAL GEOLOGICAL SETTING
Qena area, located in the central portion of the Nile Valley, occupies a portion of a subregional sedimentary basin (Assiut Basin) having a depth exceeding 3000m. This basin is located in
the foreland side of the Arabian - Nubian Massif, where the dip is regionally in the westward
direction. In this basin the top portion of the sedimentary section is dominated by carbonate rocks
belonging to the Eocene and the Upper Cretaceous, and the lower portion is mainly elastics belonging
to the Paleozoic and the Mesozoic (Nubian Sandstone Complex). The sedimentary section is locally
overlain in the Nile Valley itself by late Tertiary clays and Quaternary fluviatile silty clay, sand and
gravel. The basin was affected by tensile stresses which are responsible for the formation of a
complex fault system running in NW-SE direction. Basaltic extrusions are generally associated with

Table 1: Characteristics of the hydrogeological units
Units

Description

Jnit (1) Highly productive unit, consisting of quatemary

Saturated
Depth to
thickness groundwater Transmissivity
level (m)
(cm2/day)
04

10 - 140
graded sand and gravel with clay lenses.
Continuous recharge from irrigation.
Jnit (2) Moderately productive unit consisting of graded 20 - 100
sand and gravel with clay lenses, occasional
recharge from irrigation, surface runoff and
local rainfall.
20 - 80
Jnit (3) Low productive unit consisting of PlioPleistocene sand and gravel and clay,
recharge from irrigation and
continuous
occasionally from surface runoff and local rain.
Init (4) Low to moderately productive unit consisting
Of:
n

I

Eocene Limestone with paleokarst feature;
Upper Cretaceous shale, Paleocene
shale;and Pliocene clay (non aquifer);
I
Upper Cretaceous - Paleozoic Nubian
Sandstone complex.

<5

5.000 - 20.000

5-10

5.000 - 10.000

5- I5

3.000 - I0.000

Unexplored
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such faults, but these are not recorded a the Qena area. In Qena area, the stratigraphy of the surface
and the near surface sedimentary succession as outlined by [I] is as follows from top to base;
l-

2345

Holocene: silty clay (Neonile and young wadi deposits).
Late Pleistocene: graded sand and gravel (Prenile deposits).
Plio-Pleistocene: clay sand and conglomerate (Protonile deposits).
Pliocene: clay (Paleonile deposits) and,
Eocene: limestone (shallow marine deposits).

HYDROGEOLOGY
In the discussion of the hydrogeology of Qena area emphasis is given to the Quaternary
fluviatile and the Plio-Pleistocene fluviomarine aquifer systems. The main sources of information are
the observation wells drilled by the Research Institute for Groundwater (RIGW) and the private wells.
This information includes the lithology, groundwater levels, groundwater extraction and quality. The
other aquifer systems, particularly the carbonates and the Nubian sandstone, are not explored in this
area. The main aquifers are of granular type. Based 011 their area extent and productivity, these
aquifers are classified into four hydrogeological units (Table 1) and (Fig. 4), [2].
The Quaternary aquifer is continuously recharged from vertical percolation of irrigation water
(from canals and irrigation return flow). On the other hand, the Plio-Pleistocene aquifer is either
recharged from irrigation return flow, runoff, or vertically from deeper aquifers (Nubian Sandstone
complex). Groundwater discharge from the Quatemary aquifer is either through transversal flow to
the River or to the adjacent aquifers, or vertically through pumping. The Plio-Pleistocene aquifer is
discharged mainly through horizontal flow to the Quaternary; or vertically by groundwater pulnping.
The Eocene carbonate aquifer system is recharged from local rainfall or from other aquifers in direct
contact. Groundwater discharge is generally through groundwater flow to the adjacent aquifers
depending on groundwater heads.
CONDITIONS OF THE STUDY AREA
Fresh groundwater is present in the Quaternary aquifer (S-50111 depth), fresh to brackish
groundwater is pumped from the Plio-Pleistocene aquifer and of the Wadi deposits (60-I OOm depth)
both located on the elevated structural plateaux. Hydrograph records from 1982-1992 show a fast and
a delayed hydraulic response of the groundwater level of the Quaternary aquifer and the PlioPleistocene aquifer, respectively, to level changes of the River Nile. Hence, these aquifers form joint
hydraulic systems. The groundwater tables of the Quaternary aquifer and the Plio-Pleistocene aquifer
range from a few meters to I Sm and from 20 to 4Om below the ground respectively. Below 1 SOm, the
locally semi-confined or confined Nubian Sandstone aquifer is situated and contains artesian fresh
water. It may have hydraulic contacts to the shallow Quaternary aquifer by structural zones and
fractures [3]. The Nile River crosses the study area. Its water is artificially distributed via channels for
irrigation agriculture into the inland. Irrigation return flow and leakage from the drainage systems
pollute the groundwater in the Quaternary aquifer and in the aquifer of Wadi deposits. These fluxes
explain why the groundwater in the upper aquifer consists mainly of Nile Water. In addition,
episodically occurring floods may contribute to the groundwater recharge.
EXPERIMENTAL WORK
Water samples for hydrochemical and isotope hydrological analyses were collected EOUI
times: before a flood in April 1995, just after this event in October/November 1995, in August 1996
and in October 1996. Fig. 5 shows the sampling sites for the study area. The isotope analyses (l‘k,
3H, 180, 2H and l3C) were done in three laboratories: BARC, Bombay, India; IAEA, Vienna,
Austria and GSF, Neuherberg, Germany. The major ion species (Na, K, Ca, Mg, Cl, SO4 and HC03)
were determined in Cairo. The electrical conductivity, pH, temperature and depth to water table were
measured in the field. The corresponding isotope and chemical data are compiled.[4]
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HYDROCHEMICAL RESULTS
The salinity of the groundwater in the Quaternary aquifer varies from 478 to 2205 mg/l with
an average of 888 mg/l, while in the Plio-Pleistocene aquifer, the salinity found is in the range of 388
- 7819 with an average of 2020 mg/l. The salinity of the groundwater of the Nubian Sandstone
aquifer varies from 14.53 to 6480 with an average of 2325 mg/l. In the wadi deposits and Basement
aquifer,. the salinity ranges from 5 I8 to 10545 mg/l with an average of 2990 mg/l for groundwater
The groundwater of the Quaternary aquifer belongs to the Ca-HC03 or NaCl type. It is fresh and does
not undergo any hydrochemical reaction with the rocks in the aquifers. The groundwater of the PlioPleistocene aquifer is fresh to brackish and of CaC12 or NaCI type. The sulfate concentration (up to
245 mg/l) of the water in the Quaternary aquifer is attributed to anthropogenic sources (e.g.
fertilizers). Higher sulfate concentrations between 200-2200 mg/l in the groundwater of the PlioPleistocene aquifer could be due to the dissolution of naturally occurring gypsum. The nitrate
concentrations are below the permissible limits. By using the geochemical trilinear diagram [5] two
main groups are differentiated as follows (Fig. 6). The first group occupies the lower side of the
diamond shape. The water in this group is dominated by secondary alkalinity, where Ca + Mg > SO4
+ Cl and calcium & magnesium bicarbonate salts prevail. The second group occupies the upper side
of the diamond shape. The water in this group is characterized by secondary salinity where SO4+CI>
Na+K and calcium & magnesium sulpahte and chloride salts dominate. The presence of Na2S04,
MgS04 reflects the mixed water type in the Plio-Pleistocene aquifer. The existence of MgCl2 in
small amounts reflects the up-conin g of saline water due to over pumping from both Quaternary and
Basement aquifers.
ISOTOPE HYDROLOGICAL RESULTS

I- Groundwater wells itz the Nubian Sandstone Aquifer
The water samples from wells in the Nubian Sandstone aquifer yielded 6180 and 62H values ranging
from -5.39%. to -7.66%0 and from -38.5%0 to - 60.9%0, respectively. The mean values for all data
is -6.8iO.9%0 and -5 I .5+7.8%0 for 6’80 and 62H, respectively. The 6 IgO/ 62H diagram is shown in
Fig(7). A few data fit the Global Meteoric Water Line with d=lO%o and the others belong to a local
palaeowater line with d=4%0. A similar low d value was found by [6,7]. Studied groundwater from
the Nubian Sandstone aquifer in the Sahara desert obtained 6 ‘80 and 6 2H values between -10 to I I%o and -78 to -90%0, respectively. The deuterium excess amounts to +5%0. Sonntag et al., [7]
explained this low d value as result of a lower moisture deficit over the source area of the water in the
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past compared to the present. Hamza et al., (81 published a F 180 value of-10.7%0 for the Nubian
Sandstone water. The higher O-18 and H-2 values found in this study in water of wells in the Nubian
sandstone aquifer at Wadi Qena (Eastern Desert) suggest an admixture of flood water. In recent years,
floods have been ovserved in this area every year and the isotopic composition of the flood water has
been found to be - I .Oo/oo for 0- 18 and -5.00/00 for H-2.
II- Nile River and Canal Waters
During the sampling campaigns in the Qena area, water was collected from the River Nile
along its course between the High Dam and Cairo, as well as from canals in the region. It was found
that the 6 180 values of the Nile water samples occupy a rather narrow range characterized by the
analytical accuracy with a mean value of +2.3%0. (Other authors found values up to +3.20/00 for OI8 and +28.30/00 for H-2) The canal samples are slightly depleted with respect to Nile water; the
mean values are +2.0 + 0.5%0 for 6 180 and +l9.5 + 1.8%0 for 6 2. The results suggest that the canal
water contains portions of Nile water from periods before the construction of the High Dan [9], [IO].
In order to distinguish River Nile Water from the groundwater of other- origin in the study area, the
mean isotope compositions and their temporal variability should be precisely knower. When the High
Dam in Aswan came into operation (constructed between I964 and 1970) in 1967, the isotope
compositions of tile Nile Water changed.
The situation before 1967 in Upper Egypt was reconstructed from the present inflow of native
Nile River water into the dam. It has average 6 180 and 6 2H values of -1.24 + 0.08%0 and 0.8 +
0.6%0, respectively, in December 1988 [6]. Hence, the present Nile water is by 3.5%0 higher in 6
180. There are other indications that there are long-term variations of the isotope compositions of the
Nile water. Hamza et al. [8] found an enrichment of 6%o in 6 IH-2 between Beba and Cairo. The mean
value of the F 2H was +2 I. 15%0 compared to +2S.30/00 given by Simpson et al. [I 11. Near the IHigh
Dam area the scatter of the data is smaller and range from +I 9.7 to 23.5%0 (Table 2). In summary, the
6180 value of the Nile water changed from -1.2+0.1%0 before 1967 to about +2.3 to +3.3%0
afterwards. Correspondingly, the 6 2H value increased by 7 to 8%0. This result suggests long-term
variations of the isotopic compositions of the Nile water.
III-

Quaternary Aquifer
The 6 I 80/ F 2H plot of the water samples of the quaternary aquifer is shown in Fig. (7). The
points in this figure are situated below the MWL. The 6 1 SO heavy values range from +I .64 to
+3.87%0. There is a trend of increasing salinity with enrichment of the stable isotopes which is the
result of evaporation and the admixture of irrigation return flows.
IV- Basement Rock and Wadi Deposits Aquifer
The 6 IgO/ 6 2H plot of the water samples of the wadi deposits and the Basement rocks are
shown in Fig. (7). The 6 180 values range widely from +6.5%0 to -7.1%0. A large number of delta
values form a distinct evaporation line with a slope of 5.8. This side range of scattered points depend
on its location near different adjacent aquifers and depth of sampling.
V-

Plio-Pleistocene Aquifer
The delta values of the groundwater from the Plio-Pleistocene aquifer fit the MWL or are
located just below (Fig. 7). The bulk of the data are concentrated around the old River Nile Water
before the construction of the High Dam. There is a possibility of leakage from the depleted water of
the Nubian Sandstone aquifer as indicated by several points. The distribution of the delta values show
the effect of mixing and evaporation processes.
AGE ESTIMATION
Several tritium and carbon- 14 measurements on groundwater samples were carried out in the
Qena region. Applying the exponential model [ 121 to 3H values, the mean residence time ( MRT) for
the groundwater of the Plio-Pleistocene aquifer ranges from decades and several centuries. The
conventional carbon- I4 age for the Plio-Pleistocene aquifer amounts to a few thousand years. The
reason for deviating 3H MRT and carbon-14 water ages may be a choice of the erratic initial carbonI4 value. If it would amount to 55 pMC instead of the applied 85 pMC the reservoir correction
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Table (2) Values applied for mixing calculation for the possible end members

6D
0.8,4.3
19.7, 28.3
17.1
26.3
-50.2
-58
-5

6’*0
-1.2 .-0.6
2.30, 3.20
2.70
4.20
-6.60
-7.50
-1 .oo

Component

River Nile water before IHigh Dam (RNo) [6,13]
River Nile water after IHigh Dam (RN)
Canal water (CW)
Irrigation Return (II-)[9]
Nubian Sandstone water Baster-n Desert (NS)
Nubiarr Sandstone water (average) (NS) [ 141
Flood Water (FW) [ 151

decreases from-1300 yr to -5000 yr. Another reason for such deviation can be a hydrochemically
induced decrease of the l4C value and the corresponding apparent increase of the l4C water age [3].
Last but not least, mixture of young and old groundwater has to be taken into account.
DISCUSSION OF THE ISOTOPE HYDROLOGICAL RESULTS
The goal of the isotope hydrological study has been to estimate the contribution of different
groundwater to the water budget. The dominant process is mixing. The isotopic data of the
distinguished components are listed in Table 2.
THREE - COMPONENT MIXING MODEL (MX3)
The most simple interpretation of the isotope results can be based on mixing considerations
of three major components RNo, RN and NS. The four other components are considered as absent
and isotopic enrichment after mixing is neglected. It is assumed that the delta values of the end
members do not vary temporally. The used end member values are compiled in Table 3.
Table 3: End member

values applied for the MX3 model [3]
6180

Component

River Nile water before 1967
River Nile water after 1967
Nubian sandstone water

- 1.220. %o
+2.8~0.5%o
-7.5+0.6%0

62H

+0.8+1 .O%o
+21.6+1.5%0
-58.0+4.0%0

d-excess

+ 10.4%0
-0.8%0
+ 1 .O%o

The effect of a wrong choice of the end member values is shown in Table 4, we applied the
end member values of Table 3 and considered different mixtures of these three components. The
sample water had a 6180 value of -3%o.
Table 4: Two - component mixing calculations for a sample with a 6180 value of -3%o [3]
End members River Nile water
Proportion of River
Proportion of Nubian
Nile water
sandstone water
After 1967
Before 1967
100%

0%

50%
0%

50%
100%

7 1%
46
56%

29%
54%
44%

The results confirm that the modeled mixing proportions are very sensitive to the choice of
the end member value.
MIXING MODEL WITH CORRECTION FOR EVAPORATIVE ISOTOPE ENRICHMENT
WX2)

There are two major mixing components with known isotopic compositions: NS and RNo.
The third is flood water. The other four components consists of the three major components although
their isotope compositions might had been modified by enrichment due to evaporation. Hence, we can
reduce the number of mixing components to two (or maximum three) by correction of the 6lgO and
621-1 values for evaporative isotope enrichment. By this, the problem of different isotopic

compositions of the River Nile water before and after 1967 would also be solved. The isotope data of
the native River Nile water fit the MWL while those from the High Dam outflow reflect isotope
enrichment due to a partial loss of water by evaporation [6]. The slope of the evaporation lines was
determined to be 5.68. We found 5.8 for the Qena region. A slope of 5.95 was calculated for the
Qusier-Safaga area, Eastern Desert in Upper Egypt [IS]. Although a slope of 6 is unusually high
compared to 4.5, this value seems to be representative for Upper Egypt. We adopt the mean value of
5.8. The correction for evaporative isotope enrichment is done with equations using the raw 6180 and
621~ and the corrected 6180, and 6 *He values, respectively:
6180~ = (62H - S x 6180 - 10) / (8 -S) and h2HC = 8 x 618OC + 10

By this, the 6 180 and 6 2H values of the end members were corrected for evaporative isotope
enrichment. We used the calculated mean values of the data by Aly et al., [6] instead of the end
member values given in Table 3. The uncorrected and corrected the 6 180 attd 6 *H values of both
Nile LWICI-s are shown in Table (5).
Table 5: End member the 6 180 values for Nile water and Nubian Sandstone water
6180 (%o]
ti2H [%o]
uncorrected

Nile water before 1967
Nile water after 1967
Mean
Nubian Sandstone water

6180 p&o]

6 % [%o]

Corrected (S = 5.8)

-1.20 LO.23

+O.S + 1.0

-1.02 + 0.7

+I.8 55.6

+2.30+0.5

+19.7 k 1.0

-1.65 + 1.4
-l-32? 1.1

-3.2F 11.2
+0.2 5 5.0

-7.40 50.6

-55.2 20.4

-10.4 + 0.5

-73 + 12.8

The procedure of the 6 TO correction for evaporative isotope enrichment before the
application of the MX2 model is demonstrated in Fig. 8. It is of minor importance if isotope
enrichment occurs before or after the mixing.
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The MX2 model give more reliable results than MX3 model. The reliability check is based on the
proportions of the River Nile water calculated for the samples of surface water and of the Quaternary
aquifer. Both kinds of water should contain 100% River Nile water.
Applying third mixing model using several end members resulted in the following
contributions from palaeo water in the different aquifers. For the Quaternary aquifer-, the contribution
of Palaeo water is 1 to 5%, Plio-Pleistocene aquifer, (9 10 16%) to in Wadi deposits Sr Basement
aquifer, (25 to 35%).

The main results of the chemical arid the isotope hydrological olalrration are:
I-

Tile mean residence time of the groundwater in the Quaternary aquifer ranges from a few decades
to centuries, while iii the I’lio-Pleistocene aquifer it ranges from 3 few ccnturics to inillcnnia aS
indicated from tritium and carbon- I4 n~easurenicnts.
(rroundwater
samples was affected by partial evaporation as sl~own by the
2- ‘l‘llc ma-jority o f
tile
a
slopes of their regression lines.
3- ‘l‘llc rcchar-ge contribution of tllc palaeo water of the Nubian sandstollc aquifcl- is cstilnatcd to bc
up (0 3 5% of the total iilpiit soul-ccs.
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Abstract
At Schtisselgrund valley, East Germany an uranium mine dump of about 4 Mil m3 had been
built due to an intensive exploitation of uranium ore deposit near Dresden. In order to evaluate and to
specify the current and future environmental impact of the disposal site, investigations of environmental and radioactive isotopes have been performed as part of a hydrogeological and hydrochemical
study at the Schtisselgrund Mine Dump. Beneath the dump we find significantly contaminated water
in the first and second aquifer in a narrow strip of faulted rock. The main contaminants comprise of
uranium and radium as well as of zinc, nickel and sulphate. The mean residence time of those waters
percolating the dump is about 1 to 5 years with contributions of an older component. The 3H and *%r
contents in the groundwater of the first aquifer yield a mean residence time of about 20 years, which
obviously is less than the life time of the dump (built in 1967). The second aquifer shows a groundwater mixing system. Within this study, the groundwater of the third aquifer with 3H contents close to
or below detection limit did not show any detectable influence of the dump waters. This is supported
by high groundwater ages of several thousand years according to the 14C values. Close to the former
mine system, there are local groundwater samples from the third aquifer showing 3H contents of up to
8 TU, which may be caused by groundwater flowing on fractures and on pathways within the former
mine system.
Part of the dump waters drain into the nearby rivers by interflow
processes as indicated by stable isotopes.

1. INTRODUCTION
The Kijnigstein Uranium Mine in East Germany has been closed in 1990 due to the end of uranium production in the former GDR. In consequence of the intensive exploitation of the uranium ore
deposit, a mine dump of about 4 Mil m3 has been built at Schtisselgrund valley near Konigstein [l].
After remediation of the dump, the groundwater will become the most important pathway for the migration of radioactive and toxic contaminants, which are released from the dump into the environment.
Due to adjacent groundwater resources, efficient and sustainable remediation concepts are needed.
In order to comply with the requirements of radiological protection [2], long time scenarios for
the current and future environmental impact of the dump and its effluent waters have to be derived.
The aim of this study was to investigate the geochemical characteristics of the surface and groundwater near the dump, the migration processes and the time scales of the release and subsequent transport
of contaminants within the groundwater. This can only be fulfilled by a combination of hydrogeological, isotope, specific radiological and hydrochemical investigations. The paper presented here, will
focus on the characteristics and time scales of the aqueous contaminant transport derived from isotope
geochemical investigations.

4. RESULTS OF ENVIRONMENTAL ISOTOPES AND HYDROCHEMISTRY
4.1. Hydrochemistry of the surface and groundwater

Groundwater and surface water samples were taken at selected monitoring wells upstream and
downstream from the Schiisselgrund Mine Dump (Fig. 1). The hydrochemical results clearly indicate
the release of contaminated dump water into the surface- and groundwater. High oxygen contents and
low pH inside the dump result in a prevailing mobilising milieu for radionuclides and heavy metals.
Thus. the porewater from two observation wells inside the dump (nos. 4016 and 4017) as well as from
basins collecting the percolating water (nos. 022 and 023) show high contents of uranium (20 to
30 mg/l), thorium 230 (150 to 250 Bq/l), radium 226 (about 1 Bq/l) and actinium 227 (2 to 10 Bq/l). In
addition high contents of the heavy metals zinc (50 to 150 mg/l) and nickel (2 to 4 mg/l) also high
sulphate contents of 2 to 4 g/l are present in the dump water. The low pH of about 3 is due to residues
of leaching acid in the pore water of the dump material and only secondarily due to pyrite oxidation.
The influence of the dump on the surface waters of the study area can be seen from elevated
contents of the main contaminants U, Ra, Zn and Ni at the sampling sites in the small Eselsbach creek
(nos. 014 and 024). According to the difference of more than 10 m between the position of the Eselsbath and the water level of the first aquifer, the contaminants are assumed to migrate to the river by
interflow of dump water in the sandstone formations.
The groundwaters of the first and second aquifer are dominated by SO4 and HCOj-SO4 types.
Underneath the dump we find significantly contaminated water with uranium contents up to 2 mg/l in
a narrow strip of fractured rock less than 1 km downstream the dump (Fig. 1). The water of the second
aquifer is characterized by lower concentrations of the contaminants, but still higher concentrations
than the geological background. A value of about 25 % of contaminated dump water in the first aquifer can be derived by a mixing estimation based on chloride and sulphate (no. 4006). Within this
study, the groundwater of the third aquifer did not show any detectable influence of the dump waters.
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The mobility of the dissolved contaminants in the groundwater can be verified by comparison
with a conservative tracer like chloride. In case of uranium (Fig. 3) the groundwater samples from the
contamination plume downstream the dump plot along a mixing line with porewater from the dump.
This suggests that only a minor part of uranium is removed from solution by sorption effects. In contrast to uranium the radium contents do not exhibit a distinct correlation with chloride (Fig. 4). Most
likely radium 226 and other radionuclides are precipitated by changes of the geochemical conditions
when released from the dump.
4.2. Stable Isotopes “0 and *H in surface and groundwater

The dump waters are characterized by mean 6180 and 6’H values of -8.8 %O and -61 .O %o, respectively and agree reasonably well with the isotope signature of the surface waters (e.g. nos. 0 14 and
024 in the Eselsbach creek). In contrast to this the groundwaters below the dump show significantly
different 6”O and h2H values ranging from -9.3 to -9.8 %O and -65 to -69 %O (Fig. 5). An influence of
evaporation effects cannot be identified in neither the groundwater samples nor the dump and surface
waters.
The identical range of 6180 values in the third (almost tritium free) and the uppermost two aquifers (high tritium contents) indicates, that the groundwaters found in the study area are of Holocene
origin. There is no evidence for a contribution of groundwaters significantly depleted in the stable
isotopes “0 and ‘H, due to recharge under cooler climatic conditions in the Late Pleistocene.
From the contaminant content in the surface water of the Eselsbach creek an admixture of dump
water has been concluded. The 6i80 value of the surface sampling sites along the river are in good
agreement with the isotopic composition of the dump waters and do not show an admixture of waters
with more negative 6’*0 values, which are typical for the first groundwater level. This confirms, that
the migration of contaminants is due to an interflow of dump water into the Eselsbach creek.
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The time scale of these interflow processes is derived by comparison of the time series of the
6”O values with the annual variation of “0 in precipitation. The surface near dump waters take about
one month to drain into the nearby rivers, A similar annual variation of the 6’*0 values has been found
in the dump water (no. 4016), which suggests the contribution of a fast infiltrating water component
with residence times of less than 1 year to the water percolating the dump.

4.3. Tritium (3H) and “Kr content of surface- and groundwater
The tritium content of the dump waters is in good agreement with the tritium range of the actual
precipitation (Fig. 6). This supports the dominance of a young water component with residence times
of less than 5 years. Two samples show lower tritium contents of about 10 TU, which is confirmed by
a low “Kr content of 28 dpm/mlKr, as against the current specific activity of the atmosphere of about
70 dpm/mlk, [7]. A consistent age estimation of about 10 years for 3H and ‘%r is derived if the piston
flow model is applied to the dump waters. An alternative explanation of the low tritium and krypton85 content is the admixture of an old 3H and *‘Kr free water. On a first view this contradicts the timespan of about 30 years of the dump existing at the study site. This discrepancy is solved, if the block
size of the dump material is taken into account. In addition to residues of the leaching acid, blocks
with grain sizes above 10 cm are likely to contain residues of the original, tritium free pore water from
the fourth groundwater level of the pre-mining era.
The groundwaters of the first and second aquifer are characterized by tritium contents ranging
from 2 to 34 TU. Values of more than 20 TU are exclusively found within the first groundwater level,
but still the groundwaters here show large variations from 14 to 35 TU. Tritium contents of 14 to
18 TU in some samples from the first aquifer, which agrees with the tritium activity of recent precipitation, indicate the presence of recent infiltration (< 5 years) in areas of high permeability along the
fault system. In contrast to this, tritium values above 25 TU suggest residence times of about 20 years
according to the exponential model. In correspondence with the hydrogeolo,T of the study area, the
range of tritium contents can be explained by exchange and/or mixing processes between fast flowing
water on fractures and groundwater in the pore spaces of the sandstones with higher residence times.

q

Dump waters

Schiisselgrund
Mine Dump

0 I. G W level
35 -

A 3. GW level

-

30 -

BP

I
p

,., 3. G W level, mine area

25 _
Pi
t
g 20 .=
.z
..
+
15 _

P
T

o 2. GW level

P

T

P ---- pn;, --------- p --------------_ ________ +-,,,r---- --------- ---- rl -------i
i
1
precipitation
-- __----- ________-__---______----- ~-~ 0 ---p ------

P
--~------------------- --------

i

10 -

4

+

P4

5-

I

+

4

P

4

4
0 , 4
0

4
500

4
1000

I

P

B&J

1500
2000
relative distance along flow path (m)

4

4
2500

3000

FIG. 6. Variation of the tritium content inJIow direction. The locations of the observation wells are
projected onto a cross section through the dump inji’ow direction.
The tritium contents of 2 to 19 TU in the second aquifer are most likely due to a mixing system
consisting of ‘H containing groundwater from the first level and ‘H-free groundwater from a distant
recharge to the second aquifer. The mixing process is confirmed by “Kr contents of about
12 dpm/mlK,, which suggests an addition of about 50 to 60% of an old (> 40 years) 3H and “Kr free
component [7]. Due to several shafts and exploration boreholes as well as natural hydraulic windows
between the surface near aquifers, connections between the different groundwater levels exist and
obviously result in the observed mixing. Thus, it can be concluded, that the low contaminant concentrations in the second aquifer are due to dilution by uncontaminated water.
Outside the mining area, the third aquifer shows ‘H contents close to or below detection limit.
The absence of a polluted groundwater component in this part of the third aquifer is supported by high
groundwater ages according to the 14C values. Local groundwater samples, which are expected to be
influenced by the uranium mine (most of these samples were taken from exploration boreholes in mine
galleries) show ‘H contents of up to 14 TU, which may be caused by the leakage of groundwater from
the first and second level flowing on fractures and artificial pathways of the former mine system.

4.3. Carbon isotopic composition of the third groundwater level
The “C contents in the deep groundwater of the third groundwater level range from 15 to 53 %modern. Due to the very low carbonate contents of the Cretaceous sandstones the dissolved inorganic
carbon (DIC) contents of the groundwater are also low (HCO; contents of less than 1.5 mmolil, see
Fig. 7). The 6°C of the DIC shows values of -20 to -15 %o, which suggests dominating carbonate
dissolution under closed conditions within the aquifer.
Only one sample (no. 6013) from the undisturbed part of the third aquifer shows a high DIC
content of 3.5 mmol/l. The 8°C value of -9.9 %O indicates the influence of additional isotope exchange processes, which may have led to a further dilution of the 14C content towards the measured
value of 15 %-modern.
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The groundwater samples in close relation to the former mine system have been shown to contain tritium, which is due to local mixing with groundwater from the surface near aquifers. Therefore,
the decrease of the 14C contents as a function of 6°C and HCOj values in Fig. 7 is supposed to be only
partly due to carbonate evolution but also due to mixing with a young groundwater component.
The observation of tritium in samples of low 14C content can be explained in two ways. Due to
exploration shafts and boreholes in connexion with the uranium mining and the local decrease in water
levels around the mine, young tritium bearing surface near groundwater entered the third groundwater
level by hydraulic connections. Such a mixing system is indicated in Fig. 8 as hydraulic mixing. The
“old endmember” is best represented by the tritium free groundwater sample of observation well no.
60 13 with a 14C content of 15 %-modem. Assuming a reasonable initial 14C content of about 50 to
80 %-modern a residence time of about 10000 years can be estimated from the r4C content. This is in
agreement with the stable isotopes, which suggested Holocene recharge of the groundwater.
An additional mixing process is expected to originate from the hydrogeological conditions of
the investigated aquifers, which are characterized by a combination of groundwater flow in the pore
space and preferential flow on fractures and fissures of the fault system, In this case mixing is also due
to an exchange of solutes and isotopes between the mobile groundwater on fractures and relatively
slow moving pore water within the sandstone matrix by molecular diffusion [S]. Using a mean hydraulic conductivity of about 5.10m6 m/s, a total porosity of about 0.15 and a hydraulic gradient of
about 0.02 known from pumping tests in the third aquifer, a theoretical distribution of ‘H and 14C
contents along a mixing line from matrix diffusion has been calculated in Fig. 8.
The distribution of the data points su,,
DOests the ‘H and ‘jC values to be the result of a combination of the discussed processes. Their specific relevance depends on the complex hydrogeological
conditions of the considered sampling site.
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5. CONCLUSIONS
The impact of the Schtisselgrund Mine Dump on the aquatic environment is determined by the
evolution of the contaminants dissolved in the dump water and the amount of water released from the
dump per year. Precipitation will infiltrate into the mostly uncovered dump body and eluate contaminants. Due to the heterogeneous structure of the dump, preferential flow paths for percolating waters
are assumed to be responsible for the dominating water with low residence times, indicated by variations in F’*O and recent ‘H values. This is also confirmed by first geochemical modelling of the dump
water, which suggests non equilibrium conditions of the dissolved uranium with uranium minerals
present in the dump material. In addition, minor contributions of water with residence times of about
10 years or even above (according to 3H and “Kr) are due to a porous flow in less permeable parts of
the dump or to small admixtures of pore waters from the sandstone blocks.
Because of the continuous addition of acid to the percolating dump water the delivery of heavy
metals and radionuclides cannot be stopped but minimized. Therefore an in-situ-remediation with covering the dump with compacted soil in order to reduce the infiltration rate was proposed. The reduced
input of infiltrating water will result in an increased residence time of the dump water approaching the
values deduced from “H and *‘Kr due to the disappearance of the fast flowing component, which was
supplied by single rain events. Longer residence times will presumably also increase the uranium
content of the dump water due to solution kinetics. Changes in the geochemical conditions for example by a distinct decrease in redox-conditions by a geochemical barrier may help to prevent uranium
from being mobilised.
Besides the behaviour of the dump itself, the future impact of the Schiisselgrund Mine Dump is
also affected by the time scales of groundwater flow and contaminant transport deduced from the isotope investigations. The contaminant content present in the first aquifer represents the utmost contamination at the prevailing geochemical conditions, which is feasible within the aqueous environment

of the dump. This can be concluded from groundwater residence times of up to 20 years in the
groundwater of the first aquifer, which obviously is less than the life time of the dump (build in 1967).
Although retardation effects by sorption cannot be ruled out, the results of the hydrochemical
investigations show, that in case of the dissolved uranium, sorption effects during groundwater flow
are only of minor importance. The influence of uranium retardation by diffusive exchange with pore
water is already taken into account by the groundwater residence time derived by isotope measurements. A retardation factor of about 5 is revealed for the first aquifer by comparing the groundwater
flow velocity of about 1.5 m/d (hydraulic conductivity of 5.10-’ m/s; hydraulic gradient of 0.05; porosity of 0.15) with the tracer velocity of 0.3 m/d (residence time 20 years; flow distance 2500 m).
Due to strong dilution by uncontaminated groundwater, no contaminant contents can be found in the
third groundwater level. There is no evidence of a present or future influence of the Schtisselgrund
mine dump on the groundwater wells situated in the third aquifer downstream of the mine.
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Abstract
The isotopic compositions of oxygen and hydrogen of the shallow groundwater in the Gurinai
Grasslands west of the Badajilin Desert in China are unusual: Both the 6”O and 6’H values fit an apparent local meteoric water line with an unusually low deuterium excess of c-20 %. Four possible
causes have been considered: (a) an admix&ue of fossil lake water, (b) an admixture of water from the
Black River, (c) unusual isotopic compositions of the regional precipitation, and (d) processes which
secondarily modify the isotope signature. Cases (a) and (b) have been excluded on the basis of our
former isotope results.
In two other case studies in Chile and Canada similar unusual isotope compositions were found
for shallow groundwater in the Valle de1 Rio Copiapo in the arid part of central Chile and for water in
lakes located along the northern tree line of Canada, respectively.
The extremely low deuterium excess can be explained with the physical processes occurring in
the unsaturated zone which modify the isotopic compositions of the pore water in arid regions. The
slope of the evaporation lines in the 6180/6’H plot decrease from 4 to 5 for open water systems down
to about 2.0 in the unsaturated zone with increasing thickness of the dry cover sediment.
In the Gurinai Grasslands and at the foot of the megadunes in the Badajilin
Desert the dry cover
sediments are 0.5 to 3.5 m thick, both the water level and the isotope enrichment due to evaporation
are constant over the year. There is a linear interrelationship between 6”O values and the depth of the
water table, Assuming varying slopes of the evaporation lines, a similar grain size composition of the
cover sediments throughout the study area, steady-state conditions of the isotope profiles in the unsaturated zone before succeeding recharge events and groundwater recharge lower than the amount of
pore water in the unsaturated zone the described phenomenon is explainable. It is also reflected from
the observed isotopic results of the described case studies in Chile and Canada. It may be applicable to
estimate regional evaporation rates and recharge rates for groundwater balance studies.

1. INTRODUCTION
A long-term isotope hydrological study on the shallow groundwater in the Gurinai Grasslands
western Inner Mongolia, China, revealed unusual properties [ 1, 21: The stable isotope compositions of
hydrogen and oxygen fit an apparent local meteoric water line (MWL) with an extremely low deuterium excess of d < -20%. Four explanations have been considered: 1) Admixture of ancient lake water. A lake might had existed until 1920 AD and disappeared due to an increasing aridity parallel to the
steep global warming since that time accompanied with an ecohydrological degeneration of the vegetation in the study area. In contrast to this assumption, a Swedish expedition in 1929 a described the
“Gurinai depression” as densely forested. Mongolian nomads produced charcoal and mined soda from

2.1. GEOLOGICAL, GEOGRAPHICAL

AND

ECOLUGICAL

SJTLJATION

The Gurinai Basin was tectonically formed during the Mesozoic and Cenozoic periods and is
divided by the ephemeral Black River: which discharges into two terminal lakes (Gaxun Nur and Sogo
Nur) to the north. Satellite images show that erosion has formed the Gurinai depression for a long time
and the material was transported to the east and southeast forming the megadune field of the Badajilin
Desert. The Gm-i.nai Grasslands are minimum 80 km away from the Black River. There was a very
large lake in this area as early as the Pliocene period (Ju-Yan lake). The last lake period started in the
Pleistocene. The Gurinai Grasslands consist of low rolling hills between 990 and 1050 m above m.s.1.
Today, about 1000 nomads with their camels and sheep inhabit this area. Anthropogenic causes
are supposed to be responsible for increasing desertification. Dense herbage and sacsaoul cover have
been displaced by bushes. The water quality is steadily declining. Only a few wells contain water suitable for drinking. The nomads and their livestock suffer from endemic diseases which is attributed to
the high fluorine content of up to 4 mg/l.
2.2. HYDR~GEOL~CICAL

AND GEOHYDRAULIC

ASPECTS

The not well-known piezometric surface of the study area does not support a hydraulic connection between the Black River and the shallow groundwater in the Gurinai Grasslands. The high tritium
values indicate low mean residence times of the shallow groundwater in the Gurinai Grasslands which
excludes an 80-km movement from far away. Minimum transit times of at least 4000 to 8000 years
were estimated for the possible gradient of 40 m/80 km, a reasonable hydraulic conductivity between 5
and 15 m/day, and a porosity of 10%. The 6°C values of the dissolved inorganic carbon compounds of
the shallow groundwater reflecting the C1 assimilating vegetation in the Gurinai Grasslands are well
distinct from those reflecting of C; vegetation of the groundwater in the alluvions of the Black River.
Last but not least, a buried anticline seems to exist serving as a groundwater divide between the Black
River and the Gurinai Grasslands. As consequence, local direct recharge is most likely though soil
temperatures rise as high as 69°C in summer. Rare and irregular rain storms of very high intensity (up
to 100 mm per hour), but of very limited area1 extension of only a few km’ are assumed as main
source of direct groundwater recharge. A secondary source may be groundwater entering the Gurinai
Grasslands from the Badajilin Desert in the east.
There are many dug wells and one spring with rather fresh water in the Gurinai Grasslands (Table 1). Brackish water and brine are also found in the near-surface unconfined aquifer, whose water
table is only 0.5 to 3.5 m below ground. The groundwater flows to the northeast.
Annual precipitation varies considerably, from 10 to 88 mm, with a mean of 40 - 50 mm. The
estimated annual groundwater recharge based on the diurnal temperature changes in the soil is
6 mm&. Dew may contribute a maximum of 20 mm/yr maintaining the vegetation. The humidity is
low year-around. The potential evaporation rate exceeds 2580 mm/yr and may approach 3700 mm/y-r.
2.3. I SOTOPE HYDROLOGICAL

SITUATION OF THE

SHALLOW

GROUNDWATER

The isotopic compositions of oxygen and hydrogen of the shallow groundwater in the Gurinai
Grasslands are unusual: The 61s0 /S2H values fit an apparent local meteoric water line with an extremely low deuterium excess of c-20 “/oo (Fig. 2; [l, 21).
The results of conventional isotope hydrological analyses - “C, ‘H, 6?, 61s0, 6’H - carried out
on water samples from September 1989 and December 1990 yield a differentiated picture of the
sources of groundwater. The samples for stable isotope analyses were collected monthly in 1987/88
from a meteorological station at the Black River, from the river itself, as well as from a spring, various
dug wells in and around the Gurinai Grasslands and a drilled well.
One group of data fit the global meteoric water line (MWL) with d z +100/o the other group fits
an apparent local water line with d < -20% (Fig. 2).
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