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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
I
1 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 non-
degrading, 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. Long-
as 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 1.1 Human resources development
of the system, including its boundaries, geology, through systematic training at all levels.
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.

2. Groundwater Resources 2.1 Proper assessment of water needs. 2.1 Involvement of users/stakeholder
Planning 2.2 Application of conservation means, including through proper and timely

conjunctive use of water resources. users/stakeholder participation all over
2.3 Application of land and water planning. the planning phases.
2.4 Application of new technologies and 2.2 Human resources development.
instruments, including GIS, models, etc.
2.5 Long-term as well as short-term planning is a
must.

3. Groundwater Resources 3.1 Application of proper tools, including 3.1 Raising Public awareness on
Management management models. management issues.

3.2 Application of integrated water resources 3.2 Human resources development.
management means.
3.3 Implementation of pilot projects and
dissemination of findings.

4. Monitoring Groundwater 4.1 At the land surface, including land use, 4.1 Raising public awareness on health
Performance emissions, etc. impacts based on findings.

4.2 In the unsaturated zone. 4.2 Involvement of the public in
4.3 In the saturated zone. monitoring.
4.4 On regional (reference) as well as for
problem-specific.



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
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.

i 5OC

-9cco -eooo -7ooc -6OOC  -5300 ‘000 -3000 -2000 -:ooo  ,& :070  19RC

0 I----l
-1000

“3
.c
0 -2000
E
z
P -3oco

2

8 4000

2
;3,

.E -5000

z
z
k3 - 5 0 0 0

%

-7coo

lony-term  - years before 1960 1 short-term



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-of-
the-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.

i
Development of “Manuals” in various areas related to groundwater protection

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)

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

Examples Countries

Nubian sandstone, Egypt, Libya, Sudan,
Continental Intercalaire Tunisia, Algeria

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

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

Mediterranean, Others

Various

Egypt, Syria, Morocco

Many countries

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

- 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.

REFERENCES

ACSAD (1997). Wadi resources in the Arab region. The seventh regional
UNESCO meeting, Rabat, Morocco.

ATTIA, F.A.R. (1996). Community participation-a mean for water conservation
in Greater Cairo. Proceeding of the preparatory meeting of Habitat II, Beijing,
China.

ATTIA, F. A.R. (1997). The vulnerability of groundwater to pollution and
strategies for its protection under the farming conditions in the Mediterranean
countries. Proceedings of the international conference on ‘I  Water management,
salinity and pollution control towards sustainable irrigation in the Mediterranean
region”, Bari,  Italy, pp 23-44.



EDMUNDS, W .M.  (1996). Indicators in the groundwater environment of rapid
environmental change. Geoindicators, ed. Antony  R. Berger and William J. Aims.
Rotterdam, Balkema. : 135-153.

Igor A. Shilomanov (1998). World water resources-A new appraisal and
assessment for the 21st century, A UNESCO technical document.

JEAN MARGAT (1996). Les eaux souterraines dans le bassin  mediterraneen.
(PNUE).98p.

Ulf Thorweihe and Manfred  Heinl (1998). Aquifers of the major basins non
renewable water resource, Groundwater resources of the Nubian  sandstone aquifer
system-Synthesis; OSS.



Keynote Address

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 long-

term 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 pre-
nuclear 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
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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
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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 re-
precipitation 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 (60-
IOOm) 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%),  Plio-
Pleistocene 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 non-
renewable. 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 sub-
regional 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

Saturated Depth to
Units Description thickness groundwater Transmissivity

04 level (m) (cm2/day)
Jnit (1) Highly productive unit, consisting of quatemary 10 - 140 <5 5.000 - 20.000

graded sand and gravel with clay lenses.
Continuous recharge from irrigation.

Jnit (2) Moderately productive unit consisting of graded 20 - 100 5-10 5.000 - 10.000
sand and gravel with clay lenses, occasional
recharge from irrigation, surface runoff and
local rainfall.

Jnit (3) Low productive unit consisting of Plio- 20 - 80 5- I5 3.000 - I0.000
Pleistocene sand and gravel and clay,
continuous recharge from irrigation and
occasionally from surface runoff and local rain.

Init (4) Low to moderately productive unit consisting Unexplored
Of:
n Eocene Limestone with paleokarst feature;
I Upper Cretaceous shale, Paleocene

shale;and  Pliocene clay (non aquifer);
I Upper Cretaceous - Paleozoic Nubian
Sandstone complex.
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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- Holocene: silty clay (Neonile  and young wadi  deposits).
2- Late Pleistocene: graded sand and gravel (Prenile deposits).
3- Plio-Pleistocene: clay sand and conglomerate (Protonile deposits).
4- Pliocene: clay (Paleonile deposits) and,
5 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 Plio-
Pleistocene 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 Plio-
Pleistocene 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 Plio-
Pleistocene 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 O-
I8 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 carbon-
I4 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

Component 6’*0 6D
River Nile water before IHigh Dam (RNo) [6,13] -1.2 .-0.6 0.8,4.3
River Nile water after IHigh Dam (RN) 2.30, 3.20 19.7,  28.3
Canal water (CW) 2.70 17.1
Irrigation Return (II-)[9] 4.20 26.3
Nubian Sandstone water Baster-n Desert (NS) -6.60 -50.2
Nubiarr  Sandstone water (average) (NS) [ 141 -7.50 -58
Flood Water (FW)  [ 151 -1 .oo - 5

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]

Component 6180 62H d-excess

River Nile water before 1967 - 1.220.  %o +0.8+1  .O%o + 10.4%0
River Nile water after 1967 +2.8~0.5%o +21.6+1.5%0 -0.8%0
Nubian  sandstone water -7.5+0.6%0 -58.0+4.0%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

Before 1967 After 1967

100% 0 % 7 1% 29%
50% 50% 46 54%
0 % 100% 56% 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] 6180  p&o] 6 %  [%o]
uncorrected Corrected (S = 5.8)

Nile water before 1967 -1.20 LO.23 +O.S + 1.0 -1.02 + 0.7 +I.8 55.6

Nile water after 1967 +2.30+0.5 +19.7  k 1.0 -1.65 + 1.4 -3.2F 11.2
Mean -l-32? 1.1 +0.2 5 5.0
Nubian Sandstone water -7.40 50.6 -55.2 20.4 -10.4 + 0.5 -73 + 12.8

The procedure of the 6TO 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.

2- ‘l‘llc ma-jority o f  tile a(rroundwater  samples was affected by partial evaporation as sl~own  by the
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 environ-
mental 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 ground-
water 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 ura-
nium 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 mi-
gration 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 groundwa-
ter 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 hydrogeologi-
cal, 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 Esels-
bath  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 aqui-
fer 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 con-
trast 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,  re-
spectively 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 aqui-
fers (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 krypton-
85 content is the admixture of an old 3H and *‘Kr free water. On a first view this contradicts the time-
span 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 precipi-
tation, 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 concen-
trations 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 ex-
change 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 con-
tain 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 hy-
draulic 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 combina-
tion 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 contami-
nants. 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 varia-
tions 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 cov-
ering 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 exam-
ple 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 iso-
tope investigations. The contaminant content present in the first aquifer represents the utmost con-
tamination 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 measure-
ments. 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; po-
rosity 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 ap-
parent 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 un-
saturated 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 deute-
rium excess of d < -20%. Four explanations have been considered: 1) Admixture of ancient lake wa-
ter. 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 vege-
tation 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 suit-
able 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 connec-
tion 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 (Ta-
ble 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. ISOTOPE 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 ex-
tremely 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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