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The global water resources

Water is in a natural cycle of constant
change between precipitation, evapo-
ration and runoff. Some of the precipi-
tation which falls over land areas eva-
porates.The portion of the precipitation
that does not evaporate is called the
net precipitation. On the earth’s sur-
face the net precipitation then flows
either to streams, in some areas to
drains or infiltrates further into the
earth to recharge groundwater. Most
of the groundwater flows slowly
through aquifers out to streams, lakes
and the sea.

The amount of groundwater recharge and
the hydrogeologic conditions control the
distribution and age of groundwater, as
well as how quickly contamination from
the surface will spread in groundwater.
Groundwater is found in pore spaces
between grains of sediments and in cracks
and fractures in clay and rock. The ability
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of the earth formations to conduct water
is due to permeability or hydraulic con-
ductivity. This interconnectivity between
pore spaces and/or fractures controls
groundwater conditions and with that the
opportunity for water supply. Ground-
water flows from places where there is
high water level or pressure to places
with low water level or pressure; for
example from a hilly region to a stream,
lake or pumping well.

Freshwater, the Main Problem
of the 21st Century

Accessible freshwater is unequally di-
stributed around the globe.The geographic
distribution of freshwater is dependent
upon climate, topography and geology.
Furthermore, there can be time variations
in the quantity of regional water re-
sources in response to prolonged changes
in climate. Water resources are of funda-
mental importance for many of societies
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Figure |.Water ba-
lance in mml/year for a typi-
cal Danish area. The hydrologic
cycle is a continuous process which is
driven by solar energy and gravity.A large part

of the precipitation evaporates or generates runoff
to streams. Only a limited amount of the precipitation
recharges groundwater and can be used for water supply.

conditions. The growing water shortage
as a consequence of an increasing world
population and rising per capita water
consumption threatens many aspects of
society both globally and in individual
countries.

This includes:

» water quality and the populations
health

utilization of water resources and eco-
nomic conditions

» water resources and food production/

land use

» water resources and energy produc-
tion/use

» water shortage and social/political con-
flict

Worldwide, the estimated precipitation
over land areas is about 113,000 km3/yr
and estimated evaporation is 72,000
km3/yr. From this, the net precipitation is
approximately 41,000 km3/yr or approxi-
mately 7690 m3/yr per inhabitant on the
earth.

Water Balance Calculation

N-Ex = Q,+P+Qp+M
where:

N = Precipitation

Ea = Actual Evaporation

Qo = Surface water flow

P = Groundwater abstraction

Q» = Groundwater discharge to streams,
lakes and the ocean

M = Change in groundwater storage

Approximately 12,000 km3/yr of water
contributes to groundwater reacharge,
while 29,000 km3/yr flows directly to
streams. In actuality only 10 to 30% of the
net precipitation can be exploited for
water supply needs. Assuming that the
available renewable freshwater resource
exploitation is 15% of the net precipita-
tion, then the exploitable water resource
globally is around 6,000 km?/yr.

The global total water consumption was
3,800 km3/yr in 1995. This equals to an
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Figure 2.Areas around the world where the largest problems exist concerning the quantity of water resources.Arid regions are depicted by a hatched pattern. Due
to increasing population and rising water use the number of countries experiencing water shortages is also increasing. Shown are countries which experienced
water scarcity in 1950, 1990 and those expected to experience scarcity in 2050.

Water Shortage Overview

In 1995 only 7 countries belonged in the
water shortage catogory:

Bahrai, Barbados, Djibouti,Jordan, Kuwait,
Malta and Singapore. In 1990 the list con-
tained 20 countries including Algeria,
Burundi, Israel, Kenya, Malawi, Rwanda,
Saudi Arabia, Somalia, Tunisia and Yemen.

In the year 2050 it is anticipated that the
list will grow to include 26 countries inclu-
ding the following:

Afganistan, Burkina Faso, Cyprus, Egypt,
Ethiopia, Ghana, Iran, Lebanon, Libya,
Marocco, Mozambique, Nigeria, Syria, Tan-
zania, Uganda and Zimbabwa. Between
I and 2.5 billion people in the year 2050
will live in a country with a water shortage,
this accounts for approximately 10 to 20%
of the worlds population.

average use per inhabitant of 660 m3/yr.
The global water consumption increased
4-fold from 1955-1990 as a consequence
of a 2-fold increase in the worlds popula-
tion and an increase in the use of water
per person. Agriculture uses the most
water globally at 68%, while industry uses

Household and
drinking water = 8 %

Industry =23 %

landuse and
irrigation = 68 %

Figure 3. Division of the global water use in percent
for 1995.

23%. Household and drinking water use
represents only 8% of the total water
usage (see Figure 3).

The worlds population is predicted to
double around the year 2050 in relation
to the 1995 population of circa 5.7 billion

people. Estimates show that the global
water resources can not sustain a 4-fold
increase. This is why water is considered
to potentially be the 21st centuries most
serious resource problem.

Regional Differences and the
Consequences

In some parts of the world only a limited
part of the sustainable exploitable water
resource is being used. Due to an unequal
distribution within the different regions
and an increase in pollution of unknown
extent it is estimated that in many places
in the world the groundwater resource is
being fully exploited.

Today some of the largest pollution
problems are related to global water
resources:

untreated waste water discharge(s)

* nutrients and pesticides from intense
land use

* heavy metals from industrial pollution

chlorinated organic compounds which

slowly degrade

G E O L O G | NYT FRA GEUS 2/97
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There is considered to be a water scarcity
in countries where the net precipitation is
less than 1000 m?/inhabitant per year.

A consequence of the rising water use,
especially for irrigation systems, there has
been an increase in the number and size of
water supply projects which have started
over the last 35 years. This has caused
massive changes to the global water envi-
ronment and has furthermore resulted in
extensive threat to and destruction of
rivers and water systems basic ecological
functions.

Water resources are currently being over
exploited in many of the worlds important
food producing regions. In the worst case,
this can result in the emptying of ground-
water reservoirs. This applies to large
regions of the USA, Mexico, The Arabian
Peninsula, northern Africa, parts of India,
North China and many areas around large
cities in Southeast Asia and Europe.

Access to clean drinking water is a univer-
sal human need. Globally, it is estimated
that 20% of the worlds population does
not have access to clean drinking water,
while 50% live with substandard sanitary
conditions. Health is directly dependent
upon access to clean drinking water and
proper sanitary conditions.

The current situation of global water
resources is that there is expected to be a
true water crisis around the corner
brought about by a continuous population
increase and rising water use per inhabi-
tant. In addition comes the large problem
of groundwater contamination. For these
reasons, there is the need for concrete ini-
tiatives, for example:

* greater protection of the water envi-
ronment

* more efficient use of water especially in
regions with a water shortage

* more equitable sharing of water re-
sources

* greater participation by the public in the
decision making process. (¢}
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Figure 4. Range of the renewable freshwater resource per inhabitant versus time in India and China based
upon 3 different FN population growth scenarios.
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Figure 5. Flow in the Colorado River, USA and flow to the Aral Sea in Central Asia. Source: USGS, Internatio-
nal Boundary and Water Commission.

Figure 6. In order to obtain potable water for their village in India, residents have punctured a water supply
pipe which carries clean drinking water to the nearby city of Jaisalmer.



Water Resources in Denmark

Pesticides at concentrations greater
than acceptable limits have been found
in 3% of the investigated water wells in
Denmark.

Previously, it was thought that ground-
water in Denmark was well protected
from pollution due to the depth of the
groundwater reservoirs and the thickness
of overlying clays. It was not until relatively
recent that groundwater pollution pro-
blems were recognized in Denmark with
the exception of local discoveries of pollu-
tion from oil and gas stations and waste
water infiltration systems.

In the 1960’s and 70’s efforts were concen-
trated mainly on mapping and utilization of
the water resources. Since the early 1980’s
investigations brought into awareness the
problems associated with landfills, bulk
storage terminals, industrial facilities and
intense land use. Recognition of the pro-
blems initiated a series of research activities
upon which the results provided the basis
for regulations related to water resources.
In the beginning of the 1990’s intensive
systematic investigations of pesticides in
groundwater provided alarming results.
Pesticides and their degradation products
were more widespread in the ground-
water environment than expected. In 1995
traces of pesticides and degradation prod-
ucts were found in 10% of the investigated
wells and in 3% of the wells levels were
above drinking water standards. In pre-
sent-day Denmark, groundwater contami-
nation has reached a proportion that con-
stitutes a threat against the traditional,
decentralized water supply system based
upon simple water treatment methods.

Freshwater Resources quantity
and variation

The viable exploitable groundwater re-
source in Denmark is greater than the
total quantity of abstracted water. The la-
test comprehensive calculation made in
1992 estimated that the exploitable water
resource is in total 1.8 billion m3/yr, which
is greater than the present water use of
approximately | billion m3/yr.The majority
of the water supply is based upon ab-
stracted groundwater (99%). Surface water

is used in limited quantities. In some parts
of the country there is enough water and
in other parts there is a water shortage
due to significant regional variations in net
precipitation.

There is significant uncertainty in the
estimate of the exploitable groundwater

An estimation of the exploitable water
resource which does not include contami-
nated water and the influence of long term
climate variations (especially presence of
drought periods) provides a considerably
reduced estimate of the sustainable water
resource on the national level as com-
pared to the 1.8 billion m3/yr estimate.

Precipitation

[ ] <150mm
[ ] 150-200
[ 200-250
[ 250-300
B 300-350
I 3s0- 400
I > 400mm

Exploitable

Resource 1992
57 mm

Water use 1993

57 mm

Figure 7.The net annual precipitation across Denmark in millimeters (mm) is shown in blue.The exploitable
water in mmlyear is represented by the yellow bar.Water use in mmlyear is represented by the red bar.
The net precipitation and thereby the quantity of the exploitable water resource is largest in southwestern
Denmark and smallest in central and eastern Denmark. In the Copehagen area in eastern Denmark the

water resource is over utilized.

resource quantity. In the estimation it has
been considered that certain areas in
general have unfavorable conditions for
groundwater abstraction and that the
natural water quality in other places is so
poor that the water can not be used with-
out treatment. Futhermore, the environ-
mental state in streams and wetlands place
limits upon the extent to which fresh-
water resources can be exploited. In the
meantime, two essential conditions have
not been considered:

* pollution
* influence of long term climate varia-
tions.

Woater Use

Recovery and use of freshwater in Den-
mark increased through the 1970, re-
mained constant during the 1980’s and has
1989. In Figure 9 are
shown trends in industries, public water-
works and irrigation water use. The cate-
gories are not completely unequivocal.
Many industries are supplied by public
water works, so the total industry use is
considerably greater than represented.The
category irrigation covers water supply in
connection with land use, i.e. crop irriga-
tion, livestock, and fish farms. The strong
focus on water conservation and in-

decreased since

creased taxes on water use in recent years
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Figure 8. Groundwater level measurements (red curve) from 1991-97 are compared to the annual average maximum, median and minimal groundwater levels for
the period 1971-90. Most of the groundwater recharge occurs during the winter when the plant uptake and evaporation is at a minimum.The early and mid 1970’s
were a dry period and caused groundwater levels to be below normal. The period 1980-95 has been relatively wet and groundwater levels have been high.The past
two winters have been dry and resulting in minimal groundwater recharge.
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Figure 9.Water use by agriculture, water works
and industry during the period from 1989 to
1995. Groundwater abstraction and use increased
in the 1970’, remained relatively constant during
the 1980’s and has decreased since 1989.

has had a visible effect regarding house-
hold and industrial use.

Over the past 250 years considerable
changes in the amount of precipitation

have been measured and the influence on
the groundwater resources are being
determined. For example, a period of
abnormally low precipitation has been
identified just before the turn of the cen-
tury and in the last 25 years we know of a
period with low precipitation which
occurred in the early and mid 1970’s. The
period from 1980 to 1995 has been rela-
tively precipitation rich. The last couple of
years since the fall of 1995 have been
unusually dry with limited precipitation
during the winter and relatively hot, dry
summers accompanied by a large irrigation
demand. This has resulted in a marked
decrease in groundwater levels especially
in southern, western and northern Jutland.
By the end of 1996 decreasing groundwa-
ter levels were also observed on many
islands and in parts of central and eastern
Denmark.

The National Water Resource
Model

GEUS has carried into effect a project for
the Ministry of Environment and Energy in
order to calculate a more precise estima-
tion of the quantity of the water resource
and distribution in relation to the rather
rough estimates which were the basis for
earlier estimates of the available national
resources.The purpose of the project is to
setup a water resource model for the
entire country (the DK Model). This will
include the time dependent variation and
regional distribution as well as an estima-
tion of the possible future water consump-
tion.

The DK model is based upon the compre-
hensive information in GEUS’ archives on
geology and hydrogeology which contain
information from more than 250,000 wells
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drilled for supply purposes.The time plan
for the setup of the model is as follows: in
1996 Funen, in 1997 Zealand, in 1998
southern Jutland and in 1999 northern Jut-
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land. Here the first results and experiences
from Funen will be shown.

The MIKE SHE system, developed by the
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[ Meltwater sand
— - —Groundwater

Groundwater monitoring Area

Figure 10. Geologic cross-section A-B through
Funen which depicts the layers in the DK Model.
The model is descretized horizontally into | by |
km grid cells. The location of groundwater
monitoring areas on Funen are shown on the map
to the left.

Danish Hydraulic Institute, is used as the
basis for the setup of the DK Model. MIKE
SHE is a physically based numerical model
which simulates the most important flow
processes in the land phase of the hydro-
logic cycle. MIKE SHE can simulate over-
land flow, stream flow, unsaturated and sa-
turated groundwater flow and drainage
flow. Furthermore, snow melt and actual
evaporation can be represented.

A geological model is developed as input
to MIKE SHE which represents the major
groundwater bearing and low permeability
layers.The model is developed based upon
information from GEUS’ borehole log
archive (PC ZEUS) and interpretations
from geologic maps. Hereby, a geological
model has been set up consisting of a total
of nine layers. It has been necessary to
combine the upper three layers in the
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Figure | 1.Topography and stream network (upper row), groundwater recharge to secondary reservoirs
(middle) and the groundwater recharge to the primary reservoir (lower row) for the regional model of

Funen and sub-model. Recharge is in mmlyr.

model due to numerical instabilities
(Figure 10). In regard to the evaluation of
the reliability of the geological model a
computer program (SLICE) has been
developed which is used to analyze the
individual model layers using information
from GEUS’ borehole log archive.

There are a total of 174,000 borings in the
national borehole log archive.This equates

to an average of 4 borings per square kilo-
meter.

A uniform grid consisting of | by | km
cells is used to represent Funen in the DK
Model (see Figure 10). This grid spacing is
used in order to provide a reasonable
representation of topographic and geo-
logic variation while minimizing the num-
ber of calculation cells.

D ENMARK

The Funen model was calibrated using
measurements of stream flow and ground-
water elevations.The calibrated model has
been used to simulate the water balance
and provide groundwater recharge esti-
mates for the period from 1971 to 1996.
The simulated water balance for the cali-
bration period of 1989 to 1996 is com-
pared to the simulated water balance for
the period 1971 to 1990 (Figure 13B).

As seen in the simulated water balance
presented in Figure |3A, the total ground-
water recharge to the regional ground-
water reserviors is about 75 mm/yr. The
regional reservoir is the major source for
abstracted groundwater. Prior to estima-
ting the exploitable water resource for
Funen, reductions in the total water quan-
tity due to climate variations, poor water
quality and unfavorable conditions for
abstraction must be made. Finally, consi-
derations of maintaining minimal stream
flows and water levels in lakes puts further
restrictions on the total quantity of the
exploitable groundwater resource.

A simple method is used to calculate the
water exchange in the root zone which
describes the partitioning of water
between evaporation/plant uptake and re-
charge to the groundwater. This simplified
method of representing the unsaturated
zone is coupled to the MIKE SHE system
so that groundwater flow and the interac-
tion between groundwater, surfacewater,
overland flow and drain flow are repre-
sented in a rigirous, physically based man-
ner. Results based upon the use of the sim-
plified root zone module have been good.
Calculation of groundwater recharge with
the root zone module takes into account
spatial variations in land use (agricultural,
woodlands, and wetlands), soil type and
topography together with daily precipita-
tion and evaporation data.

The National Environmental Research
Institute (DMU) is a member of the pro-
ject and responsible for collecting stream-
flow data and creating a register of mini-
mum flow in streams. These data are
important for constraining mass balance
estimates for the groundwater flow sys-
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Figure |13A. Simulated water balance in millimeters for Funen [989-96.The DK Model makes it possible to
estimate changes in the water balance as a result of changes in precipitation, evaporation or groundwater

abstraction.

tem and improving calibration of the mo-
del when time-series stream discharge
data are not available.

The Danish Hydraulic Institute (DHI) pro-

vides assistance with further development,
implementation and testing of the MIKE
SHE system. In connection with the DK
Model, GEUS is working with DHI in fur-
ther development of the MIKE SHE system

D ENMARK

800

g2
700 I 1971-90 —
600 I 1989-96 —

Figure |3B. Simulated water balance for Funen
during the periods of 1971-90 (blue bars) and
1989-96 (red bars).

in the following areas:

* a three-dimensional geologic module
which provides a link between GEUS’s
borehole log archive and MIKE SHE

* a module for the interface with existing
database programs

* a module for simulating the saltwater/
freshwater interface in the groundwater
zone

* a module for the transformation of
parameter values between different
scales.

Experience with the DK Model has shown
that there is a great need for all of the
modules under development if the DK
Model is to be used as the basis for more
detailed analysis requiring parameter
transformation, solute transport and salt-
water intrusion.

National Groundwater Level
Monitoring Network

Regular measurements of groundwater
levels provide a direct picture of changes
in the quantity of groundwater. Groundwa-
ter levels vary naturally over the year with
the highest water levels typically in April
and the lowest water levels typically in
October. Over a few years groundwater

NYT FRA GEUS 2/97

I

G E OL OG



I NYT FRA GEUS 2/97

G E OL OG

W A TER

levels can change considerably relative to
the normal yearly fluctuations, either due
to changes in the amount of precipitation
and/or groundwater abstraction. Ground-
water recharge and levels are especially
influenced by precipitation during the win-
ter when plant uptake and evaporation is
at a minimal.

Since the 1950’s GEUS has installed and
operated a nation wide groundwater level
monitoring network. There is now the
need to reorganize the national system in
order to conduct effective monitoring of
the groundwater resources quantity and
development. Including being able to deliv-
er updated information on the conse-
quences of climate variations, water use
and water abstraction on a national level.
Ongoing updating and verification of the
DK Model requires continuous monitoring
of groundwater levels and thereby the
quantity of the resource.

The monitoring network should to the
highest degree possible reflect variations
in geologic setting, climate and land use.
The national monitoring network is set up
in a manner that it can reflect the behavior
of three main hydrogeologic settings:

* Shallow groundwaters direct response
to climate and land use

* Deep groundwater reservoirs reflecting
long time fluctuations

¢ Groundwater impacted by large ab-
straction rates.

Part of the revised national monitoring
network will be established and operated
by GEUS. It will consist of 20 to 30 moni-
toring stations, each of which consists of
one well in a shallow groundwater reser-
voir and one well in a deep regional reser-
voir. These stations will be instrumented
for continuous monitoring and eventual
on-line transmission of water level mea-
surements.

Another part of the monitoring network
will be established and operated by the
counties.These networks will consist of 10
to 50 monitoring wells per county. The
monitoring wells will be situated so that
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Figure 14. Regional variations in the quantity of groundwater resources.The columns show winter
precipitation and the red curves represent groundwater levels. Data from the National Groundwater Level
Monitoring Network provide the background for estimates of the response of the groundwater resources to

climate change.

they are representative of groundwater
reservoirs response to large groundwater
abstraction rates, mostly, but not solely, in
areas designated as vital drinking water
areas.

Results from the DK Model are used in
selecting localities for wells in the national
groundwater level monitoring network.
The monitoring network will be complet-
ed in 1999 and included with the ground-
water monitoring related to the Action
Plan for the Aquatic Environment. GEUS
will issue a quarterly newsletter on the
groundwater situation in Denmark when

the reorganization of the national moni-
toring network is completed.

Fractures in Glacial Till and
other Important Research
Results

The increased focus on groundwater
resources over the last years has naturally
increased research efforts in this area.
Government financing of research through
the Strategic Environmental Research Pro-
gram lead to the creation of the Ground-
water Group (see box opposite page).
Research results have brought forward
new knowledge relevant to the planning of
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appropriate protection and sustainable
exploitation of Denmark’s groundwater in
the future.

The Groundwater Group

The Groundwater Group was established
under the governments Strategic Environ-
mental Research Program. GEUS is the se-
cretary of the group, whose members include
researchers from the Technical University of
Denmark (DTU), Aarhus University (AU),
Copenhagen University (KU), The National
Environmental Research Institute (DMU),
Danish Institute of Plant and Soil Science
(DJF), Arhus County and the Danish Geo-
technical Institute (Gl) together with re-
searchers from USA, Canada and Germany.
The Groundwater Group was in charge of
carrying out the Danish Environmental
Research Program 1992-96 (SMP-1). The
programs objectives were to obtain an
overview of processes controlling groundwa-
ter recharge and water quality in the con-
text of groundwater exploitation in Den-
mark.

The Groundwater Group is currently en-
gaged in a new research program, Pesticides
and Groundwater (SMP-96), to investigate
the influence of local hydrogeologic condi-
tions on the threat of pesticides to ground-
water. In addition to the institutes listed
above (excluding AU, GI and Arhus County)
members also include researchers from the
Water Quality Institute (VKI) and Royal Ve-
terinary and Agricultural University (KVL).

Some of the most noteworthy results
came from field investigations which con-
firmed that glacial tills throughout Den-
mark are dissected by vertical fractures.
Just a few years ago, geologist generally
thought that glacial till was an effective
barrier against the vertical migration of
contaminants from the surface into under-
lying groundwater reservoirs. Now it is
known that this is not correct and that the
vertical migration of contaminants through
glacial till can occur very quickly. The pres-
ence of fractures means that clay-rich lay-
ers even with thickness’ of up to 10 m can
have holes like a sieve. This realization is
new (see Figure 15).

R ES OURTCES S |IN

Fractures provide pathways where con-
taminants at the surface can quickly infil-
trate with precipitation down into ground-
water without the normal opportunity for
attenuation and degradation. Even thick
and deep lying clay layers are presumably
dissected with fractures, but we do not
know yet of their significance. Further-
more, the presence of fractures in conta-
minated clays can contribute contamination
over decades to water flowing through the
fractures. This new knowledge concerning
the density and depth of fractures has
implications for the locating of waste dis-
posal sites, establishing protection zones
for water supply wells and in estimating
how long contaminated soil will impact
recharge to groundwater.

But not only fractures have an influence on
the infiltration of water. Results from
investigations clearly show how hetero-
geneity in clay layers influence the trans-
port and spreading of contaminants and
how important it is to map small sand lay-
ers and holes in clay covers called “sand
windows”. Advanced geophysical mapping
techniques can to a degree reveal nume-
rous meaningful details concerning the geo-
logical skeleton. Deeper insight concerning
infiltration and flow characteristics can
only be gained by other types of measure-
ments, among these the determination of
groundwater age.

Groundwater Age Dating

In connection with the Strategic Environ-
mental Research Program a new technique
has been used to determine the age of
young groundwater (groundwater less
than 50 years old). The age dates provide
the opportunity to clarify how fast
groundwater is renewed. The age dates
can also be used in estimating groundwa-
ter flow rates and to improve mathemati-
cal groundwater flow models.

The age dating method utilizes paradoxi-
cally enough the global contamination of
our environment, in that it is based upon
the infiltration of CFC gases from the
atmosphere. CFC gases have been used in
large quantities during the past 50 to 60
years in coolants, heating pipes and propel-

D ENMARK

Figure |5.The arrows point to a through going
fracture in clay and sand.The dark gray zone
around the upper part of the fracture is downward
migrating creosote.

lants in spray cans.The use of the gases has
been greatly reduced due to the recogni-
tion that they contribute to the destruc-
tion of the ozone layer.There are different
types of CFC gases and atmospheric con-
centrations of the different types have
been calculated from the 1940’s to the
1970’s. Thereafter, direct measurements of
the concentrations of CFC gases have
been made. Concentrations of the diffe-
rent CFC gases in rain water is determined
by the concentration in the atmosphere.

Groundwater is often present in several
water bearing layers. The shallowest layers
typically contain water that has recharged
the groundwater within the last decades. A
considerable portion of water supply in
Denmark is from small water works which
abstract groundwater from shallow water
bearing layers. CFC age dating is very be-
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Colloidal Tracers
(bacteria, virus)
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Figure |é. Fractures in glacial till increase the rate at which rain water and contaminants infiltrate to the

groundwater.

Figure |7. Differences in the electrical conductivity of earth materials provide information about the
subsurface geology. The electrical conductivity of clay is greater than that of sand because the clay has a
higher water content. Groundwater reservoirs can be quickly and effectively mapped using an array of
surface electrodes to measure the subsurface electrical conductivity.

neficial in estimating the protection of
water and if groundwater renewal rates
are adequate enough to sustain consump-
tion.

Fresh water in deep groundwater reser-
voirs is much older. Age date determina-
tions by the Groundwater Group revealed
that water in the investigated deep reser-
voirs is often greater than 2000 years old

and can be as old as 7000 years. Water as
old as up to approximately 35,000 years
can be dated using carbon-14.This natural-
ly occuring radioactive isotope has a half-
life of 5600 years and concentrations of
carbon-14 together with carbon-12 and
carbon-13 show how old the groundwater
is. Under the old freshwater is found even
older saltwater.

D ENMARK

Contamination Threats

Intense pumping can result in significant
lowering of groundwater levels and large
amounts of air are pressed in and out of
the ground in response to normal changes
in the atmospheric air pressure. Hereby,
oxygen can be supplied to subsurface
zones which have previuously been unoxi-
dized. Oxidation can cause the weathering
of pyrite, upon which nickel and sulphate
are readily supplied to the groundwater. At
many waterworks where large volumes of
groundwater is abstracted the results have
been that concentrations of sulphate and
nickel exceed drinking water standards set
by the environmental authorities.

Oxidation of the otherwise unoxidized
zones in the subsurface can also result
from irregular pumping of groundwater.
Air is sucked in and out of borings when
pumping wells are repeatly turned on and
off, creating an oxygen supply to the
groundwater reservoir. This happens for
instance if a water works pumps primarily
at night when electricity is cheapest.
Another important realization is that
groundwater levels can not fully recover
after being lowered without leading to
negative consequences for the water qua-
lity.

Studies investigating the distribution of
contamination from landfills, bulk storage
facilities and tar sites have confirmed that
the substances typically will spread out in a
fan-shaped plume. Continued monitoring
of such plumes are important to clarify
whether the contaminants are migrating
towards water supply wells. It has also
been assessed where and to which degree
tar substances and oil products are being
degradated by microorganisms in the
groundwater. Studies have shown that con-
siderable amounts of some substances are
biologically degraded while other sub-
stances are not.

It is unlikely that we will ever have secured
or eliminated all old landfills in Denmark.
We must make priorities. Therefore it is
important in every single case to clarify if
the pollution threatens water supply wells.
At the same time we have to know if bac-
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teria can degrade the organic substances
that leak into the groundwater. To which
degree is nature capable of cleaning up
after us?

It has been clarified that the concentration
of substances effects the microbiol degra-
dation. Paradoxically enough in certain
cases high concentrations of contaminants
are degraded more efficiently than low
concentrations. This is caused by the fact
that there has to be a certain amount of
the substances present to create living
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conditions for the bacterias involved in
degradation. These research results are
important for securing and regulating
waste disposal sites as well as selecting the
location of water supply wells.

In the past years, the presence of pesti-
cides in groundwater have been docu-
mented at several sites in Denmark. These
pesticides used in insect and weed control
have not been directly investigated in the
research program SMP-1. But the general
results reached by the Groundwater

Group related to the dynamics in ground-
water systems are important in relation to
pesticides. The Groundwater Group is
now researching pesticide pollution in a

new program called Pesticides and

Groundwater (SMP-96) under the Danish
Environmental Research Program. These
new projects will be conducted in the
years leading to the turn of the century. §§
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Water Resources and ....

OCIETY

| i|\i'l Of all the water on earth
2.5% is freshwater and
only 0.26% of this amount or approxi-
mately 0.007% of the earths total water
quality can be utilized. Based upon an ave-
rage estimate, there ought to be plenty of
water to meet our different needs for
clean water. Unfortunately, resources are
not divided equally over the earth, neither
time wise or aerally. Today water shortages
are a permanent problem in many areas of
the world. These shortages can lead to
conflicts within different countries and
amongst countries sharing the resource.

Water has become an econmonic good.
Control of it will be one of the key issues
in the 21st Century.

In Denmark we have a very long tradition
of managing our drinking water resources
and in some areas we have been pioneers.
Amongst others, this is the case with the
Water Supply Law of 1926 (the first in
worlds history!), the foundation of the
Ministry of the Environment in 1971 (again
the worlds first), the National Hydrogeo-
logical Mapping Program in 1976 and the
National Monitoring Program in 1988.
Through direct experience with the com-
plex interaction between water and soci-
eties demands we have developed a foun-
dation of experience valuable to national
and global water resource problems.
Through coordinated interaction between
Danish companies and institutes we con-
tinue to further our experience. Surely, the
need for this will be even greater in the
future.

In order to further the progress, several
institutes took the initiative to form the
Danish Water Resources Committee
(DVK) in 1994.The DVK was established
to provide a forum that would coordinate
activities, develop strategies and ensure
the exchange and distribution of informa-
tion within the area of water resources on
the international and national level. GEUS
serves as the secretary for the DVK.

THE

iE ENVIRONMENT

Water is the most

import source for su-
staining life and transporting substances,
and is thus important for the condition of
the environment and its development. It is
important to look at the groundwater not
just as an isolated system, but in connec-
tion with other aspects of the hydrologic
cycle including rain,evaporation, streams
and wetlands.

The interaction between climate, vegeta-
tion and soil has significant impact upon
evaporation and the infiltration of water
to the groundwater. Hereby, influencing
the quantity and quality of groundwater
resources. An increase in precipitation
generally will increase the size of the
water resource, but can also increase the
leaching of substances to the groundwater
including contaminants. In contrast,
drought conditions will reduce the leach-
ing and pollution threat, but also result in
decrease groundwater levels, diminished
stream flows and the drying up of wet-
lands.

Activities by humans further affect the
water supply. This goes especially for the
utilization of water for different purposes,
such as drinking water, irrigation, industrial
supply. In some areas groundwater
abstraction is so intense that groundwater
levels are permanently reduced, stream
and wetlands go dry and water quality is
threatened by saltwater intrusion and
increasing sulfate concentrations.Activities
such as drainage of wetlands and lakes,
intensive use of fertilizers and pesticides in
agriculture, waste storage and disposal and
discharge of waste water will have a pro-
nounced impact on water resources.

It is therefore important to view water
not just as drinking water, but as an indica-
tor of the general condition of the envi-
ronment. Groundwater can collect and
store the fingerprints of nature and
humans. In recent years, researchers have
used global environmental contaminants
such as CFC gases and Tritium as useful
tools for determining groundwater age
dates and flow paths. Groundwater is of
special interest, representing a station
along the hydrologic cylcle which reflects
varied and often long lasting influences; a
fantastic archive to which we do not yet
have all the keys.

Over the years resources

have been used in labora-
tory and field investigations to further our
understanding of the processes important
for the appropriate management of
groundwater resources. Such studies will
be needed on an ongoing basis to continu-
ously improve our foundation of know-
ledge as the complexity of our water
resource problems increase.

MESEARCH
g

In the meantime there is a great need to
integrate our knowledge and understan-
ding in the development of operational
tools so that the processes and characte-
ristics of groundwater flow can be analyzed
as part of an integrated and complex
water resource system. In this context
their are 3 main issues of importance for
the protection and exploitation of water
resources:

Groundwater Recharge, where and how is
it taking place and what does it mean in
light protecting groundwater and surface
water?

Degree of Heterogeniety, what is its influ-
ence on the distribution of contaminants
and means of clean up?

Robustness of Systems, What are the
“healing” capabilities of groundwater sy-
stems and can any threshold values be
found?

To address these issues, understanding of
detailed processes and upscaling of para-
meters to an operational scale is of funda-
mental importance. These will also be
research issues of great importance in the
years to come.

Another important issue is the climate, its
variation and influence on the quantity and
distribution of water resources. Here we
can use the knowledge gained of historical
developments through long time precipita-
tion monitoring, analysis of lake bed sedi-
ments and trace elements in the glacial ice
of Greenland.
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The Geological Survey of Denmark and
Greenland (GEUS) is a research and con-
sulting institution under the Ministry of
Environment and Energy.

The institutions primary objectives are
to conduct research and practical inves-
tigations of the environment and energy
sources together with geologic mapping
of Danmark, Greenland and the Faeroe
Islands.

GEUS provides consulting services under
commercial terms.

Those interested can order a free issue of
GEOLOGI - NYT FRA GEUS. In Danish.
This periodical is published quarterly.
Please forward submissions to:

Knud Binzer at GEUS

GEUS can provide you with further
information on the presented topic or
other topics of geologic character.

Reproduction is permissible if accompa-
nied with the proper references.

Institutional reports from GEUS

The Geological Survey of Denmark and Greenland (GEUS) issues every
year institutional reports.
This year the reports are:

* Annual report and Accounts 1996 (in Danish)

* Work Programme 1997 (also in Danish)

* Project Catalogue 1997, including: “Review of Activities in 1996” and
“Publication Catalogue 1996” (in English)

The main part of this publication - Project Catalogue - is a listing of cur-
rent projects. The intension is to inform partners, clients and others who
take an interest in GEUS’ activities about our range of projects, i.e.a major
part our work devoted to specific scientific themes executed within
agreed budgets. Several of the projects are carried out in cooperation

with external partners.
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