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Preface

This final report summarizes work carried out by a part-
nership consisting of scientists from UK, Estonia, Den-
mark, The Netherlands, Belgium, France, Spain, Portugal
and Switzetland under the Fourth Framewotrk Pro-
gramme, contract ENV4-CT94-0156, of the European
Union.

The format of the report reflects the country contribu-
tions as required by the Commission, but also draws to-
gether the main results at the European scale. Chapter 1
provides an introduction to the aims and approach of the
project. Chapters 2 to 10 report the detailed regional case
studies carried out by the individual partners. Chapters 11
to 17 build on the regional studies to develop key aspects
and themes of the study and to take a wider view of the

subject at a continental scale. Finally, Chapters 18 and 19
draw out the overall conclusions of the project and dis-
cuss the implications for effective long-term management
of coastal palacowater aquifers.

Not all of the large amount of data collected during
the project are recorded here. Should clarification be
sought the reader is asked in the first instance to contact
BGS as co-ordinators of the project.

The results of the project are destined to be published
in the open scientific literature and popular channels.
However, a major part of the material reported here will,
following appropriate peer review, be published in early
2000 as a Special Publication of the Geological Society of
London.
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Executive Summary

The PALAEAUX project has brought together up-to-date
geochemical, isotopic and hydrogeological information on
coastal groundwaters across Europe in a transect from the
Baltic to the Canary Islands. These data have been inter-
preted in relation to past climatic and environmental con-
ditions as well as extending and challenging concepts
about the evolution of groundwater near the present day
coastlines. Freshwater of high quality originating from
different climatic conditions to the present day and when
the sea level was much lower is found at depth beneath
the present coast in several countries. The implications of
the scientific results for management of aquifers in Euro-
pean regions are considered.

Results show that information on palacotemperature,
past precipitation and recharge regimes as well as air mass
circulation can be deduced from the geochemical and
isotopic evidence contained in European coastal aquifers.
An age gap can be recognized in some aquifers which
indicates that no recharge took place at the time of the last
glacial maximum (LGM), for example in UK and Belgium.
This indicates that these areas were free of ice cover but
sealing due to permafrost was effective. Groundwaters
from Estonia have 8O values of approximately —22%o
which demonstrates that recharge took place directly be-
neath the Scandinavian ice sheet during the LGM. Noble
gas recharge temperatures supported by stable isotopic
data provide convincing evidence in aquifers from north-
ern Europe (UK, Denmark, Belgium, Switzerland) that
recharge occurred during the cooler climates prior to the
LGM and that recharge temperatures (soil air tempera-
tures) were some 6°C colder than at the present day.

In southern Europe the radiocarbon ages indicate con-
tinuity of recharge through the LGM. Noble gas recharge
in the Aveiro Cretaceous aquifer also indicate as else-
where, that atmospheric cooling of 5-6°C occurted before
and during the LGM. However in contrast to northern
Europe, an entrichment in 880 of around 0.6%o is found
in the late Pleistocene recharge waters, and is considered
to reflect the enrichment in the Pleistocene ocean water as
well as the constancy in the source of moisture from the
Azores region of the Atlantic as at the present day. The
overall results emphasize that the stable isotope signal in
palacowaters may either reflect the source or the tempera-
ture of the precipitation.

For most of the past 100 000 a sea levels considerably
below those of the present day provided an opportunity
for recharge and movement of groundwater beyond the
present coastline as well as emplacement on shore to
greater depths than allowed by the present day flow re-
gime. The greatest recorded depth of palaco-fresh water
(to about =500 m) is found in the UK East Midlands aqui-
fer. The timescale of this groundwater movement, shown
by radiocarbon data which have been calibrated and ex-
tended using chemical tracers, probably represents a con-
tinuous sequence of recharge over 100 000 a, supporting
the evidence from speleothem growth for infiltration of
groundwater through the Devensian glacial period. In
HEstonia, movement of colder palacowaters took place to
depths of —250 m and excess dissolved gases found in
these waters indicate recharge beneath the ice sheet. The

vii

model, proposed by Boulton ¢ al., for deep groundwater
circulation due to high heads imposed by the ice sheets
has been closely examined in the present programme but
no evidence can be found from geochemical and isotopic
data together with local modelling.

In several regions waters of Holocene age have been
recorded at the coast (as in the Dogger aquifer of the
Caen and Atlantic coast regions of northern France)
which represents recharge of marine or estuarine water
during the Flandrian (Holocene) transgression. The use of
borehole hydrogeophysical logging has helped to confirm
the complex stratification that may exist beneath present
day coastlines. Freshwater and saline water (of modern or
ancient origins) may be found side by side (as in the south
coast of UK) related to structural and palacohydro-
geological controls. Direct as well as indirect evidence is
found from the present study that fresh or brackish water,
recharged during the late Pleistocene, is found in aquifers
currently offshore (off the North Sea coast of Denmark,
the Channel coast of UK and Portugal, for example). This
is consistent with results from the drilling off the eastern
seaboard of the USA where fresh/brackish waters were
proven to depths of 300 m to a distance of 100 km from
the modern coasts. The results of modelling show that
such features may take tens of thousands of years to erase.

The main attribute of palacowaters in terms of water
quality is their high bacterial purity, total mineralization
often less than that of modern waters and being demon-
strably free of man-made chemicals. As a result of long
residence times, some palacowaters may be enriched in
some beneficial trace elements whilst others especially in
reducing environments may have high iron or other spe-
cies requiring treatment.

In Estonia and in the UK freshwaters found at depths
up to 300 m in aquifers of Mesozoic to Palacozoic age, are
of lower salinity than the present day recharge. Very low
Clin the East Midlands aquifer is almost entirely the result
of pre-industrial atmospheric inputs and the lack of in-
creasing salinity with depth is strong evidence for a lack of
cross-formational flow from adjacent formations contain-
ing more mineralized waters. Modern waters usually have
additional solutes resulting from human impacts. In the
Mediterranean coastal areas lower recharge leads to higher
salinity conditions in both palaco and modern waters.

The development of aquifers in Europe during the
past 50—100 years by abstraction from boreholes has gen-
erally disturbed flow systems that have evolved over vary-
ing geological timescales and especially those derived from
the late Pleistocene and Holocene. Hydrogeophysical log-
ging has demonstrated time and quality-stratified aquifers
resulting in mixed waters which are produced on pump-
ing. A range of specific indicators including *H, *H/He,
8Kr, CFCs, as well as pollutants have been used to recog-
nize the extent to which waters from the modern (indus-
trial) era have penetrated into the aquifers, often replacing
the natural palacogroundwaters.

In the coastal regions where development pressures
are already severe, many problems for management come
together including issues relating to quantity and quality of
water, seasonal demand, pollution risks and ecosystem



damage. The water balance in many coastal areas may not
be fully understood and wells are drilled or deepened
without the awareness that palacowaters belonging to a
former recharge regime are being intercepted. In many
areas there is induced replenishment as modern (often
polluted) waters are drawn in. However in some aquifers
the rates of withdrawal exceed the natural recharge and in
effect a part of the resource is being mined.

In these areas there is a need for careful drilling to es-
tablish the age and quality layering as well as proper well
completion. Proper monitoring networks and strategies
need to be set up to follow the position of interfaces in

viii

both the vertical and lateral planes. Cotrect management
is needed often for seasonal demands: this may be benefi-
cial, allowing winter recovery of water levels. The palae-
owater however is a high quality resource and should be
treated as a strategic reserve. It should receive priority for
potable use and not be wasted for agricultural or industrial
purposes which do not require waters of such high purity.
Conservation targets are needed to allow for sustainability
including ecosystem preservation. Changes may be needed
in the administrative and legal framework to safeguard the
use of the palacowater reserves.



1 Introduction

11 Concept of the PALAEAUX project

Most of Europe’s groundwater resources are found in
sedimentary basins ranging from Mesozoic to Quaternary
age. Throughout geological time these have been subject
to flushing and replenishment with fresh (or saline) water
in response to changes in hydraulic gradients brought
about by tectonic movement, sea level changes or other
processes. Most recently the strong climatic fluctuations
of the Quaternary have caused repeated rise and fall of sea
levels, producing changes in hydraulic head and changes
in the patterns of groundwater flow in both coastal as well
as inland areas.

The present day configuration of water resources and
water quality is primarily the result of circulation of fresh
water to deeper levels in response to lower sea-levels cor-
responding with the last glaciation. Coastal Europe offers
a contrast in conditions for groundwater recharge and
evolution during the late Pleistocene. In northern coun-
tries the past 100 000 a was dominated by the Devensian
glaciation. Recharge was strongly affected by ice cover
especially at the time of the glacial maximum and also by
permafrost in periglacial areas. However in southern
Europe the same petiod was characterized by highly vari-
able climate with contrasting wet and dry episodes. The
lowering of sea level affected the whole European coast-
line, although to different extents and over much of
Europe, the exploitable water resources are considered to
occur to depths which are greater than one would expect
from present-day hydraulic gradients and recharge inputs.
The increasing continentality and fluctuating distances to
the coastline may also have influenced amounts and the

geochemistry of rainfall as well as recharge.

At the present day aquifers in coastal Europe are un-
der severe pressure due to human settlement, industry and
tourism. In addition they are threatened by climate change
and the risks of sea level rise. As a background to im-
proved management of groundwater resources in coastal
regions it is necessary to have a sound understanding of
the processes governing the evolution of aquifers and how
they have responded in the recent geological past during
periods of glaciation and accompanying sea level change.

The PALAEAUX project has focused particularly on
the origins of palacowaters in coastal areas of Europe and
their present day distribution in representative areas along
a transect from the Baltic to the Canary islands. Focus is
placed on their importance both as possible archives of
former climatic and environmental conditions, as well as
their potential in certain areas as valuable sources of good
quality drinking water, unaffected by impact of the indus-
trial era.

1.2 Context and key scientific issues addressed in
PALAEAUX

1.2.1  Palaeowaters - definition and recognition

The term palacowaters which is used widely in the project,
not least to derive the acronym, was first used in the
1960s by isotope hydrologists to categorize fossil waters
beneath the Sahara desert following the eatly success with
carbon-14 dating of groundwaters. This is not a generic
term in any way but was used especially when it was real-
ized that the climatic conditions of recharge of these fossil

Continuous or
intermittent
recharge

!

Borehole

Changing
sea/base
levels

MODERN
GROUNDWATER

--"

MODERN
INTERFACE
MIXING

PRE-INDUSTRIAL MIXING
WATER
Holocene age e.g.

(200-10000 years)

LATE PLEISTOCENE
GROUNDWATER

intermittent recharge (10-20 ka BP) in

N. Europe due to effects of glaciation

FRESHWATER in older formations
FRESHENING AQUIFERS in younger formations

OLDER (SALINE?)
FORMATION WATER

Figure 1.1. Conceptual model of a confined groundwater system to show definitions used in the

PALAEAUX study.



waters, as identified using stable isotopes of water, 680
and 02H, was colder than at present and thetrefore formed
a rather unique group of natural waters.

The conceptual approach used in the present study is
summarized in Fig. 1.1 considering an aquifer which could
have received recharge continuously or intermittently over
say, the past 100 ka. which would be the upper residence
time for most European groundwaters being considered.
Palacowaters therefore strictly refers to all groundwaters
that can be clearly identified in terms of radiocarbon age
or other isotopic or noble gas signature as originating in
colder climatic conditions of the late Pleistocene.

In several aquifers water which must predate this De-
vensian cold period may be encountered. These older
formation waters are generally saline and may have origi-
nated as connate waters of original marine origin or as
formation brines where intraformational evaporites are
present.

Also considered here are waters of Holocene age (al-
most exclusively generated after the climatic amelioration.
These waters have essentially the same stable isotopic
signatures as modern waters but may be dateable to the
past 12000 years. These waters are also termed pre-
industrial waters since they are often of similar high
chemical quality to the palacowaters (sensu stricto), unaf-
fected by the pollution of 19th and 20th centuries.

The material presented here is also of relevance in re-
lation to the wider field of palacohydrology. This term,
widely used by earth scientists, is used almost exclusively
to consider the mainly sedimentological evidence for sur-
face water history. In the present investigation, the evi-
dence for hydrological changes are contained directly in
the waters and may often combine palacoclimatic evi-
dence. Indeed, groundwater is the only other archive ex-
cept for ice where one might hope to reconstruct from
direct evidence the hydrological history.
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1.2.2  Aguifers as archives of former climatic and environmental
conditions

A major goal of PALAEAUX is to investigate the extent
to which groundwater retains the signature of past re-
charge events. To date most of the information used to
reconstruct the climatic and related history of the Late
Pleistocene has come from other archives such as ocean
sediment records, especially foraminifera, peats and other
terrestrial sediments, speleothems, tree rings, palynology
and ice cores. It is proposed that the groundwater evi-
dence can be used as additional proxy data on climatic
change, notably direct evidence of former wet episodes,
which can be compared and checked with the other ma-
rine or continental indicators. The main time scale of in-
terest for the groundwater archive is up to 50 000 years
which is the absolute upper limit for radiocarbon dating,
which has a potential resolution of measurement of
around +100 years. Hydrogeological and geochemical
factors however limit the interpretation and dating resolu-
tion to about 30 000 years at best. Several other indicators,
for example noble gases, oxygen and hydrogen stable iso-
tope ratios and the relative concentrations of Cl may also
be used as indicators of palacowaters.

1.2.3  Timescales of change in groundwater systems

Groundwater quality and piezometric conditions in
coastal regions at the present day differ considerably from
those found prior to the onset of exploitation a little less
than 100 years in most European countries. Before devel-
opment, aquifers were in a steady state with hydraulic
gradients largely reflecting topography and with changes,
for example in spring flows, responding seasonally and
with climate. Groundwater residence times in most aqui-
fers would be measurable in the range 10103 a, although
stratification in ages and in quality would have developed

NETHERLANDS VOSGES (Grand Pile) SUMMARY
GROWTH Mean July Temperature Vegetation
0 10 20 5(|)%
f T 1 interglacial conditions
trees grass temperate
eriglacial
emperate
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boreal / cold
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Goodess et al.
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Figure 1.2. The chronology of the late (upper) Pleistocene with key records from Northern Europe that
have significance for the emplacement and evolution of groundwater.



related to aquifer properties and lithology. Drilling in the
modern era has disturbed this pattern over most of
Europe so that spring flows have been disrupted, water
levels are on average much lower than before any devel-
opment and borehole construction has penetrated the
layering in age and quality resulting in mixed groundwa-
ters. For the palaco-reconstruction of the present study
this presents problems that are difficult to overcome.

It is considered that the groundwater steady state con-
ditions that existed prior to the industrial era had been
maintained for some 7000 years. This corresponds to the
rise of sea level to near present levels and the establish-
ment of the recognisable present day coastline of Europe.

Before this the related effects of glaciation and sea
level change would have led to significant changes in the
hydrodynamics associated with longer flow paths towards
the lower sea levels or other base levels, lowering of water
levels inland and increase in the volume of the unsaturated
zone. In areas close to or beneath ice sheets it is possible
that the groundwater was completely reorganized as a
result of the very large heads imposed by the ice masses
(Boulton et al., 1995, 1996). Over large areas of Europe
permafrost may also have interrupted recharge or super-
imposed other effects on the aquifers. The timescale of
the lowered sea levels was of the order of 100 000 years,
back to the last warm period (Eemian/Ipswichian). It
must also be recognized that other periods of glaciation
and climatic oscillations have been recorded during the
Middle and Tate Pleistocene which would have imposed
an earlier cycle of disturbance on the groundwater sys-
tems.

Normally a base level or hiatus in the active flow sys-
tem may be recognized at a certain depth marked by the
presence of saline water, creating a saline-fresh water in-
terface. This is taken here to indicate the zone to which
groundwater flow on the recent geological timescale (eg
below 1 000 000 a in age) has been restricted. Groundwa-
ter of the same age as the sedimentary basin (connate or
formation water)may still be present in some aquifers
where subsidence has been continuous; such a situation
has been proposed for the North Sea where water of sea
water salinity is present in interstitial waters of the Chalk
(Bath and Edmunds, 1981) which has slowly been re-
moved by convection or diffusion over a geological time-
scale. This same water may also be present in residual
amounts in the matrix of dual porosity aquifers (such as
the Chalk) and may also give rise to slightly brackish or
saline waters.

In the context of the PALAEAUX studies therefore
numerous processes may have been involved in the
groundwater emplacement. Since the present sea levels are
among the highest recorded in the Late Pleistocene (Keen,
1995), sea water intrusion into aquifers is unlikely to have
been a common occurrence and the movement of fresh-
water “offshore” is a more likely scenario.

1.2.4  European climate, glaciation, vegetation and permafrost
since ca 120 000 BP

Groundwater evolution in Europe during the Holocene
and Late Pleistocene, prior to modern development, has
taken place against climatic changes that could have sig-
nificantly modified the main groundwater parameters of
recharge, flow directions and depths, rates of circulation
and discharge. The timescale of the past 120 000 years is
shown in Fig. 1.2 where some of the more important in-

formation from European sources which have a bearing
on groundwater evolution is summarized. It should be
pointed out that the absolute chronology of some of the
events have uncertainties and for full details the source
papers should be consulted. For groundwater events how-
ever the exact timing is not important, the main thing
being the broad climatic trends and the related geomor-
phological events that are implied.

There are many sources of information which summa-
rise climate change and history of the last glaciation in W
Europe (e.g. Dawson, 1992; Goodess ¢f al., 1992) although
there is much important new data appearing yearly. The
Devensian is now shown to be relatively complex, essen-
tially a cold period, culminating in the maximum glaciation
around 18 000 a BP. One of the best indirect indicators
relating to groundwater is the well-dated record of speleo-
them growth (Gordon ef al, 1989). This indicates a) the
presence of diffuse groundwater recharge and hence the
absence of permafrost and b) the biogenic production of
carbon dioxide in the soil, both being dependent on tem-
perature. Eight periods of growth are recognized from the
UK since the last interglacial (Ipswichian).

1.2.5  Sea level change and groundwater evolution

Sea level changes during the Late Quaternary have varied
widely from place to place Pirazolli (1996) and the Euro-
pean cross-section chosen for PALAEAUX - from the
Baltic to the Canary Islands probably covers the full range
of sea level change that have occurred in NW Europe.
The most recent estimate of eustatic sea levels for the past
120 000 years has been obtained from interpretation of
the 180 isotopic record of deep sea foraminifera (Shackle-
ton, 1987). This shows (Fig. 1.3) that there has been a
maximum sea level rise of around 130 m since the last
glacial maximum. Several points are important for consid-
ering the impact on groundwaters:

i) that sea levels have been considerably lower than at
the present day for well over 90% of the past 120 000 a,
allowing establishment of lower water tables as a standard
state. In fact climatic conditions in Western Europe are
abnormally warm and similar optimum conditions to the
present day probably occupied less than 10% of the Mid-
dle to Late Pleistocene. Present day groundwater levels
may be seen as exceptional.

ii) sea levels have probably not been higher than today
during the past ca 100 000 a and earlier studies of marine
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Figure 1.3. Eustatic sea-level curve for the past 140 000 a based
on Shackleton (1987) and Pirazolli (1996)
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(1) Present day flow restricted to ca. 130 m below msl as
observed in temperature gradients and hydro-
geophysical logs.

(2) Most rapid flow in upper 50 m.

(3) Modern sea water drawn in along fissures but may
ovetlie freshwater.

(4) Saline-freshwater interface prior to development: depth
of sea water penetration unknown offshore but likely to
enter aquifer due to density difference, except where
permeability barrier.

(5) Maximum lower Late Pleistocene sea level.

(6) Former shote line - Late Pleistocene. Possible sites of
modern sub-marine fresh water discharge.

(7) Steady-state water level.

(8) Possible piezometric surface of confined aquifer if con-
trolled by glacier-head up to 500 m higher.

(9) Possible zone of upwelling ahead of stationary front.

(10)Potential depth limit to flow (unconfined) during Late
Pleistocene.

(11)Pockets of earlier saline groundwater (ancient sea water
or connate formation water) below —260 m in less pet-
meable units (including matrix).

(12)Permafrost and periglacial features possibly controlling
groundwater flow and recharge to depth of ca 50 m.

Figure 1.4. Conceptual evolution of groundwater in a coastal
aquifer from before the Flandrian transgression to the present
day. Based on data for the Channel coast.

transgressions in NW Europe have not been borne out by
recent work (Pirazolli, 1996). There are areas of the coast-
line where marine incursions may have taken place for
example as a result of subsidence or change in sedimenta-
tion history. The most recent ancient sea water that is
likely to be found in groundwaters is therefore likely to be
from the Eemian time, when it is possible that sea levels
were for a time 5-10 m higher than the present day.

iii) the sea level minima may not be the base levels to
which groundwater circulation responded since (eg North
Sea) in some areas the sea bed was only tens of metres.

1.2.6  Nature of coastal aquifers

The coastal regions of Eutrope, as a result of development
pressures, have been well explored for groundwater and
around much of the coastline, wellfields have been in op-

eration for several decades. The impacts the invasion of
sea water have sometimes led to abandonment, although
elsewhere good management or favourable water balance
(mainly in temperate countries) has allowed limited opera-
tion of wells close to the coast (eg. Headworth and Fox,
19806).

Most of the invasion of coastal aquifers by modern sea
water is generally derived from shallow depths and may be
localized along planes of higher porosity/permeability.
The saline/fresh water interfaces at depth in many coastal
and inland areas at the present day may be the result of
former hydrological conditions unrelated to present day
hydraulic heads and involving palaco-sea water or forma-
tion waters. The lower sea levels during much of the Pleis-
tocene encouraged deeper circulation of fresh groundwa-
ter, controlled by more distant outlets. The situation that
may exist in coastal aquifers at the present day is summa-
rized in Fig. 1.4, which is modelled on the Chalk of the
Channel Coast.

It also follows that since the rise in sea level to mod-
ern datum was complete only around 7000 years ago over
much of Europe, the advance may have covered areas
formerly underlain by fresh waters. One of the goals of
PALAEAUX was to search for any available evidence that
freshwater offshore might still exist. This might occur for
example from offshore boreholes drilled for hydrocar-
bons. Another soutrce of evidence was considered to be
sediment recovered from cores obtained from sea bed
drilling where salinity, at least, might be recorded. There
are also historical records from fishermen and mariners of
submatine springs, most of which have been diminished
or lost as the result of onshore pumping.

As a result of modern development any high quality
palacowaters may also have been affected by inland pollu-
tion from various sources. One of the main goals of PA-
LAEAUX has been to define better the interface between
modern polluted and pre-industrial (or palaco) groundwa-
ter resources and to review and test techniques of identifi-
cation.

1.2.7  European coastline

The familiar outline of the European coastline has only
been a recognisable feature for some 7000 a. It is impor-
tant to consider how changes in the coastline during the
climatic and environmental changes of the late Quaternary
may have influenced the movement of groundwater. As a
basis for the PALAEAUX study a time slice of
10 000 a BP which predates the rapid Holocene (Flan-
drian) rise in sea levels, is used (Fig. 1.3). Further changes
in the coastline and their significance are considered in the
text below.

1.3  Key applied issues addressed in PALAEAUX
1.3.1  Impact of past climate change on European water resources

Understanding past hydrological changes is an essential
basis for the prediction of the impacts of current future
climatic and environmental change on water resources. It
has already been pointed out that the reserves of fresh
water may be larger than estimated from consideration of
the present day water balance, and that fresh water may be
found at greater depths, or offshore in several regions.
The focus of this project is primarily on coastal re-
gions of Europe (Baltic, Mediterranean, North Sea and



Atlantic) where human impacts are greatest and the effects
are casier to study. By investigating the existing baseline
conditions as well as the active controlling geochemical
processes taking place near the coast and across the sa-
line/fresh intetface both in the past as well as in present
day systems it may prove possible to provide guidance for
the limits to exploitation of groundwater in coastal regions
based on the common European experience. In fact, in
the Mediterranean and other southern regions the current
resources of brackish water may also be important as a
reserve for desalination schemes.

1.3.2  Palaeo-information from groundwater

Specific information may be obtained from the isotopic
and chemical records of in groundwater including the
palacotemperature, past precipitation amounts as well as
evapotranspiration, former air mass circulation and conti-
nentality. The stable isotope records (080, 82H) in mod-
ern rainfall are now well understood at a global scale and
the basis exists for interpretation of precipitation charac-
teristics of past climates (Rosanski ez al, 1997). The 3°Cl
contents of groundwaters may also be used in low chlo-
ride waters to deduce rainfall and its former composition
as well as Late Pleistocene evapotranspiration (Andrews ez
al., 1994). Noble gas ratios have now been well established
as a reliable tool for measuring past groundwater tempera-
tures (Stute and Schlosset, 1993; Loosli ¢ al., 1999b)

1.3.3  Global context of PALAEAUX

This is among the first studies which has paid attention to
groundwaters at a continental scale, both as possible at-
chives of the effects of glaciation and sea level change as
well as the impacts on modern water resources in these
economically important coastal regions. Many high resolu-
tion studies are available for palaco-reconstruction (ice-
core, tree rings, marine sediments) which are of interna-
tional significance. Groundwaters are generally not con-
sidered of importance on account of their low resolution
signals. However they record regional events of long dura-
tion, especially episodes of recharge (evidence of wetter
than average climates). The information retained in the
groundwaters especially if these can be radiometrically
dated, is likely to be robust and representative of certain
climatic events which can be correlated at the continental
and global scale. For example, the possibility of using no-
ble gas ratios to record palacotemperatures at the global
scale has been shown for example by Stute and Talma
(1998).

Drilling of Pleistocene and Miocene sediments on the
Atlantic coastal plain of the USA has proved the existence
of freshwater (<5 g 1) to depths of —200 m OD and as
far as 100 km offshore (Hathaway ef 4/, 1979). These wa-
ters are suggested as remnants of fresh palacowaters when
the coastline was ca 130 km off the present shoreline.
Modelling suggests that it would take 30 000 years to
reach a new equilibrium and that the offshore interface is
moving landward at about 0.32 m ka-'.

At the scale of groundwater exploitation the European
region is a type area at the global scale of an advanced
society who have been exerting tremendous development
pressure around its highly varied coastline. These aquifers
and their past and present evolution can be used as case
studies of possible wider impacts for other regions of the
globe.

1.3.4  Human intervention in coastal aquifers

Coastal aquifers have been the subject of recent interest
for intervention activities including management of sea
water intrusion (de Breuck, 1991), disposal of toxic includ-
ing radioactive wastes (Bath e a/, 1996) as well as aquifer
storage and retrieval (Pyne, 1995).

Water supply in coastal regions is often difficult to
manage due to the combined effects of seasonal demand
and sea-water intrusion. One approach to mitigating these
difficulties that is becoming more widely practised is the
cyclic storage of freshwater in deep saline aquifers. The
design of such schemes depends on an understanding of
the hydraulic and geochemical conditions in such aquifers,
including their former evolution, since the various types
of intervention are often accelerated versions of the natu-
ral analogues that have taken place during the late Pleisto-
cene.

The extent of palacowater occurrence at a regional
scale across Europe has not been previously examined.
The extent and total quantity of palaco-freshwater re-
sources are liable to overestimation since palacowaters are
grouped together with those being replenished today from
active recharge systems. However, the impact of the late
Pleistocene events means in effect that deeper fresh wa-
ters are being mined. In other areas, especially in coastal
zones, new fresh water resources may be found which are
relict of the former lowered sea level and groundwater
circulation.

1.4  Regional scope of the PALAEAUX project

The PALAEAUX project investigates evolution of palae-
owaters in a transect across Europe extending from the
Baltic to the Atlantic (Fig. 1.5). It involves 10 partners
from 9 countries. The work has been restricted to repre-
sentative sedimentary basins which are considered to con-
tain the best preserved palaco-groundwater sequences.
Other studies have been carried out on crystalline base-
ment and hard rock aquifers, especially in connection with
the containment of radio-active wastes. This is the first
such study of the main sedimentary aquifers which are
important in the context of European water resources.
The main aquifers chosen for the project are shown as
numbered in Fig. 1.5 and with details below:

Estonia (1)

The Cambrian-Vendian aquifer, the lowermost of the six
aquifer systems extending under most of Estonia, has
been the main target of study. The groundwater has a
strongly depleted stable isotopic signal and low radiocar-
bon values, and appears to be an excellent example of
European periglacial recharge at a relatively high latitude.
The overlying aquifers are polluted in many places, princi-
pally in the north-eastern mining area, and as a result of
heavy exploitation of the Cambrian-Vendian aquifer, pol-
lution is beginning to leak through the overlying clay
strata. Saline intrusion from the Baltic Sea is also an issue.
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Denmartk (2)

South-western Jutland. This area is the focal point for the
intake of new groundwater resources for the town of
Esbjerg. The Ribe Formation, the target of the PA-
LAEAUX study, is an aquifer system within a relatively
flat-lying succession of Tertiary (Miocene) sands as well as
Quaternary fluvio-glacial sands. The individual aquifers
are separated by clays, locally cross-cut by deep buried
channels which provide hydraulic continuity. This region
is little known and palacowaters are likely to be present at
depth and may extend westwards beyond the coastline.

United Kingdom (3, 4, 5, 6)

The East Midlands Triassic Sandstone aquifer (4) which
was previously the subject of detailed geochemical investi-
gation (e.g. Andrews ¢z al., 1983; Edmunds ¢z a/., 1982) has
been further investigated and updated. Fresh waters of
Pleistocene and Holocene age are found to a depth of
around 600 m below sea level. The extensive data set has
also been used as the basis for developing modelling ap-
proaches.

The Cretaceous Chalk has been investigated in coastal
southern and eastern England facing the English Channel
(6), within the Thames Estuary and North Kent (5), and
North Sea coasts of Yorkshire and Lincolnshire respec-
tively (3). Near the Channel coastline, fresh water has
been proven to a depth of =300 m OD at Brighton and
also in Dorset to >200 m OD. Temperature logs on these
coastal boreholes indicate undisturbed geothermal gradi-
ents below around —100 m which is likely to represent the
present day base of groundwater movement; there is the
possibility that offshore resetves of freshwater may exist
here

Netherlands/ Belginm (7)

The Ledo-Paniselian is a Tertiary aquifer confined beneath
the Boom clay. This aquifer spans the Dutch/Belgian
border in Zeeland and is the subject of exploitation for
drinking and irrigation water. This aquifer shows excellent
chromatographic freshening patterns (Appelo, 1994) and
has been used as the main focus of research on the rates
and processes of fresh water migration in the Pleistocene
and Holocene. Comprehensive chemical and isotopic data
exist for many parts of this aquifer (Walraevens, 1990),
but in the northern part of the aquifer information is
sparse and some borehole drilling (not on project funds)
was carried out to fill in the gaps.

France (8, 9, 10).

In France, three aquifers have been studied mainly on
their respective connection, past and present, with the sea
water, e the Channel (8), the Atlantic Ocean (9) and the
Mediterranean Sea (10).

(i) Dogger aguifer (N of France). The aquifer of the Middle
Jurassic carbonates in the Caen region is a well-fissured
reservoir, presently connected with the Channel. It is
largely exploited for drinking water needs and agriculture
supplies by ca. 600 boreholes. However, once confined
under the clayey Callovian and the Flandrian deposits, the
increase in groundwater salinity limits the exploitation of
the aquifer to the area where the water-bearing formation

is unconfined or slightly confined. Located on these clayey
formations, the main tourist town on this coast, Cabourg,
can not be supplied by water taken from local boreholes
due to high mineralization caused by marine water intru-
sion. The geochemical investigations on this system are
mainly focused on (1) the identification of processes lead-
ing to the evolution of salinity (major and minor elements)
and (2) the chronology of the aquifer recharge by fresh
and/or sea waters.

(i) Dogger aquifer (W of France). The Dogger aquifer is one
of the main water-beating formations in Vendée along the
Atlantic coast. Southward, the Toarcian and the Callovian
marls sandwich the Dogger aquifer which thus becomes
confined under the “Marais Poitevin”. Although this aqui-
fer is largely exploited for fresh water supplies in the un-
confined area of 1-2 km in extension, the presence of
saline waters, Cl-Na type, in its confined part limits their
use southward. In this aquifer, the evolution of salinity
and its relationship to recharge (past and present) are
studied. The impact of human activities on the saline
wedge, identified in the confined part of the aquifer, is
also investigated.

(i1i) Astian aquifer (S of France). Located in southern France,
the Astian calcareous sands are one of the most important
aquifers for the fresh water supplies in the Valras and
Agde areas. Over a surface of 438 km?, this coastal aquifer
only outcrops over 17 km? elsewhere being covered
mostly by Plio-Quaternary continental formations. A fault
isolates the southern part from the northern part of the
aquifer. Almost 580 boreholes are recorded in the Astian
sands. Some of which may be artesian during low popula-
tion density season, i.e. in winter. This coastal area is a key
touristic region in summer, with impacts on the water
resources, including decreasing piezometric level and in-
creasing groundwater salinity. In this system, previous
work indicated the presence of fresh water (Holocene
recharge) in the western part of the aquifer with brackish
groundwaters in its eastern part.

Spain (12, 13, 14)

In Spain, three areas, described below, have been the sub-
ject of significant new investigation. Discussion has also
been presented on the important but previously studied
coastal aquifers of the Llobregat delta area, near Barce-
lona.

(i) Mallorca (12). An area on the east coast (S’Albufera
d’Alcudia) has been selected. This is an area with brack-
ish/saline water of unknown age. There is strong local
interest in view of pressure on the resources.

(i7) lberian peninsula (13). In the Guadalquivir delta, now
sustaining the Doflana National Park marshes, dense
evaporated marine water has been able to cancel vertical
flux in the aquitard.

(ii) Gran Canaria (14). A study has been made of the
Amurga Massif, a phonolite block extending from near
the centre of Gran Canaria towards the sea, forming an
important aquifer of Pliocene age. All recharge goes di-
rectly towards the sea. Groundwater is brackish due to
climatic effects, low present day rainfall and airborne ma-
rine salts. Some of the groundwater yields radiocarbon



ages of 11 000—12 000 a, as a result of low recharge (3—12
mm a~!) through thick unsaturated zones. This area pro-
vides good opportunities to study palacowater characteris-
tics of a European arid coastal area and with maximum
sea level impacts.

Portugal (15, 16)

The Aveiro confined aquifer (Cretaceous) represents the
main water resource of an important industrialized area
with high population density and intense agricultural activ-
ity (15). It has been extensively exploited over the last
thirty years, and is threatened with pollution by shallow
groundwaters and seawater intrusion. Hydrogeochemical
and isotopic studies have shown that this aquifer holds a
considerable quantity of palacowater, and is so far unique
in Europe in showing evidence of downgradient stable
isotopic enrichment rather than the normal depletion.

The Lower Sado/Lower Tagus aquifer (Tertiary), lo-
cated in the Setubal-Lisbon area, is another important
groundwater resource serving a dense population (16).
While this aquifer is less well characterized than the
Aveiro, preliminary indications are that deep wells are
exploiting palacowaters, and that salinization by mixing
with deep brines is occurring in places.

Switzgerland (17)

The University of Bern has contributed to PALAEAUX
on the basis of its unrivalled noble gas expertise. A case
study of the Glattal aquifer (17) is given here which acts as
a reference study of a shallow system containing known
palacowaters from a continental rather than a coastal envi-
ronment. Noble gas measurements and interpretation play
a crucial role in this study because they are the only abso-
lute palacothermometer against which to calibrate stable
isotopic depletions. In addition, where palacowater ages
reach beyond the range of radiocarbon, argon and helium
isotopes measurements have been carried out to provide
more secure estimations of age

1.5 East Midlands aquifer as a model for Palae-
owater evolution

The East Midlands Triassic sandstone has been used a
model for the present study and some key results from
eatlier studies are summarized here to illustrate the type of
data being sought in other European systems. The Sand-
stone is a single hydraulic unit confined by a thick se-
quence of mudrocks (Mercia Mudstone) which locally
contain evaporite minerals. The aquifer is underlain by a
sequence of Permian mudstones, marls and dolomitic
limestones which form an impermeable base to the aqui-
fer. The Triassic aquifer contains freshwater and any up-
ward leakage from the Permian can be ruled out, although
losses of water through the overlying mudstones is con-
sidered probable. The groundwater chemistry is influ-
enced by the presence of minor carbonate minerals (cal-
cite and dolomite) as well as small contents of anhy-
drite/gypsum at depth (Edmunds ez 4/, 1982).

A selection of some of the geochemical and isotopic
indicators is shown in Fig. 1.6 relative to corrected radio-
carbon age with a summary of halogen data in Fig. 1.7
plotted relative to groundwater temperature as a proxy for
distance along flow lines. The relevance of these and other
indicators can be summarized:
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Figure 1.6. Noble gas and isotopic indicators of palacowaters in
the East Midlands aquifer.
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Figure 1.7. Chloride, Br/Cl and 3¢Cl as indicators of former
climatic conditions in the East Midlands aquifer.

Carbon isotopes and groundwater age. Groundwater radiocar-
bon activities measured on selected samples have been
converted to groundwater ages using 13C as well as sup-
porting pH and chemical data. These modelled ages have
been supported during international calibration studies
using other dating tools (¥Kr, ¥Ar, 328i, 3H as well as “He
and uranium series) such that the East Midlands aquifer is
one of the best calibrated in Europe, if not the world.
Groundwater recharge occurred during the Holocene as
well as during the Devensian (the oldest waters are be-



Table 1.1. Isotopic and related tools applied to project.

Tool Function / Significance in study

Equipped Laboratories

Radiocarbon (1#C, AMS and/or

radiometric)

Helium isotopes (*He) and

(3He/*He) gases.

Carbon isotopes (813C)
interaction

Oxygen/ hydrogen isotopes (5'80, Palacowater indicators

82H)

Sulphur isotopes (834S)

Noble gas ratios (Ne, Ar, Kr, Xe)

and isotopes (8°Kr, ¥Ar) nation

Palacowater evolution

CFCs Recognition of modern inputs
Characterization of palacowaters, evolution of quality,

Major ion and trace elements

Primary technique for age determination to ca 30 000 a
Residence time indication. Aquifer or deep source of

Radiocarbon/age interpretation. Extent of rock-water

Recharge temperature of palacowater and age determi-

Paris, East Kilbride (Scotland), Lis-
bon, Madrid
Reading, Zurich

Paris, Wallingford (UK)

Wallingford (UK), Paris, Lisbon,
CEDEX (Madrid)

Paris, Barcelona

Reading (UK), Berne (Switzerland)

Copenhagen
All Trace element at Wallingford

qualitative residence time indication

Tritium (H)
ponent

Confirmation of palacowater, absence of recent com-

CEDEX (Madrid), Lisbon, Barce-

lona

yond the limits of radiocarbon dating), but an age gap
indicates that no recharge occurred during the period ap-
proximately 10 000-20 000 a BP, corresponding to the
rechatrge areas being frozen during the glacial maximum.
There is a good relationship between groundwater age and
water temperature and the latter may be used as a proxy
for age (Fig. 1.6).

Noble gases, stable isotapes of water (8 "*O, & °H) and palacotem-
peratures. The ratios of the heavy noble gases (Ne, Ar, Kr
and Xe) as well as oxygen and hydrogen stable isotope
ratios have been used to indicate palacotemperatures rela-
tive to those of the present day (Andrews and Lee, 1979).
Noble gas ratios indicate that recharge temperatures close
to modern occurred during much of the Holocene but
during the Devensian (Wurm) period the soil and shallow
groundwater temperatures were some 6°C coolet. This is
also botne out by the difference in 6'80 and 82H between
the Devensian and the Holocene age groundwaters (Fig.
1.7) where a difference of 1.7%o in 6'80 supportts the evi-
dence for a colder climate; similatly groundwaters with
02H more negative than —8.4%o all have groundwater ages
in excess of 10 000 a BP.

The halogen elements as indicators of rainfall source and amount.
Chloride can be regarded for practical purposes as an un-
reactive solute and therefore serves as an ideal inert tracer
in palacoenvironmental studies since it largely reflects
input conditions from atmosphere and other sources (Fig.
1.7). The ratio Br/Cl may also be used to help to con-
strain the origins of CL Br is relatively inert but may be
depleted in evaporite minerals and geochemically enriched
in organic sediments.

The high Cl at outcrop mainly defines the extent of
groundwater pollution including modern rainfall in-
put(from the industrial period) which, after evapotranspi-
ration, has an input concntration to groundwater of ca. 27
mg L. The palacowaters (including those of pre-
industrial age) have Cl concentrations well below modern
values. Values as low as 6 mg Ll are thought to have
originated from precipitation when a more continental
climate existed, especially during periods of lower sea lev-
els when the coastline was essentially to the west of Ire-
land. The Btr/Cl ratio (Fig. 1.3) provides a further indica-

tion of this. The steady increase of Bt/Cl above its mod-
ern maritime value of 1.56x10-3 in the early Holocene and
waters from the interstadial is also an indication of in-
creasing continentality in the past. A similar trend is also
seen in the I/Cl ratio whete the variations are also likely to
be due to atmospheric changes comparable to Br.

The 3Cl concents of the East Midlands groundwaters
have been used to deduce rainfall amounts, its chlorinity
and palacoevapotranspiration on the assumption that all
the Cl is atmospherically derived and also that the cos-
mogenic fallout of Cl at this latitude has been constant
over the late Pleistocene (Andrews e al., 1994). There is a
relatively constant atomic ratio of *Cl/Cl with a mean
value of 30.6 atoms m? s in the palacowaters (Fig. 1.7).
Using the chemical and isotopic information and substi-
tuting in the water balance equations it is estimated that
infiltration was reduced by around 40 mm a! during the
late Pleistocene as compared with the present day.

1.6 Methods used in PALAEAUX

The PALAEAUX consortium was selected to include
pattners with complementary skills in the fields of hydro-
geology, hydrochemistry and isotope hydrology. The in-
terpretation  of  palaco-environmental and  palaco-
hydrological conditions has required an integrated ap-
proach of these skills (as well as other disciplines). The use
of state-of-the-art tools for age determination and charac-
terization of palacowaters has formed a particular strength
of the project. Exchange of know-how on the tools used
in the different countries of the project has enhanced dis-
semination and ensured technological equality throughout
the participating countries. Collectively the partners also
cover well the fields of geochemical and physical model-
ling of aquifers.

1.6.1  Hydrogeological investigation

For most of the aquifers selected a basic hydrogeological
framework already existed. A major shortcoming was
found to be the need for improved depth characterization
of the flow regime and aquifer evolution. Therefore hy-
drogeophysical profiles have been obtained for represen-
tative sites in certain aquifers. In particular high-resolution



conductivity and temperature logging has been conducted
forming the basis for depth sampling for chemical and
isotopic analysis in some countries. The temperature and
conductivity logging also allows major discontinuities in
the aquifer to be recognized, notably the interface be-
tween actively circulating groundwaters and deeper palae-
owater; a separate chapter of the report refers in more
detail to the background and lessons learned from these
investigations. Where possible, advantage has been taken
of ongoing or new drilling programmes to obtain custom-
ized information of relevance to PALAEAUX. This has
included the obtaining of core material for extraction of
interstitial waters.

1.6.2  Isotopic technigues

The isotopic techniques used in this study ate summarized
in Table 1.1 and are detailed in Chapter 12. The conven-
tional and widely used 8*H and 6'8O measurements pro-
vide signatures of the climate conditions and temperature
at the time of recharge. Dissolved noble gas contents can
also provide an indication of recharge temperature as the
solubility is temperature dependent.

Other measurements provide indications of residence
time or age of the groundwater. Radiocarbon (14C) dating
is the best known of these methods but several other (of-
ten more complex) techniques, have been applied where
appropriate within the PALAEAUX study. The different
isotopes, including *He, 3°Ar, 81Kr, ??6Rn, have different
half-lives and hence provide age information on a range of
timescales form 10s to 1000s of years.

1.6.3  Inorganic chemistry

For each aquifer system chosen for the project, sets of
high quality hydrochemical data have been obtained:
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(@) to allow refinement of age or residence time inter-
pretation.

(ii) to identify past atmospheric inputs.

(iii) to characterize the water - rock interaction over
the timescales in question.

(iv) to detect the presence of modern groundwater.

In particular the hydrogeochemical data have also been
used to derive qualitative information on residence times.
Time-sensitive geochemical processes such as ion-
exchange and incongruent mineral dissolution have been
considered and these results compliment the absolute
dating using '*C. This approach is detailed in the chapter
on isotopic and chemical methods The hydrochemistry
has also been used to examine water columns in boreholes
and to decide which samples can be used as representative
of the native groundwater and which are mixtures, helped
by the use of hydrogeophysical logging. The principal
measurements have been:

(v) Field determination of pH, HCO3, DO, Eh, SEC.

(vi) Analysis of major cations and anions to determine
the main trends in chemical evolution.

(vi) Minor and trace element analysis. A wide spec-
trum of indicator elements has been analysed using ICP-
OES, ICP-MS and GFAAS, as well as ion chromatogra-
phy and automated colorimetry for Br, I and other trace
anions. These data have been used to support the overall
geochemical models and provide additional information
on solute sources and residence times.

1.6.4  Modelling

Hydraulic and geochemical modelling have been carried
out as an integral part of most regional studies, although
the methodological aspects are considered further in
Chapters 13 and 14. In these chapters some of the case
studies are also brought together so that an integrated
report is given.



2 Palaeogroundwater of glacial origin in the Cambrian-Vendian

aquifer of northern Estonia

2.1  Introduction

The main objective of the PALAEAUX programme in
Estonia was to study the Cambrian-Vendian (C-V) aquifer
system, which is the most important source of public wa-
ter supply in northern Estonia. In the frame of earlier
studies it has been established that the groundwater in the
Cambrian-Vendian aquifer system has a strongly depleted
stable isotope composition and low radiocarbon concen-
tration, which is unique at a European scale and indicates
most probably the recharge in glacial or periglacial condi-
tions (Punning e/ al, 1987, Mokrik & Vaikmie, 1988,
Vaikmie & Vallner, 1989). However, the time and mecha-
nism of the recharge as well as the extent of the palae-
ogroundwater in space atre still in dispute. As a coastal
aquifer with intensive abstraction, the possibility of saline
sea-water intrusion into the Cambrian-Vendian aquifer has
also been an important issue.

2.2  Programme of work

The main components of the working programme were
an extensive isotope study of groundwater from the Cam-
brian-Vendian aquifer system (mainly 8O, 13C, 4C) and
the analysis of the palacohydrological situation in Estonia
at the end of the last glaciation in order to find out the
explanation regarding formation and preservation of the
isotopically unusual light freshwater in the northern part
of the aquifer system, whereas in South Estonia the water
in the Cambrian-Vendian aquifer has high salinity (1 to 22
g L-1). Sampling wells were selected in those areas where
only a few or no data of eatlier studies existed. Many of
studied wells belong to the monitoring network of the
Estonian Geological Survey, which means, that the back-
ground information for those was also available. Advan-
tage has also been taken of participation in the PA-
LAEAUX project of the Swiss group from the Physics
Institute, University of Bern, and a number of colleagues
from EAWAG and ETHZ, having the expertise and the
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laboratory capacity, which made it possible also to include
in the working programme the noble gas analysis and the
analyses of gas content and composition in the Cambrian-
Vendian aquifer.

2.3  Hydrogeological setting

HEstonia, covering 45000 km? is a flat country, where
plateau-like areas and groups of small hills alternate with
lowlands. The average absolute height is 50 m and only
10% of the territory have elevations between 100-250 m
above sea level (Fig. 2.1). The Baltic Sea with the Gulf of
Finland is the main drainage basin. The climate is moder-
ately cool and humid. Average annual precipitation ranges
from 500 to 700 mm. The mean surface runoff from Es-
tonia is 270 mm a~!.

Geologically, Estonia is situated on the slope of the
crystalline Baltic Shield sloping southwards at about 3—4
m km-1. Here the Lower-Proterozoic gneisses and migma-
tites of the basement are overlain by Upper Proterozoic
(Vendian) and Palacozoic (Ordovician and Silurian) sedi-
mentary rocks covered by Quaternary deposits (Fig. 2.2)

Quaternary deposits (Q) consist predominantly of gla-
cial till and glaciolacustrine sandy loam. Their thickness
usually ranges from 3 to 30 m, but 100-150 m (Perens &
Vallner, 1997). In South Estonia, Quaternary deposits
cover the Devonian aquifer systems (D3, Ds.z, Daz.),
which are represented chiefly by sandstone and siltstone
(Fig, 2.2).

In North and Central Estonia, and also in the West-
Estonian islands, the Quaternary deposits mostly lie on
the outcrop of the Silurian-Ordovician aquifer system (S-
O) consisting of fissured limestones and dolomites inter-
bedded with marls. The upper portion of the carbonate
formation is significantly karstified and cavernous to a
depth of 30 m from its surface. In the depth range from
30 to 100 m several water yielding strata usually alternate
with aquitards of local extent. Deeper than 100 m below
the bedrock sutface, the fissures are almost closed in car-
bonate strata. The latter form an effective aquitard (S-O)
extending all over Estonia. The underlying Ordovician-
Cambrian aquifer system (O-C) is represented chiefly by
fine sandstone separated by siltstone interbeds. This aqui-
fer system is the first groundwater system encountered
beneath the land surface, which is relatively well protected
against pollution.

The next confining stratum (Fig. 2.2), the Likati-
Lontova aquitard (Lk-Ln), consists of clays and siltstones,
which extend under most of Estonia. This aquitard has a
strong isolation capacity as its vertical hydraulic conduc-
tivity is predominantly only 107 to 10°m/d.

Below this comes the main study target within the
PALAEAUX project, the Cambrian-Vendian aquifer sys-
tem (C-V), the terrigeneous rocks of which occur all over
Estonia, except the Moniste-Lokno uplift area. There is an
obvious difference between the cross-sections of the aqui-
fer in western and eastern Estonia (Fig. 2.3). East of the
Rakvere-Poltsamaa-Otepid line, clays of the Kotlin For-
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Figure 2.2. Hydrogeological cross-section of the Estonian bedrock; Voronka and Gdov aquifers form

the Cambrian-Vendian aquifer system.

mation (V2kt) up to 53 m thick, divide the aquifer system
into two. The upper, Voronka aquifer, consists of quart-
zose sand- and siltstone with a thickness of up to 45 m in
north-eastern Estonia. The conductivity of rocks ranges
from 0.6 to 12.5 m/d, being 2 to 6 m/d on average.
Transmissivity decreases from 100 to 150 m2/d in north-
ern Estonia to 50 and even less m2/d in the southern di-
rection. Under natural conditions, the potentiometric level
in the coast of the Gulf of Finland is about 1.5 to 5.5 m
asl

The lower, Gdov aquifer is formed of a complex up to
68 m thick of mixed-grained sand- and siltstone and lying
directly on the Precambrian basement. The clay of the
Kotlin Formation serves as an upper confining unit. In
northern Estonia, the conductivity of water-bearing rocks
is 0.5 to 9.2, average 5 to 6 m d-!. Transmissivity in north-
eastern Estonia is 300 to 350 m? d-'; decreasing in south-
etly and westetly ditections to <100 m/d. The potenti-
ometric surface is about 3 to 5 m asl under natural condi-
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Figure 2.3. Cambrian-Vendian aquifer system: 1 - boundary of
the aquifer system; 2- western boundary of the clays of the Kot-
lin Formation; 3 - western boundary of the clays of the Lontova
Formation; 4 - boundary of Vendian rocks; 5 - isoline of the
height of the roof of the aquifer system asl, m; 6 - isoline of the
thickness of the aquifer system, m; 7- isoline of the height of the
potentiometric surface asl in 1995, m; 8 +10 - transmissivity,
m?2/d: 8 - up to 100, 9 - 100 to 300, 10 - more than 300. Compiled
by R. Perens.
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tions in the coastal area of northern Estonia. Westward
from the line where the Kotlin clays are pinching out (Fig.
2.3), the Cambrian and Vendian water-bearing rocks form
the steady Lontova-Gdov aquifer.

The Cambrian-Vendian aquifer system thins out in
South and West Estonia but in North Estonia its thick-
ness amounts to 90 m. This aquifer system outcrops along
the northern coast of Estonia on the bottom of the Gulf
of Finland. In northern Estonia, the aquifer system is, as a
rule, confined by 60 to 90 m thick clays of the Lontova
Formation. However, in places the bedrock formations
are penetrated down to the crystalline basement by an-
cient buried valleys, filled mostly with loamy till but some-
times glacio-fluvial gravel occurs in the lower portion of
the valleys. Westwards from the Tallinn-Pirnu-Jaagupi
line, the Lontova Formation is gradually replaced by in-
terbedding clay and sandstone of the Voosi Formation,
which attain a thickness of 90 m in south-western Estonia.
On the West-Estonian islands, the Vendian deposits have
also been pinched out and the water-bearing terrigencous
rocks consist only of Cambrian sand- and siltstones with
interlayers of clay.

The Cambrian-Vendian aquifer system is the most im-
portant source of public water supply in northern Estonia.
Intensive water extraction has led to the formation of two
extensive depressions in the potentiometric level (Fig.
2.3).

Cracks and fissures of the Lower-Proterozoic crystal-
line basement contain a small amount of water, which is
not now exploited. The lower portion of the basement
serves as an impermeable base for all overlying aquifer
systems.

2.4  Groundwater flow

In order to estimate the possibility of preservation of pa-
lacogroundwater in the Cambrian-Vendian aquifer system,
the present day and palaco-flow conditions have to be
considered. According to the groundwater flow model
(Fig. 2.4, Vallner, 1997), the Cambrian-Vendian aquifer
system belongs mostly to the regional flow system, with
recharge in southern Estonia, in those parts of the Haanja
and Otepii heights (Fig. 2.3) where the groundwater table



is 180 to 280 m asl In this location the head declines with
depth attesting to the existence of downward groundwater
flow. This flow reaching the completely impermeable por-
tion of the crystalline basement changes its direction and
bends towards the discharge areas which are situated in
the depressions of the Baltic Sea and the Gulf of Finland.
The length of deeper branches of the regional flow system
can reach 250 km between the Haanja and Otepdi heights
and the central part of the Baltic Sea.

While the potential direction of the groundwater
movement is marked by the flow systems described
above, the actual quantity and velocity of subsurface flows
depend on permeability of layers. Various co-influences of
head distribution and permeability are expressed by the
vertical zoning of the groundwater flow. In general, the
velocity of the groundwater movement decreases with the
flow depth. In this respect the Cambrian-Vendian aquifer
system north of the recharge area belongs to the slow
flow subzone of the zone of passive water exchange ac-
cording to the vertical zoning of the Estonian hydro-
geological cross-section (Vallner, 1997). The lateral hy-
draulic gradient of groundwater flows there ranges from
0.0001 to 0.0003. The calculated velocities of deep
groundwater movement in the Cambrian-Vendian aquifer
system are between 5x104 and 5x103 m/d, which means
that during the last about 10 ka the deep groundwater
could only have moved forward about several tens of
kilometres and a complete water exchange along flow
branches would not have been possible. Therefore it is
possible that, in natural conditions, the groundwater re-
charged during the last glaciation has been preserved in
the Cambrian-Vendian aquifer system. However, at pre-
sent the water consumption from the subzone of slow
flow is about 110 000 m?/d. Pumping wells ate mostly
situated in the coastal area of northern Estonia within 20
km from the sea. Pumpage is most intensive in Tallinn
and Kohtla-Jirve where local centres of piezometric de-
pression have formed and the maximum drawdowns
reach 25 and 50 m, respectively (Fig. 2.3). At the present
time, the water moves to the centres of piezometric de-
pressions in the subzone of slow flow. North of ground-
water intakes, the direction of flows is from the sea to the
mainland. i.e. contrary to that in pre-development condi-
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tions. Therefore, an encroachment of salty sea water into
coastal aquifers is taking place in the near-shore area of
northern Estonia.

2.5 Results and discussion

Isotope investigations were combined with other studies

on the Estonian groundwater in order to understand:

e the processes and climate conditions during the pa-
lacorecharge;

e the age structure of deep waters;

e the mixing components and their variation.

The following isotopic and geochemical tools were ap-

plied:
*H ‘He Noble gas concs
85Kr 40Ar/36Ar for RT (Ne, Ar, Kr, Xe)
MAr N / Ar
d13C 5N /14N Amount & composition
14C 0180 /82H of extracted gases

2.5.1  Isotopic investigations

Samples were collected from 31 wells and in many cases
repeatedly. In addition to the Cambrian-Vendian aquifer
system, samples were also collected for comparison from
Otrdovician (O), Ordovician-Cambrian (O-C) and from
Devonian (D) aquifers. Sampling wells were selected
mainly in areas were only a few or no data were available
from ecarlier studies. In respect of radiocarbon data on
Hstonian groundwater, the existing database was very
limited and therefore intensive sampling for radiocarbon
analysis was organized in the frame of PALAEAUX pro-
ject. 180, 1*C concentration and in most cases also 13C was
measured in all collected samples. Measurements were
done in the Laboratory of isotope-palacoclimatology of
the Institute of Geology at Tallinn Technical University.
In selected samples, also *H concentrations were meas-
ured in the laboratories of Lithuanian Geological Survey.
As many of the sampled wells belong to the groundwater
monitoring network of the Estonian Geological Survey,
their database on groundwater chemistry was used for
some interpretation. A set of selected stable isotope and
radiocarbon data of Estonian groundwaters is presented
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Figure 2.4. Vertical zoning of groundwater flow: 1 - subzone of fast flow; 2 - subzone of moderate flow;
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Table 2.1. Stable isotope and radiocarbon data for groundwater from different aquifers.

Sampling date Locality Well No Aquifer Depth 18O 1BC 1uC
system m %o %0 ppm

08-May-97  Ahtme, Estonia mine PK 265 C-v 270 -18.4 -19.3 3.30
08-Sep-97  Ahtme, Estonia mine PK 2 C-V 290 -18.1 -18.8 3.94
27-Aug-97  Keila PK 18 C-V 218 -21.1 -14.1 3.30
17-Aug -95  Kohtla-Jirve, Toila PK 897 C-V 214 -14.8 -16.9 38.91
03-Jun-98  Pakri pen. PK 54 C-V 200 -20.9 -13.8 4.33
22-Aug-96  Rakvere PK 6803-5 C-V 220 -20.3 -18.8 1.55
20-May-97  Saku, brewery PK 7 C-V 105-200  -20.8 -15.2 3.01
23-May-97  Sillamie, Viivikonna carry PK 27 C-v 53-180 -19.3 -17.7 1.40
23-May-97  Sillamie, Viivikonna carry PK 879 C-v -18.7 -17.8 1.89
23-May-97  Sillamie, Viivikonna carry PK 15 C-V 56-150 -18.5 -21.7 2.71
01-Jun-95 Tallinn, Toompuiestee PK 705 C-V -14.9 -13.9 60.34
30-Aug-95  Tallinn, Haabneeme PK 647 C-v -21.5 -14.9 3.65
28-Sep-95  Tallinn, Haabneeme PK 646 Ccv -21.3 -15.0 12.76
30-May-95  Tallinn, Kopli pen. PK 632 C-vV -19.9 -14.9 3.87
15-May-97  Tallinn, Kopli pen., Dekoil PK D1 C-V 98-107 -21.5 -153 4.00
21-May-97  Tallinn, Kopli pen., Dekoil PK D3 C-V 51-60 -19.7 -13.3 3.07
19-May-98  Tallinn, Kopli pen., Dekoil PK D2 C-v 52-60 -20.3 -14.0 4.80
30-Aug-95  Tallinn, Pak-Terminal PK 821 C-V 70-75 -20.0 -17.6 2.95
12-Aug-96  Tallinn, Pak-Terminal PK 825 C-V -22.0 -15.4 2.36
08-May-97  Ahtme, Estonia mine PK 4 O-C 130 -17.5 -8.9 2.56
27-Nov-96  Keila, Mudaaugu PK M1 O-C 88 -18.9 -10.4 3.27
03-Jun-98  Keila, Uus-Raba PK 6015 O-C 90 -18.5 -10.2 4.42
04-Sep-96  Pakri pen. PK T2 O-C 24 -11.4 82.71
22-Aug-96  Rakvere PK A2 O-C 84 -14.8 -8.6 2.40
16-Oct-97  Tamsalu PK 2854 O-C 227 -15.1 3.33
26-Sep-97  Viljandi PK 4717 O-C 480 -12.2 18.62
22-Aug-96  Rakvere PK E2 @] 49 -12.2 -9.5 43.77
16-Oct-97  Tamsalu PK 3869 @] 65 -11.7 90.91
26-Sep-97  Viljandi, Karksi-Nuia PK 39 D 250 -11.0 38.64
26-Sep-97  Viljandi PK 4120 D 65 -11.2 66.78
26-Sep-97  Viljandi PK 3782 D 200 -11.0 55.61

in Table 2.1. and in Fig. 2.5.

Based on the data from Table 2.1, the characteristic
isotopic values for main aquifers are presented in Ta-
ble 2.2. The oxygen isotope composition of groundwater
in most of aquifer systems in Estonia ranges from —11.0
to 12.2%o. However, the groundwater in the Cambrian-
Vendian aquifer system has a heavily depleted oxygen
isotope composition. The values of 180 vary mainly from
—18.1 to —22%o. At the same time, the long term mean
annual 8O wvalues in contemporary precipitation in Esto-
nia are —10.4%o0 (Punning ¢z al., 1987). Low 8O values in
the Cambrian-Vendian aquifer are indicative of recharge
in cold conditions, whilst low #C concentrations are in-
dicative of long residence time of groundwater (Fig. 2.5).
However, in this context it is difficult to explain very low
13C values in many wells (Table 2.1 and Fig .2.6), which
seems to be rather typical for water in the Cambrian-
Vendian aquifer system in Estonia. Analyses of the gas
composition in some samples showed rather high concen-
tration of methane (Table 2.3). This is indicative of the
influence of biogenic reactions in the groundwater, which
could cause the low °C values. Results of 13C analyses in

14

two methane samples (Table 2.5) also show, that the
methane has most probably biogenic origin (see for ex-
ample Chapter 5 in Clark & Fritz, 1997).

Low *H concentrations in most of studied wells con-
firm that, as a tule, no detectable intrusion of modern
water (including sea water) into the Cambrian-Vendian
aquifer has been occurred during approximately the past
45 years. However, data from two wells (PK 705 and PK
897) show, that groundwater there is affected by mixing
with infiltrated modern water. Both wells are located near
the buried wvalleys, cutting through the aquitard, which
normally protects the Cambrian-Vendian aquifer system
from upward infiltration. The intrusion of modern water
through those valleys has been detected earlier also by the
change of Cl- concentration in groundwater of the Cam-
brian-Vendian aquifer system (Groundwater State, 1994).
On average, the chlorine concentration in the Cambrian-
Vendian groundwater is in the range between 100 and 600
mg L. Through the mixing with infiltrating modern wa-
ter the chlorine concentration has decreased to values less
then 100 mg L-1.
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Figure 2.6. 180 versus 13C values of groundwater from different
aquifers in Estonia.

The water in the overlaying Ordovician-Cambrian aqg-
uifer is also depleted by 8O (Tables 2.1. and 2.2). How-
ever, as a rule, the rate of depletion is several per-mil
smaller than in case of the Cambrian-Vendian aquifer and
the range of 180 variations between different wells is also
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Table 2.2. The characteristic isotopic composition of the
groundwater in the main aquifer systems in Estonia

Aquifer system 180 1C SH
and Lithology %0 SMOW pmc TU
Ordovician —11.7 to 43.77 to 13.1 to
limestones, dolomites 122 90.91 21.0
Ordovician-Cambtian  —11.4 to 2.40 to 1.8 to
detritical sandstones ~18.9 18.62 21.3
Cambrian-Vendian —18.1 to 1.40 to 0.5 to
sandstones 220 12.76 2.1

greater (Fig. 2.5). At the same time the '#C concentrations
are low also in most investigated wells in Ordovician-
Cambrian aquifer, indicating the long residence time. It is
likely, that both aquifers have received the palacorecharge
at about the same time, but being less protected from
downward infiltration from the ground surface, the water
in the Ordovician-Cambrian aquifer is slightly mixed with
younger water. As the radiocarbon concentration in wells
of the Ordovician-Cambrian aquifer is still low, the infil-
tration rate of modern water is probably rather modest.

2.5.2 Noble gas investigations
Sampling for the radionuclides " Ki, ”” Ar and ”* Ar (method A).

1 to 5 m? of water are degassed in a vacuum system; the
extracted gases are compressed and transported to the
laboratory, where argon and krypton are separated and
purified for activity measurements. This extraction proce-
dure produces gases with average gas composition and
content; single bubbles are not important

Sampling for noble gas recharge temperatures (NGRT) (method B).

Small water volumes are enclosed in Cu -tubes or in a
stainless steel cylinder of about 1 L. volume. The gas con-
tent may depend on the chance how many gas bubbles of
an oversaturated water are captured.

Gas Concentrations.

In some samples unexpectedly high gas concentrations
have been found (Table 2.3). Excess air up to about 50%
is common (Wilson & McNeill, 1997), but factors 2 to 5
for the oversaturation are very unusual and need special
processes and explanations. One interesting question is if
the needed pressure to produce high oversaturation could
originate on the bottom of a (melting) ice sheet.

Four samples, marked in #alic in Table 2.3. were col-
lected for ¥Ar measurements (method A) and six samples
were collected for excess air determination by method B,
using the 1 L. sampling device. Reproducibility of results
certainly is limited by the sampling procedure (Juillard,
1999). The Oz-content in all gas samples is low and dem-
onstrates, that the high gas concentrations are not due to
contamination by air during sampling.

The data in Table 2.3. suggests, that large CO, or CHy
contents do not account for the high gas content. The
best indicators of the atmospheric air composition of ex-
cess gas are the Na/Ar ratio, the "'N/MN ratio and the
noble gas contents (see Chapter 12).



Table 2.3. Data on amount and concentration of extracted gases. Italics indicate samples collected for
¥ Ar measurements by degassing samples in a vacuum system. Asterisks indicate two parallel samplings to
provide a reliability check of the data. See Table 2.1. for location of sampled wells and for aquifers.

Sampling date Well No. Extracted 0O, CO, CH, 8180 N,/Ar BN/
gases SN
(ccLy %) (%) (%) (%) (%)
30.08.96 PK 705 70 0.18 1.6 1.1 —15 80 -
03.09.96 PK 6803-5 109 0.08 0.15 15 -20.7 92 -
07.11.97 PK 6803-5* 75 1.1 6.4 14.6 57 0.2
07.11.97 PK 6803-5* 71 0.5 5.9 15.2 54 0.5
05.09.96 PK 54 130 0.05 0.11 0.02 21 81 0.7
03.11.97 PK 54* 58 0.7 1.9 <0.1 55 -01
03.11.97 PK 54* 60 0.9 2.7 <0.1 56 0.6
10.06.98 PK D2 60 1.85 5.8 9.4 -20.1 49 0.2
10.06.98. PK 821 5968 195 37 125  _og 54 04
06.09.96 PK 6015 62 045 05 02 189 65 0.1
Air 83 0
ASW (0°C) 20 _ 37

Some of the gas samples extracted by the vacuum de-
gassing procedutre show atmospheric N2/ Ar ratios within
the uncertainties, others indicate more a mixture of air
saturated water (ASW) and air. Fig. 2.7. shows in a sche-
matic way the difficulties in collecting reliable gas samples.
However, it also shows cleatly that all old Estonian sam-
ples have large oversaturation of N and Ar compared to
normal samples (e.g. Spain, Australia, Oman, Glattal). The
N»/At ratio depends still very much on the present sam-
pling technique. Fractionation may have happened; this is
demonstrated by the circumstance that the measured val-
ues in area B are partly below the curve ASW + EA. A
mixing between air saturated water without excess air and
an end member with air composition and high oversatura-
tion seem a possible explanation.

95
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No/Ar
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Gasvolume N und Ar [cc STP/I H,0]

Figure 2.7. Extracted gas volumes versus No/Ar. Area A sum-
marizes measured values for samples extracted by method A
with “normal excess air”; fractionation and addition of biogenic
N2 may increase the N2 /Ar ratio. Area B represents samples
extracted by method B. Higher N> + Ar contents and Ny / Ar
ratios are measured. Gas loss and fractionation cannot be ex-
cluded. Asterisks are measured values for samples extracted by
method A. An extraction yield of 80% is assumed; fractionation
again can not be excluded.
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Noble gas recharge temperatures.

Water samples for NGRT were collected by the usual Cu-
tube technique first for the 4 samples with high oversatu-
ration from Cambrian-Vendian and Ordovician-Cambrian
aquifers (Table 2.4). The results indicate that high over-
saturation and consequently uncontrolled degassing hap-
pened. Since the calculated RT show very large errors,
they seem unreliable and have, therefore, not been in-
cluded in Table 2.4.

The main conclusion drawn from these calculations is
that the excess gas has air composition as assumed in the
calculation models for NGRT. This means also that de-
gassing of the samples from Rakvere and Paldiski did not
substantially disturb the gas content, although excess air in
these 3 samples is between 240 and 400%. Within the
errors of the calculated temperatures, infiltration took
place at temperatures around the freezing point. For the
other 3 samples (with moderate excess air) infiltration
temperatures correspond to the present-day average yeatly
temperatures in Estonia.

Age structure of deep groundwaters.

Based on the above mentioned possibility that part of the
groundwater may have infiltrated below a glacier, it is
concluded that traditional *C-models may not be appro-
priate for the conversion of a *C -activity into an age. Air
bubbles in the ice would contain an atmospheric 3C
value. The measured 13C value, e. g. for PK 6803-5 (Table
2.5) of —18.8%o seems to be in contradiction with the sub-
glacial infiltration model. However, the recently measured
013C values in CH4 open the possibility of isotope ex-
change (see Table 2.5). Therefore, ages are difficult to
calculate even if most of the measured '“C activities are
below 5 pmec.

In Table 2.5 results of the isotope studies are summa-
rized. The interpretation of all results for PK T'1 indicates
a young water, although the small depth, which is only
about 7 m, would allow gas exchange between the atmos-
phere and the groundwater through the unsaturated zone.
This exchange may have increased the 3Ar and #Kr ac-



Table 2.4. Reliable data on NGRT (see Juillard, 1999). See Table 2.1. for location of sampled wells.

Sampling Well No. Aquifer Extracted Ne excess RT 8180
date system gases
cc L1 % °C %0

02.09.96 PK E2 O 20 32 40%05 -12.2
04.09.96 PK T2 O-C 18 8 23105 —11.4
04.09.96 PKT1 O 18 14 44105 —11.1
07.11.97 PK 6803-5 C-v 75 400 1.0£1.6 -19.5
07.11.97 PK 6803-5 C-V 71 270 47%21 -19.5
03.11.97 PK 54 C-v 60 240 —45+29 213

Table 2.5. Isotope and noble gas data from selected wells.

See Table 2.1. for location of sampled wells and for aquifers.

Sampling Well Depth ‘He 40Ar/36Ar 8180 85Kr H MAr 1uC 13C
date No. m Vol % %o dpm/cc TU % mod. pmc %o
04.09.96 PK T1 6.9 <0.01 -11.0 63%3 179+ 1.3 90 %5
03.09.96 PK 6803-5 220 0.12 -20.7 2.0£ 05 <8 1.55 —18.8
05.09.96 PK 54 200 0.1 2942+22 214 0.48% 0.04 0.5+ 0.2 8§+ 4 12.53 —13.8
10.06.98 PK D2 52—-60 -20.1 4.80 —78.8%
10.06.98 PKS821 70-75 -20.1 2.95 —74.2%

* 13C measured in CHy

tivities but would not have influenced the *H activity. For
deeper samples this limit of the noble gas dating methods
is not important. Samples from Rakvere (PK 6803-5) and
Pakri peninsula (PK 54), both from the Cambrian-
Vendian aquifer, are older than 800 years based on ¥Ar,
but their 80O values indicate cooler climatic conditions
during infiltration, i.e. an age older than about 11 ka. A
high age is qualitatively also supported by the increased
“He content in the extracted gas samples.

2.6  Palaeogroundwater formation

Consideration of the new data obtained in the course of
PALAEAUX project and also the results of earlier studies
leads to the convincing conclusion, that isotopically de-
pleted groundwater in the Cambrian-Vendian aquifer in
Estonia is of glacial origin. Based on the radiocarbon data
and on the results of noble gas analyses, and considering
the palaeoclimatic and palaecoenvironmental situation in
the study area during the late Weichseilian time (see Ch 16
and 17), the most probable candidate for the source of
heavily depleted groundwater in Estonia is the Fenno-
scandian ice sheet. However, so far there is no convincing
answer to the question how and when the meltwater of
the Fennoscandian ice sheet reached the aquifer system.
The results of some eatlier studies have provided a basis
for the conclusion, that the meltwater penetrated into the
Cambrian-Vendian aquifer system after the continental ice
had retreated from Estonia’s territory and during the for-
mation of the Baltic Ice Lake about 11 to 12 ka BP
(Yezhova ez al., 1996). However, the low “C concentra-
tions below 5pmc may suggest that the age of the water is
about 15 to 30 ka, which suggest, that the meltwater intru-
sion took place much eatlier, at the time when the Esto-
nian territory was still covered by ice sheet.

According to Mokrik (1997) the freshwater in the
Cambrian-Vendian aquifer complex in the North Estonia
formed mainly through the cryogenic metamorphism. He
proposes, that during the Pleistocene glaciation the aqui-
fers went through several freezing-refreezing cycles down
to the depth of 200 to 250 m, which could lead to the
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freshening of the originally highly mineralized groundwa-
ter in the Cambrian-Vendian aquifer complex. In accor-
dance to his model the permafrost zone developed
southwards by the belt of 100 to 150 km wide from the
cropping of aquifers on the surface of the Baltic Shield
(Mokrik, 1997). However, the existence of thick perma-
frost layer under the Fennoscandian ice sheet in the Esto-
nian territory seems unrealistic. According to Kleman ez a/.
(1997), frozen conditions existed only under the central
area of the Fennoscandian ice sheet, while most of sub-
glacial area reached melting temperature due to frictional,
strain and geothermal heating.

Considering that and taking into account also the re-
cent works of Boulton ez a/. (1995, 1996) and Piotrowski
(1994, 1997), the recharge of aquifers by subglacial melt-
water seems to be more realistic explanation of formation
the isotopically light freshwater in Estonian aquifers. Dur-
ing the Late Weichselian the base of the ice sheet at the
Cambrian-Vendian outcrop area in Estonia would have
been in a molten state for about 11 ka (Joeleht, 1998).
During this time the hydraulic head was controlled by
thickness of ice. Although the Cambrian-Vendian aquifer
system itself has high hydraulic conductivity, it is sur-
rounded by areas of low hydraulic conductivity and there-
fore the hydraulic head in outcrop area of aquifer system
was probably close to floating point, e.g. about 90% of ice
thickness (Piotrowsky, 1977). Taking into account also the
postglacial uplift and the present depth of Cambrian-
Vendian aquifer system (about 100 m bsl), the hydraulic
gradient was around 0.0031 (Jéeleht, 1998). Thus, the
recharge of the Cambrian-Vendian aquifer most probably
occurred during the glaciation, preferentially by subglacial
drainage through the tunnel valleys.

2.7  Conclusions

Strongly depleted stable isotope composition and low
radiocarbon concentrations are the main indicators of
glacial origin of groundwater in the Cambrian-Vendian
aquifer in the northern Estonia.



The Cambrian-Vendian aquifer system is mostly well
protected from downward infiltration of modern water by
the Lukati-Lontova aquitard, having a strong isolation
capacity. This is confirmed by absence of *H in most of
sampled wells. Intrusion of modern water into the Cam-
brian-Vendian aquifer system has been detected through
the changes in isotopic composition and increasing con-
centration of radiocarbon near the buried valleys. The
noble gas analyses allowed to conclude, that palacore-
charge took place at temperatures around the freezing
point.

In some places unexpectedly high gas concentrations
have been found (Table 2.3). Excess air up to about 50%
is common, but factors 2 to 5 for the oversaturation are
very unusual and need special processes and explanations.
One explanation could be, that oversaturation indicates
the recharge in the high pressure conditions, e.g. by sub-
glacial meltwater recharge through aquifers.

However, in this context it is difficult to explain very
negative 13C values in many wells. Analyses of the gas
composition in some samples showed also a rather high
concentration of methane. This is indicating the influence
of biogenic reactions in the subsurface, which could cause
the rather negative 13C values. Results of 1’C analyses in
two methane samples also show, that the methane has
most probably biogenic origin. This versions, however,
has to be confirmed by further studies.
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Based on the isotope data, on the results of noble gas
analyses, and considering the palacoclimatic and pa-
lacoenvironmental situation in Estonia during the late
Weichseilian time, we came to the conclusion that palaco-
recharge of Cambrian-Vendian aquifer most probably
occurred during the last glaciation preferably by subglacial
drainage through the tunnel valleys.

High quality groundwater of glacial origin in the Cam-
brian-Vendian aquifer system is distributed throughout all
northern Estonia at least up to 50 km south from the
coast of the Gulf of Finland. Due to the heavy consump-
tion of the groundwater in the densely populated areas of
northern Estonia the potentiometric surface of the Cam-
brian-Vendian aquifer system has subsided quickly show-
ing maxima of depressurization in Tallinn and Kohtla-
Jarve. In these places the head was withdrawn to a depth
of 30 and 56 m bsl, respectively. Due to that, the
groundwater inflow into the Cambrian-Vendian aquifer
system from adjacent strata has grown significantly. The
downward flow provides the Cambrian-Vendian aquifer
system mostly with fresh water, but the rising flow may be
connected with upconing of brines from the crystalline
basement, and the lateral flows induce the transport of
connate brines from deeper portions of the aquifers or sea
water intrusion to groundwater intakes.

As the glacial water in the Cambrian-Vendian aquifer
system is not renewable, special regulations for sustainable
consumption of the water has to be settled.



3 The Ribe Formation in SW-Jylland, Denmark: Holocene and
Pleistocene groundwaters in a coastal Miocene sand aquifer

31 Introduction

To meet the objectives of the PALAEAUX project, the
largest regional aquifer in Denmark, The Ribe Formation,
a deep-seated Miocene quartz sand aquifer, was selected
for the main part of the Danish studies. The study in-
cludes three coastal areas but focuses on an approximately
50 km long cross-section through the Ribe Formation in
Southern Jylland (Figs 3.1 and 3.2). The cross-section is
constructed on the basis of the well log database at the
Geological Survey of Denmark and Greenland and ex-
tends through the area with the most dense concentration
of water supply and irrigation wells in The Ribe Forma-
tion. The wells investigated at the two other sites at St.
Darum south of Esbjerg, and at Fjand north of Ring-
kobing Fjord are water supply and monitoring wells from
small waterworks. The study area includes the island of
Rome, a popular summer vacation area, areas around the
city of Esbjerg at the western coast of Jylland, and extends
to the Main Stationary Line (MSL) of the last glaciation in
the eastern part of Jylland.

The Ribe Formation is an important aquifer for water
supply and irrigation in large parts of Jylland, and some
counties have put considerable effort into mapping the
extent of the Ribe Formation (e.g. Thomsen and Friborg,
1992).

3.2 Geological and palaeogeographical setting

3.2.1  Geology of SW [ylland

The geology of SW-Jylland consists of a westward dipping
succession of Tertiary clastic sediments overlain by Qua-
ternary glaciofluvial and matine deposits. The Tertiary
consists of a thick sequence of Eocene and Oligocene
clays overlain by Miocene fluvial, lacustrine and marine
deposits. The Miocene sediments are generally coarser
grained in the east and fine to the west. The unit of pri-
mary interest in this study is the Ribe Formation which
forms the most regionally extensive aquifer in Denmark.
It consists of fluvial quartz sands which dip to the west
and are present at a depth of 100 to 200 m below ground
surface. Towards to the west, the Ribe Formation is over-
lain and locally interbedded with fine grain sediments.
Seismic surveys indicate that in some areas the Ribe For-
mation sands extends offshore below the present day
North Sea (see Fig. 3.2.). The Quaternary sediments are
comprised predominately of meltwater sands and gravels,
sandy and clayey tills and lacustrine clays. The Quaternary
sequence is typically 20 to 40 m thick. Deep valleys filled
with Quaternary sediments occur in eastern and western
Jylland. Some Holsteinian marine deposits are present
within Quaternary valleys in western Jylland. Faults are
present in some areas disturbing the hydraulic connec-
tivity of the Ribe Formation e.g. by replacing parts of the
Ribe Formation with Quaternary deposits. In large parts
of the study area, the Ribe Formation is ovetlain by Terti-
ary and Quaternary (Holsteinian) marine sediments. This
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has led to salinization of the fresh water sediments of the
Ribe Formation at times of high sea levels, followed by
freshening (Appelo, 1994) during the Quaternary glaci-
ations, interglaciations and interstadials. Generally the
freshening seem to be completed in the Ribe Formation.
Slightly elevated chloride concentrations are observed in a
few wells, but these are attributed to diffusion form adja-
cent marine sediments.

3.2.2 Cenozoic geology of [ylland and the Danish North Sea

During the Late Cretaceous and early Tertiary marine fine
grained sediments were deposited in the Danish North
Sea sector and in large parts of Jylland. Through the Da-
nian the depositional environment was characterized by
deposition of cool-water shallow marine carbonates in the
Danish Basin (Sutlyk, 1997). From the late Palacocene
clastic deposition prevailed and during the late Palacocene
and most of the Eocene fine-grained sediments accumu-
lated in a marine environment. The variation in deposi-
tional conditions was caused by changes in sea level or
circulation patterns in the North Sea (Bonde, 1979, Peder-
sen and Sutlyk, 1983, Heilmann-Clausen ¢# a/., 1985, Ras-
mussen, 1994).

The transition from Palacogene to Neogene (Oligo-
cene-Miocene) in the Tertiary period is an important
phase in the sedimentary development of the eastern

TN :

Sweden

Figure 3.1. Quaternary geology map of Denmark with the loca-
tion of the Main Stationary Line (MSL) and the described study
sites, showing (1) 50 km long ctross section through the Ribe
Formation from the MSL in the east to the Island of Reme in
the west; (2) St Darum south of Esbjerg where a water supply
investigation well was recently completed; and (3) Fjand where 2
waster supply wells and 8 small monitoring wells at different
depths have been investigated.



North Sea Basin. The distinct uplift of Fenno-Scandia, up
to 1200 m in eastern Denmark (Japsen, 1993), resulted in
a marked increase of coarse-grained clastics in the south-
western part of the Danish area. Minor salt movements
also occurred during the Oligocene and resulted in a
smooth topography in the sedimentary basin. A complex
succession of alternating terrestrial/neat-shore and shelf
deposits were laid down in the Miocene and the coast line
was occasionally displaced more than 100 km basinwards
(towards the west). In the Langhinian the subsidence pat-
tern changed dramatically and strong subsidence of the
central North Sea occurred. The overall stacking pattern
of the Miocene and Pliocene succession correlates to gla-
cio-eustatic sea-level changes (Rasmussen, 1996; Serensen
et al., 1997) and the most prominent displacement of the
shoreline, into the basin, occurred in the early Miocene
(the Ribe Formation) and in the uppermost Miocene
(Messinian). The general sediment supply was from the
north and northeast and changed to a more westetly direc-
tions after the Langhinian tectonic event (Cameron ef al.,
1993; Serensen ez al., 1997).

In the Paleocene and most of the Eocene the climatic
conditions were warm and humid (Buchardt, 1978;
Bonde, 1979; Collison et al., 1981). At the end of the Eo-
cene a cooler period started and continued during most of
the Oligocene. Warm-temperate and humid climatic con-
ditions prevailed in most of the Miocene (Sorgenfrei,
1958; Radwanski ez al., 1975; Koch, 1989) and in the early
Pliocene. However, a marked temperature drop occurred
in late Miocene, and especially during the Pliocene (Bu-
chardt, 1978; Miller e7 al., 1987) and caused ice-cap growth
to increase. More rapid climatic fluctuations occurred in
Quaternary and caused the well-known glaciations during
the Quaternary.

In general the Cenozoic succession in the Danish on-
and offshore areas dips towards the west and thickens
from ca. 200 m in the easternmost part to more than 2500
m in the western part of the Danish North Sea sector.

The Palacogene is subdivided into 3 stratigraphic
packages; the Thanetian stage, the Eocene and the Oligo-
cene series. These packages are dominated by clay-rich
hemipelagic deposits in this part of the Danish area. Shal-
low marine upper Oligocene sand-rich deposits is, how-
ever, found in the ecastern part and is referred to as the
Vejle Fjord Formation.

The Neogene succession consists of a series of pro-
grading depositional systems, of which the Ribe Forma-
tion is one, that demonstrate successively infill of a basin.
The Neogene has been subdivided into 8 stratigraphic
packages representing the Aquitanian, Burdigarlian,
Langhinian, Serravallian, Tortonian, and Messinian stages
for the Miocene and Zanclean and Piacenzina stages for
the Pliocene (Fig. 3.3). The Miocene succession consists
of alternating marine and terrestrial deposits. Sand-rich
intervals in the Miocene mainly occur in the Aquitanian
and Burdigarlian shallow marine and fluvial sediments
known as the Klinting Hoved and Ribe formations, re-
spectively, and Langhinian fluvial deposits referred to as
the Odderup Formation. The succeeding Upper Miocene
Gram Formation is dominated by marine clays, but gradu-
ally becomes more silty and sandy in the early Pliocene.
The most sandy part of the Pliocene is known as the Sxd
Formation and occurs in the south-western-most part of
Jylland and on the adjacent small islands. The silty and
sandy Pliocene deposits can be traced as prograding del-
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taic systems towards the centre of the North Sea (Soren-
sen et al., 1997; Gregersen, 1997).

Quaternary deposits top the succession. These are es-
pecially thick in the western part of the geoprofile and in
incised valleys (Fig. 3.3). Strong Quaternary glaciotectonic
disturbances by thrusting of upper parts of the Miocene
and Pliocene successions occur onshore and in adjacent
offshore areas.

3.2.3  Palaeogeographic model of Southern [ylland and the adja-
cent North Sea during the LGM

During the Last Glacial Maximum the sea level was in a
lowstand of about 121 m below present sea level, Fair-
banks, 1989. The southern part of the North Sea as well
as most of the Central North Sea was above sea level in
that period. The base level for erosion and for the ground
water table therefore was situated at the rim the Norwe-
gian Channel and the Devil’s Hole area. The melt water
from the southern rim of the Scandinavian ice sheet
drained via the Elbe Urstromtal and its tributaries to the
sea. The Elbe-Urstromtal crossed the southern North Sea
in what is now the depression of the Heligoland Channel
from the present mouth of the Elbe, passed south-east of
Heligoland and continued in north-westerly direction and
passed between the Turbot Bank and the Tail End Bank.
From there it most probably continued to the Devil’s
Hole.

In southern Jylland the landscapes was made up of
Saalian glacial deposits, both tills and glaciofluvial sedi-
ments. During the Weichselian this old landscape was
eroded by the glacial meltwater rivers and vast sandur-
plains were deposited in the erosion valleys and partly on
the adjacent Saalian landscapes (Friborg, 1996). Friborg
indicates the base of the Weichselian erosion (= top of
Saalian sandurplains) to be about 15 m below the present
surface. In south-western Jylland by Tonder Eemian ma-
rine interglacial deposits are identified with the top in 10—
15 m below sea level (bsl.) indicating the base Weichselian
erosion. These are underlain by Saalian glaciofluvial de-
posits and overlain by Weichselian meltwater deposits.
Around the city of Ribe the top of the Eemian marine
deposits are found about 20-25 m bsl. indicating the
Weichselian erosion level in the extramarginal Gram A
valley (Mertz, 1977). The interglacial deposits are topped
by Weichselian glaciofluvial sands.

In the German part of the Heligoland Channel the
base of the Holocene has been mapped seismically, (Figge,
1980). Southwest of Heligoland the base is found around
35 m bsl. whereas at the border to the Danish sector the
base is at 64 m bsl. At this position (H. Hartmut, pers.
comm., 1990) a reflector is identified below base Holo-
cene at about 75 m bsl. Unpublished Danish reports from
two east-west profiles at ca. 55°45’N indicate the base
Holocene in the Heligoland Channel at around 72 m bsl
and another reflector below that at around 75 m bsl. In a
borehole at 55°48’N in the Heligoland Channel the base
of the Holocene is at 72 m bsl. A seismic reflector coin-
cide with a shift in the fluvial sediments in the borehole at
93 m bsl. This change in the sediment, including a shift in
the reworked foraminifera, from fine sand below to me-
dium sand above with scattered clasts and with gravel at
the base, is thought to mirror the basal probable erosion
level for the Elbe Urstrom in the Weichselian. The base of
the erosion of the Elbe Urstrom therefore is expected to
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Figure 3.2. An East-West cross section through the upper 250 to 350 m of the Quaternary and Tertiary
sediments in Southern Jylland. The shaded layer marks the quartz sands of the Ribe Formation which is
situated at depths between approximately 100 to 200 m below the surface and dips towards the west and
pinch out offshore. The main recharge area to the Ribe Formation is in the eastern part of the cross sec-
tion just outside the MSL of the last glaciation. Six of the wells listed in Table.3.1 (C, F, H, L, N, O) are
marked on the cross section. Well C is above the Ribe Formation in the recharge area. The groundwater
flow is towards the west. Pleistocene waters from the last glaciation seem to be present in the discharge
area at the coastline above the Ribe Formation (well N) and deep below the island of Reme (well O).
Groundwaters of Holocene age (10010 000 a) are generally found in between the recharge and the dis-

charge areas.

be some meters (15-20 m) below the base of the Holo-
cene.

The above mentioned unpublished Danish reports
also show that the area between the coast of Jylland and
the Heligoland Channel to a large extent is made up of
glaciofluvial sediments but highs and ridges of glacial till
in places also reach the Holocene subsurface.

In general the sea floor in the southern part of the
Danish North Sea sector is rather smooth. Only two ateas
rise from the flat sea floor. West of the westernmost point
of Jylland the Horns Rev rises as a ca. 4 km long ridge
about 20 m above the general smooth sea floor. The
Horns Rev is interpreted to be a moraine ridge. About
20 km west of the island of Reme the shoal Rode Klit
Sand rises about 10 m above the flat sea floor. This struc-
ture is also thought to be remnants of an old glacial land-
scape.

In the German sector the seabed sediments are
mapped (Figge, 1981 & 1983). Here the subsurface below
the Holocene is expected to be made up of glacial depos-
its, tills as well as glaciofluvial deposits.

In the North Sea morphological features from the
Saalian glacial period as well as features ascribed to the
Weichselian are both levelled by the marine processes:
erosion , reworking and deposition. These processes have
been active during the Eemian interglacial North Sea as
well as in the present Holocene North Sea.

Only few boreholes from the North Sea gives infor-
mation of the sediments. In the borehole BH 89/6 at
55°30°N, 6°10’E the sediments down to 207 m bsl primar-
ily consists of sand with gravel and with silty intercala-
tion’s, Pleistocene and possibly Pliocene in the lower part.
In borehole BH 89/9 at 55°10’N, 6°48’E, the sediments
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down to 160 m bsl are made up primarily of sand with
gravel, Pleistocene in the upper part and Pliocene in the
lower part.

3.3  Hydrogeological conceptual model

A conceptual model of the regional hydrogeology of
southern Jylland is developed based upon geological
cross-sections, observed groundwater levels, base flow
measurements, extraction rates and climatic data. Two
types of flow systems exist within the study area: 1) shal-
low aquifers consisting of Quaternary glaciofluvial and
interglacial sediments and 2) a deep regional aquifer sys-
tem consisting of Tertiary freshwater and marine sedi-
ments. The areal extent of the shallow aquifer systems is
within the order of 10s to 100s of km? and aquifer
boundaries often coincide with those of surface water
catchments. Recharge is from the infiltration of precipita-
tion and is estimated to be 250, 275, and 180 mm a~! in
western, central, and eastern Jylland, respectively. Dis-
charge from the shallow aquifers is to streams, wetlands,
lakes, exraction wells and to the deeper regional aquifer
system. Dischatge to surface water bodies accounts for 70
to 90% of the total recharge. The transmissivity of the
Tertiary sediments controls flow paths and the depth of
circulation in the shallow aquifer system. The Tertiary
sediments consist of clays in eastern Jylland, predomi-
nately sands in central Jylland and sand and clay in west-
ern Jylland. The hydraulic conductivity of the Ribe ranges
from about 1.3x10-3 to 2.0x10~* m/s with an average of
7.7x10~* m s~1. Hydraulic conductivity is generally greatest
in central Jylland and decreases to the west. Recharge to
Ribe Formation occurs primarily in central Jylland



Table 3.1. Selected parameters and estimated ages from selected wells in and above the Ribe Formation.
Wells in italics (A,B,C) show indications of human impact. Wells in bold (C,D,E,F) illustrate the impor-
tance of correction for fossil organic matter oxidation. Negative 14C “ages” indicate post-bomb waters
(14C concentrations above 100 pmc). The wells are listed in alphabetical order from the recharge area in
cast towards the discharge area in west. Six selected wells (C,F,H,L,N,O) are marked on the cross section
in Fig. 3.2. The wells J,N and O seem to be Pleistocene waters recharged during the last glaciation.

1 2 3 4 5 6 7 8 9@ 10 1 12 13 14 15 16  17¢) 18¢) 19®) 20 21
well screen pH Eh O; ClI SO4s NO; DIC H,S CH,DOC 4C 8BC B0 SH MC WC agel age2 age3
no. mbs mV - - - - mg/L - - - pmc % % TU pmcpmc a a a

A 918 7.65 -20 388 27 73 0.25 954 2.1 421 -10.0 -7.95 105 149 -423 -3297 -

B 31-51 7.11 120 200 48 23 432 86.7 34 755 -151 -7.82 125 170 -1845 -4373 -

C 65-73 7.31 -80 0.01 26 58 16 104 0.03 11 41.0 -12.30 -7.99 18 83 123 1507 -1733 -
D 8992 687 -22 002 16 36 03 58 0.03 1.5 352 -13.30 -819 11 66 143 3414 -2930 -
E 140-167 7.06 -106 0.05 16 14 0.1 94 0.03 .007 1.9 34.7 -13.00 -7.86 0.74 67 101 3344 -58 -

F 180-209 7.34 -102 0.04 17 7 0.1 158 <0.02 .026 1.6 46.6 -13.10 -7.58 <0.04 89 111 970 -871 -
G 161-173 759 -99 0.01 22 7 01 126 <0.02 1.0 38.2 -13.60 -7.58 70 92 2922 645 730
H 174-195 7.42 -145 0.03 24 6 03 151 0.03 .016 13 37.8 -1410 -7.52 67 83 3308 1522 970

I 180-202 7.65 -125 0.01 25 4 0.1 163 0.03 .013 19 34.0 -1410 -7.49 60 73 4184 2547 1340

J 184-224 902 - 0.00 19 12 04 172 <0.02 .11 130 0.6 -12.90 -8.73 1 1 36822 35113 14100
K 202-222 7.89 -151 0.01 55 8§ 03 133 012 09 27.0 -13.10 -7.44 52 68 5481 3239 1740

L 192-232 7.89 -145 0.02 83 7 0.0 158 <0.02 .020 3 232 -13.40 -7.41 43 54 6922 5127 2360
M 120-126 7.73 -108 0.04 185 6 04 (154) 0.04 .019 3.7 140 -13.0 -829 <0.04 27 34 10800 8900 3900
N 60-90 824 -37 0.00 109 12 0.5 (196) 0.05 .019 41 11 -13.0 -823 0.25 21 2.5 32000 30000 12200
O 292-304 7.78 -164 0.00 3400 36 0.3 (631) 69 156 0.7 -58 -9.23# 3.0 3.4 29000 28000 11200

@ as COy, calculated from field alkalinities by NETPATH (Plummer ¢ al., 1994) except numbers in parenthesis which are measured at the

14C lab. at Arhus University.
®) §13C cotrrection (Ingerson and Pearson, 1964)

© 313C correction and maximum correction for O oxidation of fossil 14C “dead” organic matter (Boaretto e a/., 1998)

@ As in column 20 but with correction for oxidation of fossil OM. by only half the original O, (6 mg L.-!) content and cotrection for aqui-
fer/aquitard diffusion after Sanford (1997) — assuming an average aquifer thickness of 20 m and an aquitard thickness of 50 m, poros-
ity values of 0.33 for both, and a diffusion coefficient D = 1x10-10 m2/s.

© Corrected for seawater mixing assuming 8180 = 0.0%o for seawater.

through the overlying Quaternary sediments. Here it is
estimated that 10 to 20% of the recharge to the shallow
aquifer system ultimately discharges to the Ribe Forma-
tion. Groundwater then flow westward within the Ribe
Formation and discharges to the North Sea through deep
Quaternary valleys located along the coast.

34 Results and discussion

3.4.1  Hydrochemistyy, isotopes and groundwater ages

Human impacts as indicated by relatively high concentra-
tions of nitrate, sulphate and trittum have been recognized
in shallow aquifers within the recharge zone of the Ribe
Formation in eastern Jylland. This influence can be recog-
nized to depths of 60 and 73 m below the surface. The
geochemical results from analyses of groundwater samples
from the Ribe Formation show no evidence of human
influence as indicated by the very low nitrate and sulphate
concentrations. This is in accordance with the isotope
tracers trittum and *C, which have values of less than 0.04
TU and between 0.6 and 47 pmc, respectively, indicating
that the groundwater in the Ribe Formation generally was
recharged during the Holocene (100-10 000 a BP).
Groundwater becomes progressively older towards the
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discharge area along the west coast of Jylland. The very
low #C values (< 1 pmc) measured in samples from west-
ern Jylland indicate some Pleistocene groundwaters re-
charged during the last glaciation may be present within
the aquifer system towards the coast (Table 3.1, Fig 3.2.).

No severe salt water problems have been recognized
in the Ribe Formation within the study area although,
chloride concentrations increase slightly towards the coast.
Locally, elevated chloride concentrations and even brack-
ish waters associated with high dissolved organic matter
content are encountered in western Jylland. The source of
the Chloride and DOC is thought to be primarily from
marine and lagoonal sediments adjacent to the Ribe For-
mation (Rasmussen, 1995, 1996), while lignite in the aqui-
fer itself may also contribute to the DOC. To the north,
the dissolved organic matter present in the Ribe Forma-
tion was found to be of terrestrial origin from adjacent
lacustrine sediments (Gron ¢f al., 1990).

The *C content in wells J, N and 0 (Table 3.1) is very
low (<1 pmc) indicating that these groundwaters are po-
tentially of Pleistocene age. The high DOC and/or So-
dium-Chloride concentrations in well ] and O are capable
of influencing the inorganic carbon pool either directly
through production of CO, from the fermentation proc-
ess and/or indirectly through the triggering of carbonate



dissolution/precipitation  processes  (Appelo,  1994).
Evaluation of the groundwater chemistry of the two wells
indicate that these processes seem to be insignificant in
well J, but in well O they cleatly affect the dissolved car-
bon pool as shown by the high DIC and CH4 concentra-
tions and the relatively enriched (“heavy”) 8'3C value.

Chemical and physical processes and " C estimated residence times.

One of the main issues in '“C age-dating of groundwater
is to correct for all the significant chemical and physical
processes that affect the dissolved inorganic carbon in the
groundwater. It has been shown that substantially differ-
ent age dates than those obtained from classical correction
models (For review see e.g. Fontes and Garnier, 1979;
Plummer ef al., 1994; Clark and Fritz, 1997) in some cases
can be obtained when recognized chemical processes in
the aquifer are considered (e.g. Plummer ez al, 1990;
Plummer ez al., 1994; Kalin and Long, 1994; Aravena ez al.,
1995). Similatly, significant corrections for physical proc-
esses (diffusion) in the aquifer are sometimes needed in
order to estimate reasonable groundwater ages (e.g.
Neretnieks, 1981; Maloszewski and Zuber, 1991; Sanford,
1997).

Effects of geochemical reaction/ mass transfer on "*C age estimate.

The two most important and common types of geochemi-
cal reactions affecting the inorganic carbon pool in
groundwater are carbonate dissolution/precipitation and
oxidation of fossil *C “dead” organic matter (e.g. Inger-
son and Pearson, 1964; Minnich, 1968; Pearson and Han-
shaw, 1970; Dotr ef al., 1987; Clark and Fritz, 1997). No
carbonate dissolution, however, is generally expected to
occur in the Ribe Formation because carbonates are ab-
sent in most parts. This is confirmed by sediment chemis-
try analyses and the relatively constant DIC and 8'3C-
values in most of groundwaters in the Ribe Formation.
Likewise no significant oxidation of organic matter seems
to occur in the Ribe Formation. In the Ribe Formation
the redox-environment seems mainly to be post-oxic
(Berner, 1981; Appelo and Postma, 1993), because oxygen
is reduced to very low concentrations in the layers above
(Table 3.1), and the relatively inert character of the Ribe
Formation sands. Slow sulphate reduction, though, is in-
dicated by the relatively low sulphate concentrations and
redox potentials in the Ribe Formation, and has been sug-
gested in an eatrlier study on the basis of H, measurements
(Jakobsen, 1995). However, no clear trend is observed and
the low concentrations could be a result of much lower
sulphur deposition in pre-industrial times (Graedel and
Crutzen, 1993). If slow sulphate reduction does occur, the
rate is generally too slow to considerably affect the carbon
pool. Only in the case of fresh and salt water mixing (well
O, Table 3.1) does carbonate dissolution/precipitation
and oxidation of organic matter by sulphate and metha-
nogenesis seem to affect the inorganic carbon pool in the
Ribe Formation.

In the recharge zone carbonates present in the Qua-
ternary sediments are most certainly dissolved and the
oxygen originally present in the groundwater might have
been reduced primarily by fossil organic matter before the
groundwater reaches the Ribe Formation. The effect of
these processes on the '*C age dating results has to be
evaluated. Studies in other similar Danish aquifers show
that the process mainly responsible for the reduction of
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oxygen might vary significantly. Boaretto e af, (1998)
argue that the oxidation of fossil organic matter affect 14C
age dating results in an aquifer in eastern Jylland. Postma
et al. (1991) demonstrate that pyrite oxidation is the domi-
nant process for oxygen reduction at the Rabis Creek
study site, and finally Hinsby (1988) estimate that both
processes are of approximately equal importance at a third
study site close to the Rabis Creek test site. Therefore the
effect of carbonate dissolution and fossil organic matter
oxidation have to be evaluated and taken into account.

In columns 19 and 20 of Table 3.1 the two processes
have been included in the estimation of the '*C age. Co-
lomn 19 presents age dates based on the correction for
the dissolution of carbonates in the aquifer by the 6'3C
method described by Ingerson and Pearson (1964). It is
assumed that the '*C and 8'°C concentrations in the ini-
tially dissolved so0il-CO; was 100 pmc and —25%o, respec-
tively, and that the dissolved carbonate had '*C and 6'3C
concentrations of 0 pmc and 0%o. Column 20 includes the
O13C correction as well as maximum correction for the
oxidation of fossil organic matter (0 pmc, —25%o) by oxy-
gen. The 83C values measured in the Ribe Formation
indicate that about half of the dissolved inorganic carbon-
ate in fact is from the dissolution of carbonates in the
recharge zone above the aquifer. This is in accordance
with what theoretically would be expected for the dissolu-
tion of carbonates under closed conditions (e.g. Appelo
and Postma, 1993, Appelo, 1994). This justifies the use of
the Ingerson and Pearson (1964) correction as a first ap-
proximation to a corrected “C age. In column 20 of Ta-
ble 3.1 a fossil organic matter correction is added assum-
ing that all oxygen originally present in the groundwater
(approx. 12 mg 1) is used to oxidize fossil organic matter
in the aquifer. This reaction would produce about 17 mg
L1 CO;z with #C = 0 pmc i.e. the effect of the “oxygen
correction” is significant especially for waters with low
DIC contents. The difference in the results in column 19
and 20 illustrates the importance of selecting the right
corrections for geochemical reactions in the aquifer. Note
that the negative “ages” in Table 3.1 indicate postbomb
waters as these are a result of corrected '“C values above
100 pmc. When evaluating all tracer and geochemical re-
sults in Table 3.1 it is clear that some cortection for the
oxidation of fossil organic matter seems to be needed in
order to obtain postbomb #C values in some high tritium
waters (e.g. well C). However, it is also indicated that not
all oxygen could have been reduced by fossil organic mat-
ter (e.g. well F). For well F the most up-gradient well in
the Ribe Formation fossil organic matter oxidation by up
to 5-6 mg L' O3 seems to be reasonable. This indicates
that about half of the oxygen originally present might have
been reduced by fossil organic matter and that other proc-
esses also take part in the reduction of oxygen. High sul-
phate concentrations in some wells indicate that pyrite is
another important reducing agent that at least locally re-
duces significant amounts of oxygen and nitrate.

No attempt will be made here to define the needed
geochemical corrections more precisely. Geochemical
modelling by NETPATH (Plummer e al, 1994) and
PHREEQC (Parkhurst, 1995; Parkhurst and Appelo,
1997) will probably be able to constrain the age ranges
further and these will be performed at a later stage. Only
the corrections described in the section above are applied
for groundwaters from well O, although redox-reactions
e.g. sulphate reduction by dissolved organic matter defi-
nitely has a significant influence on the dissolved inor-
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Figure 3.3. Simulated groundwater flow paths and age dates (ka) for present base level conditions. Solid
line indicate flow paths of groundwater recharged under present base level conditions. Dashed lines indi-
cate flow paths of groundwater that was emplaced at depth within the Ribe Formation under low base

level conditions.

ganic carbon. This is because “C age-dating at such low
14C values involves a significant uncertainty due to a rela-
tively large uncertainty on the estimation of initial *C and
813C values (Van Kemp ef al., 1998; Taylor, 1999), the risk
of significant contamination by modern carbon during
sampling and analysis is relatively high and finally the un-
certainties related to the effect of aquifer/aquitard diffu-
sion (see section below). Geochemical processes as well as
fractionation and diffusion processes will affect the esti-
mated #C age considerably at the Remo well making the
groundwater appear much older than it is.

However, noble gas results from the well calculate a
mean recharge temperature of approx. 2.7°C (Poole,
1998) indicating that the annual mean temperature at the
time of rechatge for this water was 5-6°C lower than pre-
sent day temperatures. This is in accordance with tem-
perature differences between present day and late Pleisto-
cene temperatures observed in other studies (e.g. Andrews
and Lee, 1979; Plummer, 1993; Stute ¢z a/., 1995; Clark ez
al., 1998; Loosli ez al., 19992) confirming that the sampled
groundwater indeed seem to be of a Pleistocene age. This
conclusion is also supported by a slight depletion of about
1.5%o in 80O in the Romo water compared to the 80 val-
ues generally observed in the Holocene waters in the Ribe
Formation. This value is comparable to values observed in
studies in the British Isles (Darling ¢z a/., 1997).

Effect of aquifer/ aquitard diffusion on " C age estimates

Diffusion will affect solute transport and age dating re-
sults e.g. using '*C and other tracers in fractured and lay-
ered aquifer and aquitard systems (e.g. Foster, 1975;
Barker and Foster, 1981; Neretnieks, 1981; Sudicky and
Frind, 1981; Maloszewski and Zuber, 1991; Sanford,
1997). The significance of diffusion of *C from the Ribe
Formation to surrounding aquitards and the impact of this
process on *C age estimates is evaluated below using the
method presented by Sanford (1997).

The DIC is assumed to be only slightly affected by
hydrodynamic dispersion and diffusion in the recharge
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zone above the Ribe Formation. However, during the
flow towards the coast the DIC content of the groundwa-
ters in the relatively thin Ribe Formation is potentially
affected to a significant degree by diffusion to the sur-
rounding clay and silt sediments. The effect of diffusion
from the Ribe Formation to the surrounding aquitards
was calculated by the equations described by Sanford
(1997), assuming a uniform thickness for the Ribe Forma-
tion of 20 m, a thickness of the surrounding aquitards of
50 m, and a porosity of the aquifer and aquitard of 0.33.
The results of these calculations are shown in column 21
in Table 3.1. The results show a significant influence of
the diffusion process resulting in diffusion corrected C
ages nearly three times lower than without the correction.
This correction factor is of the same order as the correc-
tion factors needed for the correction of the geochemical
processes (mainly carbonate dissolution) for most of the
wells in the Ribe Formation. This indicates that the
groundwaters of the Ribe Formation probably are be-
tween 3 and more than 10 times younger than uncorrected
14C ages would estimate, depending primarily on to what
extent the geochemical reactions have modified the dis-
solved inorganic carbon pool and the variation of the
thickness of the Ribe Formation and the surrounding
aquitards.

3.4.2  Groundwater flow modelling

A cross-sectional numerical groundwater flow model was
developed and calibrated for the study area. Steady-state
flow simulations using MODFLOW (McDonald & Har-
baugh1988) and particle tracking using MODPATH (Pol-
lock, 1989) were performed along the cross-section pre-
sented in Fig. 3.2. The objectives of the modelling are to
simulate flow paths and residence times within the re-
gional Miocene aquifer and to compare these results with
groundwater age dates estimated from isotopes. Simula-
tions show active groundwater circulation and age dates of
100s to 1000s of years within the Ribe Formation under
the recharge zone. Flow paths within the Ribe Formation



are then towards the west and ultimately to Quaternary
deposits within the deep valley located along the coast.
Simulated groundwater ages dates within the Ribe Forma-
tion near the Quaternary valley range from 2000 to 5000
years. Groundwater then flows upward through the Qua-
ternary deposits and discharges to the North Sea within
several kilometres of present coast line. Simulated
groundwater ages within the Quaternary valley range from
several thousand to over 10 000 years. Simulations also
indicate that groundwater located in deep Miocene sands
beneath the island of Reme are essentially isolated from
the present day flow system. Groundwater flow from the
recharge zone seaward beneath the Island of Remo was
simulated only under conditions of lower sea levels. The
simulated age dates within the regional groundwater flow
system are in general agreement with the isotope results

(Fig 3.2, Table 3.1).
3.4.3  Geochemistry and grain sizes of quarts sands

The geochemical analyses made on 16 samples of Ribe
Formation quartz sands from about 5 different levels in
three different wells in the cross section (Fig 3.2)show
that the sands generally is composed of more than 95%
quartz, the rest is mainly composed of phyllosilicates
(“clay minerals”) from the weathering of feldspars and
mafic minerals. The Carbon content is mainly organic and
constitutes generally less than 0.5% of the sands. These
pure quartz sands result in a relatively inert geochemical
environment in the Ribe Formation, and geochemical
reactions are limited.

Grain size analyses on 20 samples from the same three
wells mentioned above show that the Ribe Formation
mainly is composed of medium to coarse grained sands
with a few examples of gravel and fine sands. The geo-
metric mean of the hydraulic conductivity estimated from
the grain size analyses is 7.7x10* m s'.. This value is in
accordance with the hydraulic conductivity value found in
pumping tests (7x104 m s!), which have been used in the
groundwater flow simulations in this study and in other
groundwater flow simulations in the Ribe Formation.

3.4.4  Geophysical logging

Geophysical logs have been performed at 4 sites in the
project mainly to indicate active groundwater flow zones,
lithology and salinity. Summarized versions of the logs
performed at the 4 sites are shown in the data appendix.
At the Skaerback site (in the western part of the Ribe
Formation profile, Fig. 3.2) a flow log that was run in the
completely screened Ribe Formation showed that the
whole thickness of the aquifer was contributing to flow.
At this site sampling at fixed levels in the bottom, middle
and top of the aquifer showed no significant differences
between the groundwater quality and age (Buckley e# a/.,
this report). At the Fjand site (site 3, Fig. 3.1) the geo-
physical logs were especially helpful in defining important
flow zones and the mixing between waters from separate
aquifers e.g. due to short-circuiting wells (Buckley e# 4/,
this report/volume). At the Fjand site some differences
are observed in the water quality when pumping from
different depths of the aquifer, high TOC (“brown”) and
older waters are present in the deepest part of the aquifer
resulting in problems for the local water works. No prob-
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lems with saline waters however have been observed al-
though the well is located less than one km from the coast
line.

3.4.5  Porewater salinity in offshore wells

The porewater chloride contents have been estimated in
two offshore wells from the Danish and the German sec-
tor, with continuous cores down to depths of 206 and 160
m below the sea floor, respectively. The two investigation
wells were cored in a former EC project (Sha ez al., 1989)
investigating Quaternary sediments in the North Sea, at or
close to the left banks of the Heligoland Channel (the
Palaco-Elbe Valley) in the south-eastern North Sea. The
estimated chloride concentrations in the porewaters of the
cores range from about 2000 mg L' chloride to 25 000
mg L chloride (see data appendix). Most of the estimated
chloride contents in the porewaters indicate a fresh water
component and that the sediments below the North Sea
have not been completely salinized after the sea-level rise.
However, there is a large variation in the estimated chlo-
ride concentrations and no clear trend is observed with
depth in the profile, indicating that the porewaters of the
cores have been influenced too much during sampling and
storing to be used for any certain conclusions on the pos-
sible influence of fresh waters in the cores.

3.5  Conclusions

Hydrochemistry and isotopes (**C, *C and 8'80) show
that the Ribe Formation generally contains high quality
fresh groundwaters of Holocene age with no signs of hu-
man impact. However, noble gas data indicate 5°C lower
recharge temperatures for two coastal wells. These data in
combination with carbon and oxygen isotope data suggest
that Pleistocene waters occur in discharge areas around
the coast and locally in hydraulic isolated parts of the Ribe
Formation. Groundwater flow modelling results indicate
that the deep emplacement of Pleistocene age groundwa-
ters occurred under low sea level conditions during the
late Pleistocene. Modelling also suggests that these waters
are essentially isolated from the present flow system and
that fresh groundwaters may be “trapped” in deep sand
aquifers offshore.

Seismic surveys show that the Ribe Formation contin-
ues beyond the coastline below the present day North Sea
in some areas along the west coast of Jylland and e.g.
probably has a thickness of 40-50 m 15 km west of the
coastal water supply wells at the Fjand site. The combined
results from hydrochemical, geophysical, isotope and
groundwater flow modelling studies suggest that high
quality Pleistocene groundwaters may be present in some
offshore parts of the Ribe Formation. This probably de-
creases the risk of salt water intrusion into coastal water
supply wells.

Seismic sections and the investigation well on the is-
land of Romo that was drilled in the project show that
glaciotectonic features and tunnel valleys are common on-
and offshore and probably influence the groundwater
flow and aquifer continuity. Glaciotectonic deformation
and deep tunnel valleys may create conditions favourable
for cross flow between aquifer systems and the presence
of Holocene and Pleistocene age groundwaters in the
coastal discharge zone.



4  The Ledo-Paniselian aquifer in Flanders, Belgium: a model of a

freshening aquifer

4.1  Introduction

The Eocene Ledo-Paniselian aquifer occurs in the Belgian
provinces of East- and West-Flanders. It extends across
the Belgian-Dutch border into the Dutch province of
Zealand, where it is found at greater depths. This aquifer
presents a model example of a freshening aquifer, consist-
ing in initial marine conditions being freshened by precipi-
tation recharge. The freshening comprises two main proc-
esses: dilution and cation exchange. The latter gives rise to
a well-expressed chromatographic pattern upflow of the
fresh/salt-water interface.

4.2  Geology and hydrogeological structure

The Ledo-Paniselian aquifer is part of a sequence of alter-
nating clayey and sandy Tertiary deposits that are gently
dipping towards the north. In its semi-confined part, the
aquifer is overlain by Bartonian clay. Underlying the aqui-
fer, a thin layer of Paniselian clay is found, followed by the
Ypresian (or Ieperian) aquifer, which in turn is underlain
by the Ypresian clay (the equivalent of the London clay).
The sequence is shown in a cross-section (Fig. 4.1) ex-
tending from the unconfined/semi-confined boundary of
the Ledo-Paniselian in the south, towards the north. The
Ypresian clay layer reaches over 100 m thickness, and has
been considered impervious for modelling groundwater
flow and chemistry in the Ledo-Paniselian aquifer. How-
ever, it has been shown (Walraevens ¢/ a/, 1990) that un-
derlying aquifers are recharged through it, although at a
very slow rate.

4.3

Groundwater flow

Piezometric levels demonstrate that recharge of the Ledo-
Paniselian aquifer takes place in the areas with a higher
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Figure 4.1. Schematic hydrogeological profile A-A’

26

topography, where the aquifer is semi-confined and cov-
ered by the Bartonian clay (Walraevens, 1987). Outflow
occurs in part to the south, in the unconfined area, where
the Ledo-Paniselian crops out beneath the Quaternary
sediments. The other part of the recharged groundwater
flows in the opposite direction to the north, where the
depth of the aquifer increases.

Groundwater flow in the aquifer has been modelled,
both with a Q3D flow model (Walraevens, 1988) and
along cross-sections. Some flow lines are given in Fig 4.1.
The Q3D simulation has been done both for natural con-
ditions and for the present situation, which shows sub-
stantial changes in piezometric levels due to groundwater
exploitation by industry (and also by private households).
The recharge areas under natural flow conditions coincide
with topographically higher regions (Fig. 4.2; cf. Fig. 4.1).
Groundwater flow within the main part of the aquifer
then continues to the north or north-west.

44  Groundwater chemistry

The Tertiary sediments have all been deposited in a ma-
rine environment. At the end of the Tertiary the sea re-
gressed from the area, and the present-day topography
developed due to fluvial erosion. Groundwater flow was
induced by precipitation recharging in the higher regions.
Calcite dissolved in the infiltrating water, and freshening
took place, consisting in dilution of the marine pore solu-
tion and cation exchange, the latter mainly in the Barto-
nian clay in the recharge areas (Walraevens, 1987). In an
upstream direction, progressively more freshened water-
types are found in the groundwater (Fig. 4.3). The chro-
matographic sequence of cation exchange is found in the
subsequent surplus of Na*, followed by K* and finally
Mg?*, resulting in NaHCOj; and MgHCO; watertypes
(classification after Stuyfzand, 1991). Upstream of the
latter, Ca* is the dominant cation, leading first to a Ca-
HCO;* watertype (showing still evidence of cation ex-
change) and finally to a CaHCO3" watertype (without ca-
tion exchange evidence) (Walraevens, 1990). The distribu-
tion of groundwater types on a regional scale still reflects
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Figure 4.2. Natural groundwater flow in the semi-confined
Ledo-Paniselian aquifer



Figure 4.3. Distribution of groundwater types in the Ledo-
Paniselian aquifer

the flow pattern under natural conditions.

Measurement of adsorbed cations in the Bartonian
clay of the recharge area, showed a very clear depletion of
adsorbed Na™, compared to a boring outside the recharge
area, while adsorbed Ca?* is higher (Walraevens &
Lebbe,1989). The model PHREEQM (Appelo & Postma,
1993) has been used to model the freshening of the Bar-
tonian clay and of the Ledo-Paniselian aquifer along the
cross-section in Fig 4.1 (Walraevens & Cardenal, 1994;
Cardenal & Walraevens, 1994). The modelling results have
confirmed that the observed water qualities are due to ion
chromatography.

A remarkable feature is the steady increase of HCO3
along the direction of groundwater flow in freshening
groundwaters. The HCOj3~ concentration shows a positive
correlation with the extent of cation exchange, expressed
by the increase of Na*™ (Walraevens, 1990; Appelo, 1994).
Adsorption of Ca?* in exchange for marine cations, has
apparently initiated a second phase of calcite dissolution.
However, the modelling with PHREEQM has shown that
cation exchange alone can not account for the high
HCOj-values observed. Including sulphate reduction has
given agreement between observed and modelled data
(Cardenal & Walraevens,1994).

4.5  Data collection
4.5.1  Hydrochemical and isotope analyses on pumped groundwa-
ter samples

A new sampling campaign for hydrochemical and isotope
analyses on Ledo-Paniselian groundwater extracted from
wells was performed. Most sampled wells were chosen in
those regions where the density of existing data was the
lowest. Some samples were also taken from wells that had
been sampled before. The locations of isotope data that
were already available (Walraevens, 1990) and of the newly
sampled wells for isotope analyses, have been indicated in
Fig 4.4.

The new hydrochemical data were in agreement with
the regional pattern that had been described on the basis
of the existing data. The available data base for isotope
analysis had however been fairly limited, and several un-
certainties had remained, both for radiocarbon and for
stable isotopes.
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Figure 4.4. Sampling locations for the different isotope sam-
pling campaigns (filled squares: 1984, open circles: 1997, filled
triangles: 1998). Co-ordinates in km.

Isotopic data and interpretation

During the period 1997-1998 two sampling campaigns
wete organized. Each one involved sampling for stable
isotopes and for radiocarbon. Almost all sampled wells are
production wells. Stable isotopes were measured at I'TN
(Lisbon) and at Hydroisotop. A data set from 1984 was
already available (analyzed at laboratory of M.A. Geyh in
Hannover).

When all data are plotted in a 8D vs. 8'80 graph, three
groups of data can be recognized, depending on the labo-
ratory where the samples were measured (Fig. 4.5). All
values are corrected for the seawater contribution, calcu-
lated from the Cl concentration, presuming a seawater
component with $'%0 and 8D equal to SMOW.

The evident distinction between the three groups rises
questioning. As the samples were taken in the same way
and in the same recipients, a difference because of sam-
pling handling can be excluded. From the hydrogeological
point of view only one trend should be found as all sam-
ples are derived from the same aquifer. Further sampling
should be done to clear the difficulties arising from these
different results.

Each data set can however be explained. Data ob-
tained from 1984 were explained by a precipitation origi-
nating in colder regions of the ocean than it does today
(Walraevens, 1990). Data from 1997 plot close to the me-
teoric water line and can simply be explained by recent
and palacorecharge in a colder period.

Data from the 1998 sampling campaign can be ex-
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Figure 4.5. 8 80 — 8D relationship for the different sampling
campaigns. The values are corrected for seawater contribution
with an isotopic composition equal to SMOW.
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Figure 4.6. 580 — CI- reladonship for the 1998 sampling cam-
paigns. Line: isotopic mixing line between seawater (SMOW)
and palacowater (8!80 = —7.3%o).

plained by a combination of two effects. In the first place
there is both recent and palacorecharge, and secondly an
evaporation effect. During the colder period evaporation
was less strong than in the warmer period, which explains
why the palacowaters lie closer to the meteoric water line.

By plotting the uncorrected 380 data vs. Cl content
for the 1998 dataset, three groups can be distinguished
(Fig.4.6). The (more strongly) evaporated Holocene wa-
ters, the (less evaporated) Pleistocene waters and a mixing
between Pleistocene and ancient seawater component
with a 8180 value equal to modetn seawatet.

During the 1998 sampling campaign, samples for ra-
diocarbon dating were taken. The results show that the
youngest waters contain around 50 pmec. The older waters
range from 20 to 0.5 pmc with 813C values between —8
and —10%o. Some samples show suspiciously high d13C
values. This will be studied further.

4.5.2  Noble gas analyses

A total of 36 wells have been selected for noble gas analy-
ses, in collaboration with EAWAG-Switzerland. Only
preliminary results are as yet available. They indicate that
recharge temperatures for Pleistocene waters to be about
7°C cooler than for Holocene waters, which show a pre-
sent-day recharge temperature of around 10-11°C.

4.5.3  Cored drillings

Three cored drillings were executed at Ursel, in the west-
ern recharge area, where the Ledo-Paniselian aquifer is
recharged by percolation through the overlying Bartonian
clay. A first attempt was unsuccessful. A (second) test
drilling had to be ended at a depth of 7.5 m, in the clay.
The porefluid from the cores was analyzed for main ca-
tions and anions. A third drilling reached a depth of 21 m,
piercing through the clay, well into the aquifer. The
lithological and lithostratigraphical description of this boz-
ing is given in Fig 4.7. The porefluid of the cores has been
analyzed. The adsorbed cations and CEC of the sediments
have been determined by various methods.
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4.5.4  Hydrogeochemical analyses on core porewater from the Bar-
tonian clay and the Ledo-Paniselian aquifer recharge area

Porewaters from the core were obtained by the squeezing
method. The porewaters were analysed for main cations
and anions, pH and conductivity. The results are pre-
sented in Fig 4.7. There is a clear bipartition in the chem-
istry of the waters from the Bartonian clay compared to
those from the Ledo-Paniselian sand.

The high sulphate concentrations in the clay porewater
(around 60-70 meq L") can be explained by the dissolu-
tion of gypsum, which is observed in the core. These gyp-
sum crystals are due to pyrite oxidation in conditions
where the watertable was lower than at present. Further-
more, the morphology of the gypsum crystals (radial nee-
dles) indicate important diffusive transport following the
pyrite oxidation.

As a result of gypsum dissolution, Ca’* cations enter
the pore solution. The Ca?* cations are subsequently ex-
changed for the marine cations (Na*, K* and Mg?*) which
are adsorbed to the clay. In the present situation, almost
all Na* has already been flushed from the clay surfaces, as
Mg?* and Ca?* are the most important cations in the solu-
tion. The decrease of the sulphate concentration in func-
tion of depth in the clay is controlled by the solubility of
gypsum, as can be deduced from Fig 4.7.

As soon as the aquifer is reached, the saturation index
of gypsum falls bellow zero and sulphate concentrations
decrease drastically to about 11 meq L', indicating that
mixing occurs of sulphate rich and of sulphate poor wa-
ters. A possible explanation is the existence of preferential
flow paths through the clay, in which the once existing
gypsum has already completely disappeared by dissolution,
whereas the less favoured flow paths still contain gypsum
and thus elute sulphate rich waters. The cored boring
must be part of a slower flow path. In contrast, porewa-
ters from the test drilling reaching only 7.5 meters depth,
executed close to the groundwater divide, shows sulphate
concentrations of only about 4 meq L. This test boring
is likely to represent a preferential flow path.

Another possible sign for the existence of preferential
flow paths is the higher Mg?*/Ca?* ratio in the porewaters
from the clay (around 1.5 on the average) compated to
those from the aquifer (around 0.6), indicating that cation
exchange in the clay of the cored drilling has not yet
evolved as far as in other parts, where waters with lower
Mg?2*/Ca?" ratios are eluted from the clay (Walraevens &
Cardenal, in press). Indeed the porewaters from the test
drilling show a Mg?*/Ca?" ratio of about 0.5, meaning
that the clay has been flushed more strongly.

The most evident sign for the existence of preferential
flow paths in the clay, is the difference between the mag-
nitude of total concentrations of dissolved ions. In the
clay the total cation concentration is between 50 and 80
meq L~ whereas the concentration in the aquifer is
around 20 meq L1, clearly indicating that the water from
the aquifer did not elute from the clay just above, but is a
mixture with waters from different flow channels with
strongly varying salt contents.

The existence of preferential flow paths does have im-
plications for geochemical modelling. The different flow
paths result in mixing of waters originating from both less
flushed and more strongly flushed parts of the recharge
area, corresponding to zones in the Bartonian clay that
contain gypsum, and other zones that do not. Not only
the geographical distribution of gypsum is relevant for
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Figure 4.7. Lithology, pore solution composition and saturation index for gypsum of the cored drilling in

the recharge area.

geochemical modelling, but also its occurrence in time.
Probably the gypsum crystals were formed in conditions
when the watertable was lower than today, maybe in a
cold and dry climate.

4.5.5  Determination of Cation Exchange Capacity and adsorbed
cations

The chemistry of the Ledo-Paniselian waters is in the first
place determined by cation exchange coupled to the
freshening of the aquifer. The cation exchange capacity
(CEC) of the sediments, that are in contact with water
along its flow path, determines the chemical composition
of the water in terms of space and time. An increased
CEC means that more pore volumes of fresh water are
needed to flush an exchanger that was initially in equilib-
rium with seawater. Therefore a reliable determination of
the CEC and the adsorbed cations is a major issue in the
investigation of the groundwater quality of the studied
aquifer.
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Samples from the cored drilling were used to deter-
mine the CEC of the sediments and the adsorbed cations.
Different methods were applied.

The first method involves flushing of the adsorbed
cations with a NH4OAc 1M solution and subsequently
determining the adsorbed NH4* by steam distillation. The
second and third method (British Standard 7755/ss3.3 &
3.12) involve flushing of the adsorbed cations with a
BaCl, 0.1M solution. Method 3 is the same as method 2
but the BaCl, solution in the former is buffered at pH 8.1.
After Ba?"-saturation of the exchanger the Ba?*-cations
are removed by a known volume of a MgSO4 0.02 M solu-
tion. Excess Mg?* is measured as Ba?* is removed by pre-
cipitation with the sulphate ions. Finally, the fourth
method involves flushing of the adsorbed cations once
with a NaCl 1M solution and once with a NH4Cl 1M solu-
tion (method proposed by Appelo). Subsequently the
flushing cation is desorbed by a MgCl; 0.2M solution and
is measured.



depth (m)

O

—— NaCl/NH4CI
---8--- NH40Ac

O  BaCl2 pH sed

X  BaCl2 pH 8.1
NaCl/NH4CI sum cations

Figure 4.8. CEC and sum of adsorbed cations according to the
different methods in function of depth.

Each method needs some correction for the dissolu-
tion of minerals as gypsum or calcite. Furthermore contri-
butions of the pore solution have to be subtracted. Pore-
water contributions can be calculated from measured
porewater concentrations and porewater quantity or by
flushing the (dried) sediment with demineralized water,
and measuring the concentrations.

It is quite remarkable that the sum of the adsorbed ca-
tions is always higher than the measured CEC. This can
be explained by extra dissolution of calcite or gypsum in
the flushing solutions. Therefore the adsorbed Ca?*-
concentrations were adjusted so that the sum of the ad-
sorbed cations equals the CEC. These cotrections can be
very large resulting in a lower accuracy. Results for the
CEC measurements are represented in Fig 4.8.

Although all methods show the same trend, large dif-
ferences exist between them. The BaCl; methods generally
result in the highest CEC values. The buffered method
produces higher values than the non- buffered one,
probably due to deprotonation of the complex because of
the high pH. The method of Appelo leads to untreasona-
bly low results for the aquifer material, and relatively high
values for the clay.

The method proposed by Appelo is the only one in
which the adsorbed Ca?*-concentration is cottected by the
measured sulphate and bicarbonate concentrations, and
not by matching the sum of the adsorbed cations with the
CEC. However, the sum of measured cations (after cor-
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tion of CEC) of the adsorbed cations in function of depth (m).
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and sum of adsorbed cations. Calculated from pore solution:
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recting the adsorbed Ca?" for gypsum and calcite dissolu-
tion) is far larger than the measured CEC.

Comparing the measured equivalent fractions of the
different adsorbed cations on the exchanger (Fig. 4.9) with
those calculated from the pore solutions with PHREEQC,
using the standard exchange coefficients, one can con-
clude that the method of Appelo produces the best re-
sults, although the CEC values are far too low for the
sandy material. CEC values should therefore not be taken
from the Appelo method but rather from the NH4;OAc
method.

The uncertainty concerning CEC and adsorbed ca-
tions is rather high, and should be accounted for in geo-
chemical transport modelling, by choosing a lower and
higher limit for the CEC values.

4.5.6  Determination of Proton Exchange Capacity of decalcified
sand from Member of Oedelem

The Member of Oedelem is the upper part of the Ledo-
Paniselian aquifer. It consists of fine sand with many shell
fragments and glauconite. A mixed sample of this sand in
the depth range 19-20 m from the (third) cored drilling at
Ursel was decalcified with 0.1 M hydrochloric acid at
pH 5. Decalcification was done in a glove-box under ni-
trogen atmosphere. After decalcification the sample con-
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Figure 4.10. Titration of 1.000 g of pretreated (see text) sand of
the Member of Wemmel with 0.1000 M hydrochloric acid and
sodium hydroxide. Citcles: initial ionic strength 1 mM, squares 3
mM, triangles 10 mM. The consumed amount of acid or base is
corrected for a distilled water background.

tained less than 0.2% calcite. The samples were kept under
nitrogen atmosphere and titrated using the Wallingford
autotitrator as described by Kinniburgh e 4/, (1995). Ti-
trants were 0.100 M sodium hydroxide and hydrochloric
acid. Titrations were performed at 25°C and initial ionic
strengths of 1, 3 and 10 mM sodium chloride (Fig. 4.10).

The first titration started at pH 8.4 with titrant hydro-
chloric acid. The deviant behaviour of this curve is possi-
bly caused by traces of calcite. In the pH range 5 to 8.5
the proton exchange capacity of the decalcified sediment
is in the range 1 to 1.5 meq/100g. Assuming a porosity of
0.35 and a grain density of 2.65 g cm™3, this leads to a pro-
ton exchange capacity of 49 to 74 meq L' porewater solu-
tion.

4.6 Impact of late-Pleistocene and Holocene pa-
laeo-environmental changes

The freshening of the Ledo-Paniselian aquifer was recon-
structed using a solute transport model along a 40 km
long profile (Fig 4.2), which extends from the outcrop of
the layer in the south, crossing the recharge area and low-
lying polders, to the north bank of the Western Scheldt
river. The calculations were performed with a modified
version of the USGS MOC-model (KONIKOV and
BREDEHOEFT, 1978) which was adapted for variable
density flow, heterogeneous aquifer storage, time-varying
constant head boundaries and a direct solver for the flow
equation.

The treated profile comprises Quaternary deposits and
underlying Eocene and Oligocene layers. The substratum
of the model is formed by the Ypresian clay. The salinity
distribution as observed in the water quality shows that
rather fresh water occurs far northward under the present
polder area. At the Braakman and Groede sites, close to
the Western Scheldt river, salinity is only around 15%.

A first model simulation reconstructed the freshening
of an initially completely salty Ledo-Paniselian aquifer
under the actual flow regime. Boundary conditions were
derived from piezometric level observations, present to-
pography, as well as present surface water and sea levels.
This Holocene flow regime was introduced when sea level
had risen to its present position after melting of the glacial
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ice sheets and the shoreline was positioned near the pol-
der boundary. It has therefore been valid only for the last
10 000 years or so. The results of this simulation show
that even when this situation should continue for 30 000
years, fresh water infiltrated in the recharge area will never
flow so far to the north as it is encountered today. This is
mainly because the groundwater flux decreases in down-
stream, northward direction by loss of water by upward
flow, especially under the polders and coast. Flow veloci-
ties become so small that the freshwater front doesn't
advance significantly on the Holocene timescale. It should
require hundreds of thousands or even millions of years to
move the freshwater front to its actual position. This latter
statement was derived from a simplified, two layer advec-
tive model of flow under a constant drainage level.

It is obvious that the observed fresh/salt water distri-
bution is to be seen as the result of different flow regimes
in the past, most likely due to completely different palaco-
climatological conditions, which affected the groundwater
flow in the aquifer system. The pre-Holocene history
shows that during the ice ages, sea levels were much lower
(up to 150 m) than today and consequently, coastlines had
moved, especially in regions with a rather flat topography
like North Belgium and the North Sea basin.

The next step was to try to model the evolution of
flow and salinity during the last glacial period, the Weich-
selian. This period started around 115 ka ago and lasted
for more than one hundred thousand years. A palaco-
environmental model was constructed, which describes
the palaco conditions of hydrology, climatology and to-
pography during the successive phases of the glacial pe-
riod, and which could provide the necessary data for de-
fining the boundary conditions in the model. Special at-
tention was given to specific features like:

e Impact of low sea levels. Because the shoreline moved
to the north the discharge section in the profile can
have been displaced to the north, resulting in a con-
tinuing groundwater flux to the north. It is assumed
that under the sea hydraulic heads in the Ledo-
Paniselian are the same as sea level. This is built into
the model along the north side of the profile.

e The topography in the profile changed throughout the
Weichselian: first an extensive valley was eroded in the
Tertiary substratum (the “Flemish Valley”) to a depth
of more than 20 m below the present surface, later this
valley was filled up again. This erosion has changed
the base level in the profile between 115 and 70 ka BP.

e The occurrence of a permafrost layer. During the last
glacial maximum (25-13 ka BP) climate conditions
were so severe that in North Belgium a permafrost
layer could develop. This can have altered the recharge
and discharge of the aquifer system dramatically.

e Today the recharge of the Ledo-Paniselian is 40 to 50
mm a~!, which is small compared with the precipita-
tion rate of around 800 mm a~'. This is mainly because
the combination of the hydraulic conductivity of the
overlying Bartonian clay layer with the topographic
elevation of the ground surface in the recharge region
(which defines an upper limit to the position of the
water table) limits the percolation rates. Because the
limiting criterion is not the precipitation (most of it
doesn’t contribute to the recharge), it is thought that
during the Weichselian recharge rates were more or
less the same as today. Only a severe reduction of the
precipitation can influence the recharge rate of the
Ledo-Paniselian.



The results of the simulations are integrated in the syn-
thetic profiles at the end of this paper and can be summa-
rized as follows:

e During the Early Weichselian (116-70 ka BP) the base
drainage level in the profile was 20 m lower than today
and groundwater flowed much further to the north. At
70 ka BP the freshening front was nearly at the posi-
tion where it is found today.

During the Early Pleni-Weichselian (70-25 ka BP) the
Flemish Valley was filled up again and topographic
surface and drainage levels were rising. This caused a
decrease in groundwater flow velocities and the posi-
tion of the fresh water front was stabilizing.

The Upper Pleni-Weichselian (2513 ka BP) had very
cold conditions (LGM) and a permafrost layer was de-
veloping. The calculation of the thickness of a perma-
frost layer for given surface temperatures is treated
elsewhere (Chapter 11). These calculations show that
in a time interval of 12000 years, even for an average
temperature of a few degrees below zero, the perma-
frost can occupy the upper half of the modelled pro-
file. The first effect of a permafrost layer is suspension
or reduction of the recharge of the water table. This
will cause a lowering of piezometric levels under the
permafrost layer, although the situation can be more
complex in the early stages because of the disappear-
ance of discharge to surface waters. This process was
modelled with a separate hydrodynamic model and the
results hereof are discussed elsewhere (Chapter 13).
After the LGM, during the Late Weichselian (13—8 ka
BP) climate conditions were improving and the pet-
mafrost layer started to melt, although it may have re-
quired a few thousands of years before the whole layer
had disappeared. During melting the aquifer system
may have been divided in an upper aquifer system
above the deeper permafrost, where normal recharge
has restarted, and a lower aquifer system under it. Be-
cause of the melting of the glacial ice sheets sea level
was rising and during the Holocene (8-0 ka BP) the
present level was reached and the shoreline was
moved to its present position.

Although North Belgium was never covered by an ice
sheet, the possibility that, during the second last glaciation,
the Saalian ice sheet influenced the flow was investigated
with a separate model simulation using a longer and
deeper profile. During the Saalian, the glacial ice sheets
had their southernmost extension and reached the central
patt of the Netherlands. Because of high pressures under
the ice cover, groundwater flow can have been reversed to
a southward direction. The results of this model are dis-
cussed elsewhere (Chapter 13).

4.7  Synthetic profiles

The results of the observations, analyses and modelling
research are summarized in the form of four synthetic
profiles. Both first ones illustrate the present-day situation,
the other two visualize old flow regimes during the
Weichselian period before, during and after the Last Gla-
cial Maximum.

4.7.1  Profilel: present day groundwater flow situation

The aquifer is recharged in the south where young
fresh water percolates through the overlying clay layer
(Fig. 4.11).

From the recharge area, most of the infiltrated water
flows to the north; a small part flows to the outcrop
area in the south.

To the north water is discharged upwards to the low
lying polders (mainly in The Netherlands). Flow ve-
locities become smaller and further northward there is
virtually no flow, even in a part where fresh water is
found today.

When the fresh water replaces salt water, cation ex-
change processes occur, affecting the groundwater
composition.

In the north, more saline water is found, although at
the moment it is not clear how far freshening has in-
fluenced groundwater composition in the aquifer.
Around 25 km from the rechatrge area, the groundwa-
ter is composed by 85% of the fresh end member.
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Figure 4.11. Present day (0 BP) groundwater flow situation
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4.7.2  Profile 2: age and origin of the groundwater

Under the recharge area and in the upstream part of
the aquifer the fresh water is young and has infiltrated
after the last glacial maximum (< 15 ka BP) (Fig. 4.12)
Further to the north the water has probably infiltrated
during the colder part of the last glacial period (15-25
ka BP)

Even more to the north the fresh water becomes older
and has infiltrated before the last glacial maximum
(>25 ka BP)

The saline water in the north is very old: it is the con-
nate sea water from the Eocene period and is around
40 Ma old.
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4.7.3  Profile 3: groundwater flow during permafrost development

This situation occurred before the Last Glacial Maxi-
mum (> 25 ka BP) when average annual surface tem-
peratures dropped below zero. (Fig. 4.13).

Sea levels were much lower than today and the shore-
line was positioned far to the north-west.

A permafrost layer starts to develop at the surface
causing a suspension or at least a reduction of the re-
charge of the aquifer system and a consequent lower-
ing of piezometric levels.

As long as summer temperatures are above zero, the
top of the permafrost can melt in summer and in the
active layer, local groundwater flow cycles exist.
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Figure 4.14. Groundwater flow during permafrost melting

e Beneath the permafrost, maybe an upward flow occurs
by the growth of the permafrost layer.

e This upward flow can displace the fresh/salt water
interface in upstream direction causing cation ex-
change processes, which can affect the composition of
the water.

e During the Last Glacial Maximum (15-25 ka BP) sur-
face temperatures were very low; the thickness of the
permafrost layer may have reached 100-200 m This
suspended the recharge of the aquifer system. As a re-
sult the hydraulic heads became very low.

4.7.4  Groundwater flow during permafrost melting)

e This situation occurred after the Last Glacial Maxi-
mum (< 13 ka BP) when average annual surface tem-
peratures became above zero. (Fig 4.14).

e Melting of the permafrost layer occurs both at the top
by the increased surface temperature and at the bot-
tom by the geothermal flux. The aquifer system is then
divided in a top aquifer, which is recharged again and
in which normal groundwater flow occurs and a bot-
tom aquifer separated from the upper one by the last
part of the permafrost layer. The deeper layer is re-
charged by the bottom melting of the permafrost layer
although recharge rates are probably lower than in
present conditions.

e It can have taken a few thousands of years before the
whole permafrost layer has disappeared.

4.8  Conclusions
The following conclusions have been drawn from the
study of the Ledo-Paniselian aquifer:

It may take a very long time for the groundwater
reservoir to reach a steady state after a new pumping has
started. This indicates that piezometric measurements for
the present-day pumped situation should be considered
with caution, when calibrating hydrodynamic models on
the present-day observations. Indeed, in semi-confined,
rather low permeability porous media from which
groundwater is being pumped at several locations, like the
Ledo-Paniselian aquifer, the steady state is very unlikely to
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be observed, especially when pumping rates are still
increasing. Impact on the water table will only occur many
years after groundwater extraction from the deeper
aquifers has been started.

Model calculations show that the observed fresh/salt-
water distribution is not the result of the present fresh-
water flow conditions, but the result of different flow
regimes during the ice ages when sea levels were much
lower. Occurrence of a permafrost layer during cold
periods could have a dramatic impact on the groundwater
flow system by (at least temporarily) decreasing the
recharge of the aquifers. The existence of the Saalian ice
sheet in the Netherlands could have influenced the flow in
the deeper Eo-Oligocene aquifers. The high pressures
which existed under the ice sheet could have reversed the
flow direction from northward to southward.

The distribution of groundwater types in the Ledo-
Paniselian aquifer is determined by two end members:
fresh Ca-HCOs3 water recharged into seawater saturated
sediments. Hydrogeochemical modelling has allowed to
confirm that mixing of the end members and cation
exchange are the main processes; calcite dissolution is
important as well. Cation exchange consists in the first
place in desorption of the adsorbed marine cations (Na¥,
K*and Mg?*) in exchange for the fresh-water cation Ca?*.
Moreover, older samples, that are less freshened, are
depleted in Mg?*, as a result of charge effects during
cation exchange.

Analysis of core porewater of the Bartonian clay
shows the existence of preferential flow paths in the clay:
quicker flow paths are more strongly leached, leading to
low total dissolved solids, low sulphate concentrations and
low Mg?*/Ca?" ratios; the slower pathways still contain
gypsum, increasing the sulphate concentrations and TDS,
and Mg?*/Ca?* ratios are higher because cation exchange
resulting from freshening has not yet progressed so far.

Four methods for determining CEC and adsorbed
cations have been compared: the NH4OAc-method, two
BaCly-methods (one in unbuffered and the other in
buffered conditions) and the NaCl/NH4Cl-method
proposed by Appelo. Reasonable CEC-values are
obtained with the NH3yOAc-method. Comparing the
measured equivalent fractions of the adsorbed cations



with those calculated from the pore solutions with
PHREEQC, one can conclude that the method of Appelo
produces the best results.

The proton exchange capacity of decalcified sand
from the Ledo-Paniselian aquifer was determined to be in
the range of 1 to 1.5 meq/100g.

The interpretation of C is complicated by the
corresponding  variation of 1*C: decreasing *C is
accompanied by a strong increase in 0'°C, indicating
chemical dilution of *C along a flow line.

Although the validity of a 8!3C-correction may be
questionable for the very high values (up to +0.1%o), this
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correction has been applied to the *C-data. The model
data suggest the presence of Pleistocene groundwater in
the downstream part of the aquifer, apart from Holocene
groundwater in the upstream part.

The isotopic composition of soil-CO; is a function of
the soil-CO; pressure. This relation was used for inverse
chemical modelling and subsequent radiocarbon dating of
the Ledo-Paniselian groundwaters. Higher CO»-pressures
cleatly correlate with less negative 0'80, implying warmer
conditions.



5 Palaeowaters in coastal aquifers of southern and eastern England

5.1 Introduction

The British Isles lie in a strategic position for the consid-
eration of the impacts of Late Quaternary climate change
on the landscape in general and water resoutces in particu-
lar. The land surface and near shore areas have been
strongly affected by glacial advances and permanent ice
cover, by permafrost, especially in southern Britain, and
by sea level change. Glacio-isostatic changes have had a
strong impact on the coastline, especially along the west-
ern seaboard, in addition to the global eustatic changes in
sea levels. In the present PALAEAUX studies, an empha-
sis is placed upon the effects of these major changes on
groundwater systems in southern and eastern England
adjacent to the English Channel and the southern North
Sea.

The probable maximum advance of the two principal
ice masses (Anglian and Devensian) into central and
southern Britain and adjacent coastal areas are shown in
Fig. 5.1 (Bowen, 1986) and both of these have led indi-
rectly, through permafrost development, to modifications
to the near surface properties, especially jointing and the
spatial variability of permeability in the Chalk (Younger,
1989), which forms the main aquifer of interest in the
present studies. The presence of thick ice cover over or
adjacent to the outcrop of both the Chalk and the Triassic
sandstone aquifers in northern England during the De-
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Figure 5.1. Site and location map of PALAEAUX investigations
in England. 1) East Midlands, 2) East Yorkshire, 3) Lincolnshire,
4) Thames Estuary (North Kent), 5) South Downs, 6) Dorset
and Poole Harbour

vensian glacial maximum could have had significant im-
pacts on the directions and depths of groundwater flow
(Boulton ez al., 1995, 1996). The presence of outwash
drainage may also have influenced the nature of recharge
during the periglacial periods. The duration of ice sheet
cover was probably restricted to around 10 000 years yet
the much cooler Devensian climate (see Goodess e al.,
1990) lasted prior to the glaciation back to around 65 000
BP. Despite this, there is evidence from speleothem
growth that diffuse groundwater recharge must have taken
place at intervals throughout the Devensian (Gordon ef al.,
1989).

In the context of the present study, sea level change
has probably had the strongest impact on the groundwater
evolution. The English Channel and the North Sea were
completely drained in the near shore regions for most of
the last 100 000 years and the base levels for hydraulic
purposes were around —65 m OD and =30 m OD respec-
tively, well above the maximum fall of ca 125 m. This
decline in sea levels also had the effect of increasing the
continentality of UK and Europe as a whole with the
nearest open sea around 150 km to the SW of Brighton.
This would for example have affected the precipitation
chemistry. For most of the Devensian the Channel floor
was an area with forest/grassland and a zone with a de-
veloped freshwater cycle and with land connections across
the palacovalley (see Ch 17) with France. The present day
coastline has only been in place for the past 7000 years.
This is especially evident when onshore drainage maps are
compared with those offshore, as preserved in buried and
infilled valleys (Bellamy, 1995). This reveals that the drain-
age relates to deeper base levels and present onshore
catchments are merely the exposed upper 30-50% of
catchments developed during the Pleistocene.

The objective of the UK PALAEAUX studies has
been to examine evidence for the presence of palacowa-
ters in the aquifers of the southern and eastern coastal
regions, their possible offshore extent and to establish the
controls on groundwater emplacement and movement as
well as development of the water quality, against the wider
studies of late Quaternary evolution of the UK.

5.2 Programme of work

The scientific programme has concentrated mainly on the
Chalk aquifer adjacent to the North Sea and English
Channel coastlines. These areas, underlain by confined
and unconfined Chalk, represent contrasting hydro-
geological conditions exposed to the changes in sea level
as well as the north to south gradients of the impacts of
glaciation (Fig 5.1). Advantage has been taken of com-
mercial or research drilling projects to obtain core material
(North Kent, Wessex and Yorkshire) for investigation of
interstitial water profiles as an accurate method of depth
sampling of the matrix water. Hydrogeophysical logging
has been used extensively to define the stratification in
water quality and to indicate horizons suitable for detailed
chemical and isotopic work. This is necessary since pref-
erential flow may occur in boreholes allowing mixing (see



Table 5.1. Stable isotope and radiocarbon data for Chalk groundwaters from Yorkshire and Lincolnshire.

Locality Distance to &80 &H o13C Activity
coast uC
km %o %0 %o pmc
Yorkshire
Bluekeld Spring 16 -8.1 —51 —12.7 52.0
British Gas 3 2 -8.1 —58 -9.1 52.1
Britax 1 77 —49 —~11.2 51.5
Grimston 0 -8.0 —50 93 3.65
Needlers, Hull 3 -75 —47 -85 12.0
Flamborough Maltings 1.5 77 —48 -85 47.8
Carnaby 2.2 -8.1 -52 -13.6 67.7
Lincolnshire
Heneage Road 2 2.5 -10.3 57.9
Dixon Ltd No 1 3 -75 —51 -11.9 55.2
Middle Farm 2 -73 —50 —6.8 8.62
The White Bungalow 9 -73 —49 —13.1 17.0
Bleak House Farm 0.5 -75 —51 -10.9 16.7
Mumby 2 1.5 —7.4 —53 —14.6 39.1
Thutlby 2 4.5 —7.4 —46 -12.3 38.4
Chapter 15); hydrogeophysical logging provides the neces-
sary control for interpretation. 5.3  Results

Further investigation (modelling studies and geo-
chemical re-interpretation) has been made of the well-
studied East Midlands Triassic sandstone aquifer which
has provided a model for the PALAEAUX project as a
whole. The Cretaceous sandstones underlying the Chalk in
coastal areas of Lincolnshire and on the south-coast near
Brighton have also been sampled.
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The UK results are considered separately by area. A large
data base has been produced with only selected data
shown here.

5.3.1  Yorkshire and Lincolnshire

Chalk

The Chalk is the main aquifer and an important source of
water supply for Lincolnshire and east Yorkshire (Figs. 5.2
& 5.3). The Formation outcrops in the Wolds escarp-
ments in the western part of the region and dips gently
north-eastwards where it is covered and in places confined
by Quaternary Drift deposits. The Chalk surface retains
the record of a fossil cliff line and wave-cut platform of
Ipswichian age which is particularly marked in the north-
ern and southern parts of the Chalk but has little topog-
raphic expression in the vicinity of the Humber Estuary.
The Quaternary Drift cover is particularly thick to the east
of this feature, reaching up to 45 m of dominantly imper-
meable clay in the Holderness Peninsula of north Hum-
berside. Drift deposits are patchiest in the Humber Estu-
ary.

The Drift cover has an important impact on ground-
water flow and chemistry in the Chalk aquifer. Recharge
occurs in the western outcrop area and natural flow is
dominantly eastwards along the structural gradient, al-
though flowlines are modified significantly by high ab-
straction rates in the Humberside urban centres of Hull,
Immingham and Grimsby. Groundwater flow is restricted
by the Drift deposits, especially where these are thickest to
the east of the fossil cliff line. In the confined aquifer,
groundwater flow rates are sluggish, particularly in Hol-
derness and the southern part of Lincolnshire. The
groundwaters show evidence of chemical evolution along
flowlines with aerobic, often polluted groundwaters at
outcrop and older, reducing and non-polluted groundwa-
ters in the confined aquifer.
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Table 5.2. Radiocarbon results for groundwaters from the
Spilsby Sandstone of Lincolnshire with model ages calculated by
correcting for mineral reaction after Evans ez al., (1979).

Sample Well Distto 8BC Activity Corr.
depth coast modern  age
C

m km %0 % years
Driby 4 64 155 —12.1 61.66 modern
Candlesby 1 58 1.5 -11.6 27.63 4000
Welton le Marsh 1 77 10.0 —13.0 27.53 4900
Manby ?75 9.0 149 4540 2000
Maltby le Marsh 3 172 45 128 1897 7900
Mumby 1 162 1.5 -—125 17.02 8600
Whitestacks 123 0.5 —-10.6 3.38 20600
Butlins Notth ?83 00 92 1.94 24000
Fenland Laundry 115 0.0 -105 0.33  >35000

Chalk structure also has a major impact on groundwa-
ter flow. The Chalk is of the order of 300 m thick but
groundwater flow is largely restricted to the upper 50 m of
the formation where fracturing is most well developed.
Flow is also strongly influenced by localized folding: the
N-S trending Hunmanby Monocline in Yorkshire and the
E-W Caistor Monocline in Lincolnshire impose local re-
strictions on groundwater flow.

In the upper parts of the Chalk aquifer, groundwater
movement along fissures has been relatively rapid and
there has not been widespread preservation of palacowa-
ters. Saline zones are present in the coastal fringes of the
Chalk, most notably in the Holderness Peninsula, Humber
Estuary, Grimsby-Immingham areas and southern Lin-
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colnshire. Combined radiocarbon, stable isotope and trit-
fum (University of Birmingham, 1978) evidence indicates
that saline intrusion is of relatively recent origin in the
urban areas of the Humber and Grimsby-Immingham.

Stable isotope compositions of confined groundwaters
investigated in the present study (Table 5.1) are mostly
indicative of relatively modern recharge: 880 composi-
tions are typically around —7.4%o, 8*H typically —50%o and
813C values mostly =14 to —11%o, although in coastal areas
some of the groundwaters are affected by mixing with
intruded seawater and stable isotope enrichments have
therefore occurred. Activities of *C of >20 pmc typify the
groundwaters of the confined Chalk aquifer (Table 5.1)
and support the evidence of a relatively modern, though
pre-industrial, age.

Saline groundwater of an older generation appears to
exist in the Holderness Peninsula and southern Lincoln-
shire (University of Birmingham, 1978; Hiscock and
Lloyd, 1992) where C activities of less than 20 pmc are
present (e.g. Table 5.1). Saline water present in the Chalk
in southern Lincolnshire was taken as a body of seawater
intruded during the Ipswichian Interglacial (ca 110 000
BP) by Lloyd and Howard (1978) but as groundwater with
a significant component derived by upward leakage from
the underlying Carstone by Hiscock and Lloyd (1992).
Trace-element evidence (notably As) from the present
study lends some support to the latter hypothesis.

Interstitial waters and bailed samples were taken from
a coted Chalk borehole at Carnaby, 2 km from the coast,
in Yorkshire (Fig. 5.2) which penetrated 72 m of Chalk
below 28 m of Drift. The log of the borehole shows de-
creasing fissuring with depth, notably below 72 m but the
temperature profile is effectively constant at 10.3+0.1 to
depth indicating present day groundwater movement to
—100 m. The conductivity profile also is nearly constant at
37015, Interstitial water profiles also show relatively small
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Figure 5.4. Interstitial water profiles from Carnaby No 1 bore-
hole. Note the zone from 85 to 95 m depth containing slightly
morte evolved (probably older) water.

variation in Cl (25£5 mg L!). However several other indi-
cators suggest that relatively older water is present be-
tween 80—95 m depth (Fig 5.4). Strontium which has been
used as a key indicator in the southern UK Chalk shows
no significant increase, but F, I and SOy increase with
NOs; decreasing to background levels. The &80
(=7.820.0%0) and 8*H (—50%2%o) values are also almost
constant. These results probably indicate that modern
water (with high nitrate) is penetrating selectively to 100 m
but the profile in general below 80 m may contain water
of pre-industrial age. A *C activity of 68 pmc was found
in bailed groundwater from near the base of the borehole
at 96 m.

Unlike the Chalk of southern England, there is little
evidence for the occurrence of freshwater at depth be-
neath the zones of saline intrusion. Lloyd and Howard
(1978) mention the existence of borechole conductivity
logs from Lincolnshite showing freshening of groundwa-
ter profiles with increasing depth but give no data and
provide no information on their location.

Spilsby Sandstone

In Lincolnshire, minor aquifers of glauconitic sandstone
of Lower Cretaceous and Upper Jurassic age (Carstone
and Spilsby Sandstone Formations) are also used for water
supply but abstraction volumes ate comparatively small.
Only the Spilsby Sandstone is exploited for public water
supply. This formation outcrops in the west, to the west
of the Chalk escarpment and dips north-eastwards con-
formably with the overlying Chalk (Fig 5.3). The Spilsby
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Sandstone is separated from the Chalk by some 70 m of
largely impermeable clay, marl and ironstone deposits. It is
also underlain by impermeable Jurassic Kimmeridge Clay.
It therefore comprises a thin (ca 10 m) aquifer without
hydraulic connection to other strata. Most groundwater
abstraction is from the confined aquifer.

Chemical compositions of groundwater in the Spilsby
Sandstone demonstrate evolution along the flow gradient
from recently recharged, oxidizing and often polluted
waters at outcrop, through to reducing non-polluted
groundwaters beyond the redox boundary. Groundwaters
show evidence of decreasing Ca and Mg and increasing
Na down the flow gradient, considered due to ion-
exchange reactions with clay minerals, especially glauco-
nite, in the sandstone (Smedley e al, 1994). Salinity in-
creases slightly along the flow line, due mainly to increas-
ing residence time and rock reaction rather than saline
intrusion. On the coast at Skegness, Cl concentrations are
still less than 200 mg L1 (SEC values around 1300 uS cm-
1) and demonstrate that fresh groundwaters occur in the
aquifer even on the coastal margins and probably also
offshore.

Stable isotope and radiocarbon techniques have been
used to assess the evolution of groundwaters along the
flow line. Radiocarbon data are particularly diagnostic in
demonstrating a relatively simple pattern of increasing
residence time with distance along the line of groundwater
flow. At the coastal margins, groundwaters in excess of
35 000 years old have been detected (Table 5.2). These are
just 15 km or so from the outcrop area and indicate that
groundwater flow (mainly intergranular) in this aquifer has
been extremely slow. The aquifer has been unaffected by
saline intrusion during Quaternary sea-level fluctuations.

5.3.2  North Kent

Two boreholes were drilled on the shoreline of the
Thames Estuary at Reculver in North Kent near Herne
Bay. The first borehole drilled to 205 m depth penetrated
32 m of Palacogene strata overlying Chalk. The second
borehole 1.8 km east of the first was only drilled to 104 m
depth. These boreholes were partially cored and were
geophysically logged to characterize the lithostratigraphy,
vertical salinity variation and groundwater movement.
These results have been compared with groundwater in
the Chalk at boreholes up to 8 km inland (Fig 5.5).

Geophysical fluid logging of the first borehole showed
a complex time-varying salinity profile which was caused
by invasion of the lower part of the borehole by waters
from the upper part. Fluid logging at intervals throughout
a 204 day pumping test showed how the invaded waters
were slowly recovered and a tripartite salinity profile be-
came established which matched that obtained from cen-
trifuged pore fluids from core material.

The salinity profile (Fig. 5.6) confirms an upper brack-
ish zone from —30 to —52 m (OD) with Cl 4000 mg L.!
overlying a zone of higher salinity —52 to —-94m
(12 000 mg L1 Cl) overlying a basal zone of steadily de-
creasing salinity (4000 mg L1 Cl) from —94 to —200 m
OD. Borchole flowmeter logging showed there were 7
main water inflows from the Chalk. The flow logging
demonstrated the upper brackish, middle saline and lower
brackish zones transmitted flow in the ratio 4:2:1. Com-
parison of the geological and geophysical logs with the
inland boreholes resolved the stratigraphy and revealed
the northward dipping Chalk aquifer was interrupted by
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holes

E-W trending fold axes and showed that the coastal bore-
hole site was immediately downgradient of an anticlinal
fold structure representing a barrier to groundwater flow
from inland. The combination of unconfined Chalk at the
coast further east and the anticlinal fold barrier to
throughflow provides the framework for the tripartite
salinity distribution observed.

Pumped groundwaters and porewaters of the upper
brackish zone have low tritium content (<0.7 + 0.2 TU)
and are not modern recharge. Model ages and '“C activity
support the idea that fissure water in the upper zone is
<2000 years but is of mixed origin and therefore could
represent a mixture of much older matrix water and
younger fissure water. There was no evidence of any
component of modern seawater or water from Tertiary
strata in the pumped water during the short period of
pump testing of both boreholes.

Groundwaters of the upper zone down to =52 m OD
are consistent with throughflow refreshening of a body of
older Holocene seawater. This sea water could have en-
tered and partially contaminated the aquifer duting the sea
level rise in the Thames estuary area although no other
evidence of sea levels higher than the present is available.
The freshening is thought to be associated with the
maximum fissuring and porosity development that has
occurred down to that depth which is recognized by the
geophysical logging. The morphology and depth of the
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buried channels immediately offshore reported by
Bridgland and d’Olier (1995) strongly suggests a link be-
tween the developed permeability of the upper zone and
the hydraulic base level at =50 to —60 m OD.

Groundwater of the middle saline zone is isotopically
similar to that of the brackish zone above. This has only
50% of the throughflow of the upper zone, and so has not
undergone the same amount of freshening. This is proba-
bly due to its lower porosity and permeability at depth.
The zone of lower chloride water below —100 m, having a
depleted 080 signature (~8.2%o) is considered to be an
older generation of fresh groundwater emplaced during
the colder climatic conditions of the Devensian and when
sea level was much lower. This lower zone water has ele-
vated St, Ba and F concentration consistent with the geo-
chemical model found elsewhere in UK (Edmunds ez 4/,
1987) for evolved groundwater in the Chalk.

Groundwater inland at Ford PS contains detectable
trittum (1.5 TU) and is dominantly pre-1950 water with a
small quantity of modern recharge. On pumping it draws
in more saline (older) water from the low-lying coastal
area to the north. Groundwater at Hoath observation
borehole (EC ~1200 uS/cm) has no detectable tritium
and is isotopically depleted. It is also considered to be a
fresh palacowater recharged in the Devensian.

Hydrogeochemical investigations of the area to the
west of Reculver have revealed the occurrence of palae-



Table 5.3. Isotopic data for groundwater samples from the confined Chalk and Lower Greensand aquifers of the Medway area of Kent.
Greensand samples are from below the Chalk outcrop.

Locality Distance from &80  §H dC  Activity 4C
Chalk outcrop

km %o %o %o pmc
Chalk
Sheppey Ltd, Rushenden 8 -78 —51 —14.2 38.5
Funton Brickworks 4 -7.6 —49 -6.7 4.14
Co-Steel, Sheerness 10 —8.4 —56 ~14.8 10.6
Sheerness Port 10.5 -84 —56 -14.3 2.95
MC Air Filtration 3 -72 —48 ~16.4 79.3
Motney Hill WTW 2 -8.1 —48 —14.5 40.1
Lower Greensand
Akzo Nobel 0 -85 —54 —12.5 1.32
Capstone PS 0 -79 —49 ~16.8 26.5
Luddesdown PS 0 -7.2 —45 -16.5 38.9

owaters in the Chalk and Lower Greensand aquifers,
though of limited regional extent. Chalk outcrops in the
uplands escarpments of the North Downs but towards
the Thames Estuary (northwards) becomes partially and
then completely confined in turn by Tertiary silts, sands
and clays of the Thanet Beds and the London Clay.
Groundwaters from the deep confined Chalk aquifer
(>150m depth) on the Isle of Sheppey (Table 5.3) have
14C activities of less than 5 pmc with slightly negative 6'80O
values (—8.4%0). This groundwater is relatively fresh (SEC
1000 uS/cm). Groundwaters from closer to the feather
edge of the confining Tertiary beds (Table 1.3) are of
more recent origin with higher C activities and modern
stable isotope signatures. Some groundwaters from the
deeper Lower Greensand aquifer (ca. 300 m depth) are
also fresh palacowaters (SEC <900 puS/cm) with radio-
carbon compositions of 1 pmc and light stable isotope
compositions.
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Figure 5.6. Variation in Cl content in depth samples and inter-
stitial waters in Reculver 1 borehole
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5.3.3  South Coast — Brighton to Chichester

The geological structure of the south Downs has a
marked impact on the hydrogeology of the area. A num-
ber of east-west folds cross the area, the most important
being the Chichester syncline which has a gently dipping
south limb (2-3°) and a steeply dipping north limb. It is
bounded to the south by an anticlinal structure — the
Portsdown anticline which becomes the Littlehampton
anticline in the east. Up to 160 m of Tertiary sediments
and drift cover the Chalk surface near the syncline axis,
preventing or restricting groundwater flow from north to
south. These structures continue offshore but are flexures
of the larger regional Hampshire-Dieppe Basin (see Chap-
ter 6) which brings the Chalk to outcrop in the Channel
some 30 km offshore. The base level for the area during
the Devensian was controlled by the large palacovalley (at
about —60 m) some 20 km south of the present coastline
(Hamblin e a/., 1992) and there is evidence that the im-
mediate offshore area was subject to erosion and sediment
deposition, including peat, during the periglacial to tem-
perate oscillations of the Devensian (Bellamy, 1995).

The aquifer of the South Downs has been studied in
detail from Brighton to Chichester in the west (Fig 5.7).
This is an area with a high population density and which
relies almost entirely on groundwater resources. In the east
the unconfined chalk aquifer forms the coastline and since
the turn of the century intrusion of saline water up to 500
m inland has been recorded (Monkhouse and Fleet, 1975)
causing some abandonment of boreholes. This necessi-
tated the replacement by sources further inland, although
in later years one source, Eastbourne has been reinstated.
Hydrogeophysical logging has revealed that the saline
water moves inland along discrete horizons yet at the
same time freshwater may be moving seawards. Careful
management of the aquifer in recent years has led to the
optimum use of the coastal zone, restricting the pumping
(and sea water invasion) during times of lower water levels
in summer (Headworth and Fox, 1986).

Geological cross-sections based on geological and
geophysical logging data shows that groundwater re-
charged on the South Downs flows south towards the
Channel but is also interrupted by E-W trending fold
structures in a mirror-image of the geological structure
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ton.

seen in the North Downs in N.Kent. Detailed lithostrati-
graphic comparisons in the Chichester area show the
groundwater is moving up-sequence through the New Pit,
Lewes, Seaford, Newhaven and Tarrant Chalk units as it
flows south towards the coastline where it is confined by
drift. The physical properties of these Chalk units differ
and this affects the aquifer properties and introduces
vatiation in well yields.

In the Brighton area the Chalk aquifer is unconfined at
the coastline and modern seawater can enter the aquifer.
Fluid logging shows water movement is greatest in the top
50 m and fluid temperature logs again show cooler faster
circulating groundwaters above —55m OD and -95m
OD corresponding to offshore river valley base levels.

A new geochemical database for the regional Chalk
aquifer within 10 km of the coastline has been obtained
with sites shown in Fig 5.7. The sampling was concen-
trated on the area around the Chichester syncline where
there was evidence of saline waters and variable hydro-
geological conditions relating to structure have been in-
ferred. Several wells that were accessible were geophysi-
cally logged and depth sampled. In the Brighton area,
wells in the Lower Greensand were also sampled. No hy-
drogeological evidence was available from wells immedi-
ately offshore and interpretation of conditions is conjec-
tural. There are however records of freshwater in Tertiary
sediments in a well at Spithead fort near Portsmouth at a
depth of 100 m (Whitaker, 1910).

The isotopic and radiocarbon results obtained in this
study are shown in Table 5.4. Freshwater was identified at
a depth of 230 m beneath Brighton with Cl of 22 mg 1,
considerably lower than the near surface (modern re-
charge) groundwater. The lowest groundwaters (below
180 m depth) have 8'3C of around —1%, indicating sig-
nificant water-rock interaction. This water also has a light
0180 and &?H (—7.8 and —51%o respectively), compared
with local modern water. The lowest '“C value in this aq-
uifer is 1.52 pmc; other depth samples have rather higher
and may have undergone some mixing in the borehole
profile. It is likely from these data that late Pleistocene
palacowater is still be present at depth and that this water
has been part of the general movement towards the centre

of the Channel, especially during the time of lowered sea
level.

The overall evolution of the groundwater in the South
Coast region is summarized using strontium relative to
chloride (Fig. 5.8). Strontium has been used elsewhere in
the study of the UK Chalk as a good indicator element for
groundwater evolution (Edmunds ef al, 1987). Whereas
Mg solubility may be limited by the solubility of dolomite,
strontium solubility is only limited by celestite and its in-
crease in groundwaters should be related to the progres-
sive water-rock interaction. The upper limit of Sr is con-
trolled by celestite and these maximum values are found in
some of the most saline waters from Shripney. However
these have a different chemistry to dilute sea water in the
Chalk at Lancing (Edmunds ez a/., 1999). The waters with
very high Sr are considered to represent a modified con-
nate water where strontium was derived from aragonitic
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Figure 5.8. Sr vs Cl plot for groundwaters from the South
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shire (Faircross) from Edmunds ez /., 1987.
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tests and/or high-Mg calcite in the eatly chalk sediment.
This situation has been described in East Anglia (Bath and
Edmunds, 1981). Where such compositions are found it is
concluded that little or no movement has taken place in

Table 5.4. Isotopic and chemical data for the Chalk of the
South Coast atea. * — 14C data awaited.

led that little ; Locality DepthSBC 4C S Cl 880 &H
the aquifer since its time of formation.
The fresh groundwaters have evolved from rainwater, m %o pmc %0 Yoo
reacting congruently with chalk during recharge to give St South Downs
concentrations around 0.2 mg L1 within the unsaturated Northhmundham 121 * 636 202 _14 —49
zone. The water retains the input Cl concentrations but Park Farm -135 * 0.86 681 —62 -34
show an increase in St resulting from incongruent reaction Groves Farm 134 034 585 _62 -38
of chalk. Thus the increase in St/Cl ratio also represents a Wicks Farm 16 026 675 —62 -39
qualitative residence time indicator. Hollards Farm 133 226 753 61 —42
This model for evolution of the Chalk groundwater Fishbourne 155 028 251 —62 —42
chemistry can be applied to the Sogth Dgwns area as well Funtington 16 023 203 —65 —42
as mu<?h of the UK Chalk..The 1nte;st1t1al waters from Lavant 173 023 247 —69 -39
Sompting show strong enrichment in all elements al- Chichester
though Cl concentrations in this borehole do not exceed Shripney 32 179 7070 —46 —30
51 mg L1 The deepes.t waters found in the Chichester 64 £ 207 7610 —42 —30
synchne have a Cl maximum of 202 mg I! which is the 9 * 085 8240 _42 —30
highest Valucj found in this area. ' 162 * 429 13800 _34 26
The Albian sands beneath the Chalk near Worthing 190 £ 430 13900 38 —24
(Fig. 5.9) were investigated by pumping tests, hydrogeo- Posle Harbonr ‘
physical 1.ogg1ng and geochemical sampling on a borehole Stoborough 120 _47 317 488 _72 _a2
at Sompting (Buckley and Edmunds, 1998). This borehole 130 —41 190 482 —69 —d2
penetrated the Lower Greensand (Albian) sequence from 180 _3'3 196 485 _% 4
404—457 m with a static water level of 26 m OD. This : ’ ’
. . .. . 195 303 51.8 —7 —42
water (Table 5.4) is of low mineralization and contains 240 175 53
freshwater with an uncorrected age of ca. 7800 BP. The , —03 ’ 0 =69 —42
vety light 8'3C composition indicates soil CO; to be the Warcham C'mon 120 1.5 164 3.27 240 7 = —41
main carbon source and that reaction with carbonate is 19502 184 328 239 —69 -38
incomplete. The uncorrected age therefore is considered 21000635335 373 71 —46
close to the true age of the groundwater. The stable iso- 240 04 28 312 241 7 42
tope analyses (8180, 62H) as well as the low helium con- 266 —02 499 316 242 -7 45
firm that these watets are of Holocene age. 280 —0.8 2.09 328 250 -7 45
The situation on the south coast area is summarized in 299 -0.7 320 256 -68 —41
cross section (Fig. 5.9). As well as modern saline intrusion Brighton
found locally and exemplified in the data from the cored St. Peters Church 24 95 72.95 0.24 473 —6.1 —43
borehole at Lancing, residual salinity may also be derived 36 —6.6 8236 024 403 -2 —42
from connate water still present in the Chalk matrix (as 58 -9 7538 029 38 —62 —41
demonstrated in the case of Shripney). Fresh palacowater 73 -39 153 032 368 —64 —40
is found at depth in several locations in the Chalk and 150 —6.2 43.68 1.66 284 —66 —41
probably offshore beneath confining beds, as well as in 180 —0.1 20.12 0.80 21.6 —72 —4¢6
the Albian (Lower Greensand). 230 1 1494 072 22 _78 —51
South North
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5.3.4  South Coast— Dorset and Poole harbour

The Chalk groundwater evolution has also been investi-
gated at two sites a) Lulworth adjacent to the Dorset coast
which shows fresh water to a depth of —170 m. and b)
several sites in the centre of the Dorset Basin where newly
drilled boreholes provided access to about 300 m below
OD (Fig 5.10).

At Lulworth, the unpublished data for interstitial wa-
ters from a research borehole completed in the late 1970s
have been compiled and the results are shown here (Fig.
5.11) in conjunction with a new geophysical log carried
out during the present study. It is found that the base of
the present day flow system is around —65 m OD as de-
fined by the temperature. Below this depth also a very
slight decrease in conductivity is noticed and these quality
variations correspond to the interstitial profile analysed
some 20 years carlier. High nitrate is found above 65 m
and below this depth baseline values occur. No radiocar-
bon data are available for this water but stable isotope
results give a modern signature. Some suggestion of a
more mature water is indicated in the pore water profile
below 140 m.

Groundwater in the confined aquifer at Wareham is
relatively fresh (<1000 uS/cm down to —240 m depth in
Stoborough borehole). Fluid temperature logs suggest a
depth of =170 to —180 m OD is a local base for present
day groundwater circulation in the Chalk aquifer. This is
considerably deeper than seen elsewhere along the South
coast and is believed to be due to local geological struc-
ture (the Lulworth monocline) which has prevented
groundwater from discharging to the normal hydraulically
controlled base levels, and the fact that the Palacogene
strata are in excess of 100 m thick in places so that perme-
ability development to base levels was mostly within the
Palacogene strata. Results of pumping tests of the Poole
Harbour area boreholes each show low yields with draw-
downs in excess of 70 m indicating low permeability for
this area of the south coast.

Interstitial waters from terminal core also indicate
fresh water to depths of 250 m below surface and there is
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no evidence of any seawater contamination of the area or
residual saline formation water (as found elsewhere in the
Chalk). One possible explanation is that much of the
original saline formation water was expelled from the
sediment during the Alpine orogeny, which affected this
part of Britain 20—40 million years ago. However the ra-
diocatbon data are given in Table 5.4 and suggest that the
bulk of the water from the depth profiles is late Pleisto-
cene in age. The geochemical characteristics of the water
(high F, Sr and enriched 3C) confirm that despite the
freshness of the water it is of considerable age.

Some modelling work was carried out using SUTRA
to investigate the timescales for density driven inundation
of the underlying aquifers following a rise in sea level. The
model geometry was simplified, but was designed to give
an indication of whether it is reasonable to expect fresh-
water to exist in the deeper aquifers following the rise of
sea-level following the last glaciation. The results show
that the density difference between fresh and sea water is
a sufficient driving force to allow sea water to penetrate
into coastal sediments over timescales that are relevant to
the timescale since the Flandrian transgression. Using
realistic values for aquifer and aquitard thicknesses and
permeabilities it was shown that sea water can penetrate
the full thickness of the modelled system at the coastline
(to 400 m) in a period of about 30 000 years. The model
also shows that it would be reasonable to expect to find
freshwater offshore near the coast in the Lower Green-
sand formation at the present time, as this formation is
protected from the sea water by the low permeability
Gault clays.

This modelling work also shows that the predicting
water quality from physical models is difficult as the re-
sults are very dependant on the values used for, particu-
larly, vertical permeability. This parameter is very difficult
to measure and very few values exist for most aquifer and
aquitard materials.

5.3.5  East Midlands

The East Midlands (Sherwood) Sandstone in central Eng-
land is a typical red-bed aquifer which has been the sub-
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Figure 5.11. (a) Interstitial water profiles and (b) recent geo-
physical logs for the Lulworth borehole

ject of detailed hydrogeological investigations (see Ch 1).
It is the main model for the PALAEAUX investigations
since it is considered that fresh groundwater resources
which persist to depths in excess of 500 m could have
been influenced by sea level changes and/or the presence
of the Devensian ice sheet with a stationary front within a
few tens of km of the aquifer. The results are updated in
this report. New work has included:

(vii) depth sampling profiles proving stratification
with palacowaters at depth;

(ix) reinterpretation of data to investigate palacocli-
matic information and the use of chemical trends as age
indicators;

(x) modelling of the impact of glaciers on the
groundwater recharge conditions at and around the last
glacial maximum.
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New depth profiles

Two boreholes, Hayton and Grove, were sampled to in-
vestigate any age stratification in the aquifer. The sampling
intervals were based on information obtained from hy-
drogeophysical logging. Hayton was a newly drilled bore-
hole, although Grove was an established pumping station
within the confined aquifer which had been in use for
more than 30 years.

Selected data have been plotted for both boreholes on
the same depth scale relative to mean sea level (Fig. 5.12).
Two distinct water types are seen at Hayton. Water with a
Holocene isotopic signature (around —8.0%o) but with low
Cl (6.0 mg L) is found to a depth of at least 200 m. Be-
low this, a zone of isotopically light (around —9.2%o) water
is found also with high sulphate concentrations (similar to
groundwater in the deeper confined zone) and slightly
higher Cl as well as other chemical indicators (Li and St
for example) indicative of longer residence time. Although
possibly distorted by the modern groundwater develop-
ment it is clear that residual cooler late Pleistocene water
is found at depth overlain by Holocene (pre-industrial
water); despite being close to outcrop no evidence of
modern water is found. Radiocarbon data confirm that the
upper section is water of Holocene age, although one spu-
rious age at 200m (maybe inflow from adjacent pumping
borehole) is discounted for interpretation; the radiocarbon
values of the three deeper groundwaters range from 4.6 to
17.3 pmc (with corresponding 8!3C values from —7.8 to
—10.8%o). The lowest value is considered to be the most
representative water giving a corrected age of 17.1 ka BP.

At Grove where pumping has taken place for over 30
years no significant stratification remains but the stable
isotopic composition of the water (880 —8.3%o) lies just
within the Holocene range and this is confirmed by the
radiocarbon analyses which give an average of 31.7 pmc
which correspond to a corrected age of 7.2 ka BP. The
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other indicators are generally intermediate between the
two waters at Hayton. The Cl concentration of 6.1 mg I-!
is one of the lowest in the aquifer, but there is no sugges-
tion of the high sulphate water that is preserved at Hay-
ton.

Residence time indicators

The possibility has been examined during the re-
examination of the FEast Midlands data that time-
dependent water-rock reactions give rise to “lineat” build
up of reaction products, especially inorganic major and
trace elements which can be used to estimate groundwater
residence times up to and beyond the range of radiocar-
bon (Edmunds and Smedley in press). Radiocarbon ages
and other indicators of palacowaters, verified in previous
studies, have been used to explore the increase in concen-
tration of various ions and isotope ratios along the flow
lines as water moves down-gradient. The use of Cl and the
halogen elements as inert, qualitative residence time indi-
cators in this aquifer has also been considered. Chemical
data for groundwater which have no corresponding radio-
carbon measurements are then used to derive groundwa-
ter ages and to expand the understanding of residence
time distributions in this aquifer.

Eight parameters (Rb, Cs, St, Na/Cl, Li, Mn, Mo and
013C) were considered as potential residence-time indica-
tors. These mainly comprise trace elements which are
progressively released by incongruent or disproportiona-
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tion reactions from carbonate, silicate or oxide minerals
and ideally they are unaffected by solubility controls to
limit upper concentrations neither have they reached pla-
teaux controlled by partitioning between the solid and
aqueous phases.

The indicators when plotted against corrected carbon-
14 age increase progressively across the aquifer, indicating
that reactions continued during times of low flow or dur-
ing glacial or permafrost conditions.

The “chemical ages” were calculated from the individ-
ual ages based on five of the parameters with the highest
regression coefficients (Li, Rb, Mn, Mo and Sr). In Fig.
5.13 the chemical age as well as the Lithium age is shown
plotted against temperature as a proxy for distance down-
gradient. Only those results for the pre-industrial waters
are shown since the modern (polluted) waters generally
give negative ages. The age range for fresh groundwaters
is then extrapolated beyond the effective limit of radio-
carbon dating (30 ka) and an age range of up to 160 ka is
indicated.

The overall timespan indicated for the current main
episode of fresh water recharge, taking freshwater to a
depth of around 500 m is consistent with the relatively
cool period of the Devensian from ca 110 000 BP to the
start of the glacial maximum, when throughflow was con-
trolled initially by lower sea levels, assisted by access to the
surface through faults or glacial channels although these
only reach 60 m in the area. Continuous evolution of the
hydrochemistry is considered to have taken place, but
there is a hiatus between the main group of fresh ground-
waters and the deeper saline waters.

Hydrodynamic Modelling

Modelling was performed using MODFLOW to assess
the impacts of ice cover over the East Midlands area. The
model of present day conditions shows, as expected that
the predominant flow direction is from the outcrop area
towards the sea. The extent of the flow towards the sea,
and the velocities, depend on the position of the no-flow
boundary used to imitate the coastal boundary condition
but under present day conditions the model shows that
freshwater can flow to great depth in the aquifer. The
effective “end” of the flowline is controlled by the perme-
ability of the overlying aquitard which also affects the
groundwater velocity.

As a glacier passes over or near to the region it imme-
diately alters the direction of groundwater flow in the aq-
uifer. The flow is changed from a predominantly E-W
direction to a N-S direction, with water recharging be-
neath the glacier and discharging in front of the perma-
frost region. As the glacier advances water flows further
south. When the glacier retreats, the heads soon regain the
same pattern as before the onset of glaciation. Thus the
overall effect of the glaciation on the aquifer is to displace
the water southwards, rather than eastwards towards the
coast. There is some eastwards movement at the edge of
the outcrop area. Particle tracking shows that, over a pe-
riod of about 500 years, water originating immediately
below the confining layer will move about 20 km south-
wards and up to 6 km castwards as the permafrost region
moves directly above. This compares with a maximum
water movement of 5 km eastwards in 500 years under
present climatic conditions.

In the modelling various assumptions have been made
about the position of the glacier and the effect and posi-



tion of the permafrost region. The uncertainties in these
processes are such that it is not possible to accurately pre-
dict the movement of water in the aquifer under glaciated
conditions. It is possible that the glaciers would have
moved water further into the aquifer than under present
climatic conditions, but the extent of that movement is
uncertain.

The modelling has highlighted the difficulty of using
physical models to constrain the possible age of ground-
waters . The conclusion from PALAEAUX suggests that
the water chemistry and isotopic composition is needed to
constrain the aquifer parameters used in the physical
modelling.

5.4  Isotopic overview

Radiocarbon data from Chalk aquifers may not readily
give residence time information owing to the dilution with
carbonate-derived carbon as well as uncertainty over the
correct value for initial carbon activity (Kloppmann ez a/,
1998; Elliott, 1999). The data from the present pro-
gramme are summarized in Figure 5.14. Most of the
groundwaters from the Chalk show an exponential in-
crease in 13C in line with incongruent reaction with the
host carbonate. Evolution along this pathway is likely to
be at most a qualitative indication of residence time. By
contrast, groundwaters from the Lower Greensand are
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Figure 5.14. Plot of radiocarbon activity in % modern carbon
(pmc) versus 83C-DIC in %o for samples collected during the
study from the Chalk and Lower Greensand aquifers. The
shaded box shows the range of carbon isotopic starting compo-
sitions in typical groundwaters. A indicates the trend for evolu-
tion by radioactive decay alone from the initial value. B indicates
reaction via the incongruent dissolution pathway (solid median
line indicates the situation in the London Basin). C indicates
mixing.
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less affected by carbonate exchange and can more readily
be modelled to provide a quantitative indication of age.
An alternative method of assigning an approximate
age range to Chalk groundwaters is available. In Britain
and elsewhere, Holocene and Devensian (late glacial)
groundwaters can be distinguished on the basis of their
oxygen and hydrogen stable isotope ratios. Devensian
groundwaters are characteristically depleted in 80 and 2H
compared to waters recharged in modern times. Figure
5.15 shows data for Chalk groundwaters collected during
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Figure 5.15. Plots of 82H versus 8180 for Chalk groundwaters
collected during the study. For each region the compositional
envelope for modern recharge is shown. Relatively few samples
have the depleted isotopic composition typical of pre-Holocene
waters.



the study. Samples from Dorset and the Chichester-
Brighton area are included in the South Coast plot, those
from the Reculver and Sheppey areas in the North Kent
plot, and samples from north Lincolnshire, Humberside
and east Yorkshire in the Lincs & Yorks plot. In each case
a field showing the compositional range for modern
groundwaters in the region is shown. The Chalk is not an
ideal aquifer type for preserving palacowater compositions
because of the amount of fissuring, and the data reflect
this in that isotopically-depleted waters are relatively rare.

In the south coast (Fig 5.15) the few unequivocal pa-
lacowaters, recognized on the basis of stable isotopic data
wete found at depths below —200 m OD in boreholes of
the Chichester-Brighton area although from radiocarbon
data the Poole Harbour area also must contain palacowa-
ters. In North Kent the area inland of Reculver also
yielded palacowater signatures. In contrast few palacowa-
ters are recognized in the Chalk from the Lincolnshire and
Yorkshite Chalk. This is mainly due to the absence of
sample availability from boreholes as deep as those avail-
able at the south coast. Structural controls play an impor-
tant part both in the emplacement of palacowaters in the
Chalk and in their preservation. This is shown especially
by the preservation of saline (modified connate water) in
the borehole at Shripney.

5.5 Conclusions

The main conclusions may be drawn concerning the evo-

lution of groundwaters

e In coastal N Kent there is evidence that fresh water of
Late Pleistocene age, having an isotopically light signa-
ture was invaded by sea water or estuarine water dur-
ing the Flandrian transgression. Fresh palacowater is
also preserved at depth inland and has not been
flushed due to E-W folding parallel to the coast.

e Confined Chalk groundwaters in the Thames estuary
at depths of ca =100 m OD have been shown to be
palacowaters with a 8180 —8.4%o and C down to 3
pmc.

e There is a complex distribution of freshwaters and
saline waters in the Chalk along the Channel coast
(South Downs area)where it is concluded, that depth
of circulation of modern water controlled by sea level
does not exceed =100 m OD. Modern sea water inva-
sion is also recognized. Fresh palacowaters to —250 m
OD represent groundwater which was recharged un-
der lower heads controlled by the Central Valley of the
Channel and preserved at depth.

e Both in Kent and along the south coast, the migration
of groundwater in the N-S direction both in former
times and at the present day, has been controlled by
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E-W structures. At one location, Shripney, the geo-
chemical evidence indicates that original connate water
may be trapped by these structures.

Fresh water found at a depth of =450 m OD in the
Albian (Lower Greensand) near the south coast with
an age of ca 7000 a BP. The age of this water probably
records the timing of the sea level rise and implies that
freshwater may also exist offshore.

Fresh water is also found in Tertiary strata beneath the
Solent at a depth of —122 m providing evidence of
Late Pleistocene ‘offshore’ groundwater movement
and aquifer development.

Freshwater is found to a depth of 300 m in confined
Chalk beneath Poole Harbour. This water has moved
towards the former lower base level in the channel via
a breach in the monoclinal structure which developed
in the late Pleistocene. At Lulworth further west, there
is evidence of freshwater, probably palacowater to a
depth of =160 m OD.

The absence of recharge during the period 10 000—
20 000 a BP is interpreted as due to permafrost cover.
This in turn indicates the absence of ice in the east
Midlands area.

In the East Midlands Triassic aquifer, depth stratifica-
tion showing modern (Holocene) or palacowater has
been preserved near to outcrop as indicated by iso-
topic as well as chemical parameters which are then
observed downgradient in the confined aquifer.
Reactive species (Li, Rb, Cs, Mo and Mn) have been
used as additional indicators of residence time in the
East Midlands aquifer as a means of extending the ra-
diocarbon timescale. The recorded chemical ages sug-
gest that recharge was probably continuous during the
cold conditions of the Devensian interstadial. Al-
though recharge did not occur during the last glacial
maximum (as shown by the “C data gap), chemical
indicators show that water-rock interaction was unin-
terrupted.

The isotopic and chemical evidence show conclusively
that freshwater of Devensian age has reached depths
of ca =500 m OD. This aquifer is a classic model of
piston flow movement with velocities slowly decreas-
ing due to upward leakage via the mudstones.

In the Chalk of North Yorkshire fresh water is found
to a depth of at least =100 m OD.

Elsewhere in South Yorkshire and Lincolnshire palae-
owater emplacement and movement around the time
of the last glacial maximum was restricted by glacial
deposits from earlier glaciations (as well as low gradi-
ents and structural barriers) so that brackish waters are
common.
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6.1  Introduction
Within the program PALAEAUX, three aquifers have
been studied, respectively along the Atlantic, Channel and
Mediterranean coasts of France, with the aim of establish-
ing conceptual models, essentially based on chemical and
isotopic compositions of groundwater. The main concerns
were: (1) the origin of mineralization and recharge, (2) the
identification of possible mixings, (3) the relationship with
sea-water and (4) an estimation of a chronology of the
events which have occurred during the Late Quaternary at
the different studied locations.

The three systems studied have been chosen to ex-
plore the various topics as follows:

e the potentialities of the geochemical tools for a wide
range of hydrodynamic and geological situations;

e the specific responses of the aquifers to Holocene sea-
level variations and consequently their vulnerability to
sea-watet intrusion (natural or/and anthropogenic
processes);

e the identification of human impact (influence of water
supply increasing demand on the water salinization), in
order to provide to local authorities and end-users, a
sound knowledge of the baseline conditions and geo-
chemical evolution of these coastal aquifers.

The work done during the whole duration of the project

has focused on:

(xi) the development of an efficient depth-sampler, for
a step-by-step collection of stratified groundwater up to
150 m deep; more than 100 samples were collected, ac-
cording to the chemical stratification painted out by the in
situ measurements (pH, Temperature, Eh, Electric Con-
ductivity, dissolved O);

(xii) the evaluation of pumping and sampling distur-
bances on the water stratification via the temperature log-
ging associated with a complete sampling of boreholes
and a global sampling in the whole aquifers ;

(xiii) the completion of chemical and isotopic meas-
urements performed on a set of groundwater mainly se-
lected by their mineralization. Specific chemical and iso-
topic tracers chosen according to the previous chemical
results while establishing the data set (major elements, Br
and F contents performed at the University of Avignon,

Evidence for palaeowaters in the coastal aquifers of France

France), were applied on different samples:

L4 180water, szatet, 180dissA sulphate, 34SdissA sulphate, 13(:TDI(]
contents, “Crpic activity by conventional or AMS
methods (University of Paris-Sud, France);
3H analysis HYDROISOTOP GmgH, Germany);
Trace elements contents (BGS, UK);
220Ra/?4U /238U disequilibtia (GEOTOP, UQAM,
Montreal, Canada).

(xiv) the interpretation of the whole data set in rela-
tion to geological and hydrogeological maps, past sea level
variations already known, and geochemical modelling of
water-rock interaction processes.

The main results and interpretations are synthesized in

Table 6.1.
6.2 Dogger aquifer (North of France)

The aquifer of the Bathonian (Middle Jurassic) in the Caen
region is a well-fissured carbonate reservoir, gently deep-
ening toward the Channel (Fig. 6.1). It is largely exploited
for drinking water needs and agriculture supplies by ca.
600 boreholes in its unconfined part.

This aquifer corresponds to the Middle Jurassic forma-
tions of the Mezozoic marine series which belongs to the
western margin of the Paris Basin. The whole series lies
on a schistose-gritty Paleozoic bedrock, weathered in the
upper part and covered by up to 8 m of clayey to calcaro-
marly layers from the Lias (Rioult ¢f a/, 1989). The aquifer
consists of oolitic and sponge-beating carbonates (up to
20 m thick) of Bajocian age and of pure marine carbonates
and matly calcareous layers (110 m thick) of Bathonian
age, these two formations being hydraulically connected.
.The insoluble residues of the aquifer matrix are mainly
quartz, smectite and illite as major components, and
phosphate and pyrite as trace minerals.

All layers dip toward the N-E with a slope close to 1%
and the main structural feature is horst trending N110°
across the Dives valley. In the Caen area, the aquifer is
more confined eastward under the Callovian matls (up to
100 m thick). However, the confining Callovian marls
have been completely eroded away in some parts of the
lower valley of the Dives river, forming “windows” lead-
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Figure 6.1. Cross-section of the Dogger aquifer in the Caen area
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Table 6.1. Summary of evidence for saline intrusion in French coastal aquifers

Channel coast

Atlantic coast

Mediterranean coast

Aquifer - Dogger carbonates (Basse Not-
mandie)

- Fissured reservoir

- Restricted area (< 20 km2, 6 km
inland)

- Confined aquifer under Flandrian
and Callovian deposits

- Low salinity (<650 mg L1

Salinization features

- Dogger carbonates (Vendée)
- Fissured reservoir

- Limit between unconfined and

- Astian micaceous sands (Langue-
doc-Roussillon)
- Interstitial porosity reservoir

- Large area (from coastline to 40 km - Limited to the eastern part (40 km?)
inland)

- Aquifer confined under Plio-
cene martls

confined aquifer (under Flan- - Median salinity (up to 4600 mg L)

drian and Callovian deposits)
- High salinity (up to 15 000 mg L-1)

Mechanism - Transgression - Transgression - Upward fault flow
- Leakage
“Age” - Flandrian - Flandrian - (Past) / Present day

Mixing process - Density gradient

End-members - Flandrian groundwater

- Sea water

- Density gradient

- Ante-Flandrian groundwater
- Sea water

- Difference of hydraulic heads
- Fugacity

- Groundwater
- Old sea water

- Recent fresh water

Geochemical tools of
specific interest

- Halogen geochemistry (Cl, F, Br)

Carbon geochemistry - Simple mixing of C

- Negligible sea water contribution

Management - Refreshing via increasing uptakes

- 82H/8180 and C geochemistry

- Mixing of fresh and sea water
- Carbonate dissolu-
tion/precipitation

- Possible refreshing by artificial
output in the confined part of the
aquifer

- Consequence : increasing fresh

- C geochemistry (deep COy)
_ 226Ry, 234U, 238U

- Contribution of deep COy in the C
budget.

- Chronology of the mixing validated
by U and Ra geochemistry

- Incteasing uptakes likely enhance
water salinization

- No evidences of refreshing with
reduced uptakes

water resources

ing to hydraulic continuity between the calcareous aquifer
and the recent Flandrian deposits which are composed of
marine clayey layers alternating with peat. High sea level
periods may thus have allowed direct recharge of the Ba-
thonian aquifer by marine water because two marine
Holocene transgressions have been interpreted to have
occurred over the study area (Hualt, 1972).

The aquifer permeability generally increases according
to the fracture density; the transmissivity is 2.0x10- m? s~!
for the whole aquifer; and increases to 3.0x10-3 m? s! in
the most fissured zones, with an associated storage coeffi-
cient of 10~ to 10->.

The study area is submitted to humid and temperate
climatic conditions with a mean annual rainfall of 710 mm
(1961-1990). As in the whole Paris Basin, the main re-
charge of the unconfined aquifer occurs from September
to March, although the rainfall is well-distributed over the
year (Dever ef al., 1990). The mean annual temperature is
10.5°C (From Météo-France).

A piezometric map of the unconfined zone indicates
that the major water flow, from the S-W to the N-E, fol-
lows the slope of the geological units at the regional scale
and largely contributes to the river pattern (Pascaud and
Mauger, 1991).

Once confined, the increase of the groundwater salin-
ity limits the exploitation of the aquifer to the area where
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the water-bearing formation is unconfined or slightly con-
fined. Located on these clayey formations, the main tour-
ist town on this coast (Cabourg) cannot be supplied by
local boreholes since groundwater presents a mineraliza-
tion higher than the WHO specifications resulting form a
marine water intrusion and dissolution of fluoride miner-
als. The differentiation and the extension of the water
bodies have been revealed by a study of the water stratifi-
cation of the aquifer through in situ measurement (EC, T,
pH, Eh) and depth water-sampling on piezometers along
the flowpath (Barbecot ez al., 1997).

On the western part of the Dives valley, the salty in-
trusion, recognized in the aquifer, is restricted to a 20 km?
area, 6 km inland, and characterized by salinity up to 2100
mg L. The chemical and isotopic analyses gathered so far
have shown that this salty water originates from mixing
between fresh water and sea water which has overflowed
during an oceanic highstand. However, the sea-water frac-
tion needed for such a salinity which is calculated on the
basis of chloride contents, is low and does not reach more
than 4% for the most saline water (Table 6.2).

In the central and eastern patt of the Dives valley, the
total mineralization remains constant both with depth and
along the flowpath, with values between 800 and 890
mg L1 for boreholes in the most confined part of the
aquifer, while pH increases with the distance to the re-



Table 6.2. Chloride contents and isotopic data for the Channel
French aquifer

Sample  8%Ouaer  8Hyaer  MCactivity  CI-
%0 SMOW %0 SMOW pmc mg L1

F1 —6.51 —415 33.1+0.5 18.2
F3 —6.47 —433 67.31£0.4 60.6
F4 —6.78 _433 54.510.5 175.9
F7 —6.63 —44.1 67.7£0.6 106.4
F10-20 —731 —491 13.0£0.2 142.4
F10-45 —~6.89 —45.8 25.6%0.6 276.8
F10-48 —6.61 —44.0 25.410.3 240.7
P4-7 —6.88 —46.3 — 188.9
P4-27 —6.83 —45.6 29.210.4 184.2
P4-45 —6.56 _453 28.510.3 236.9
P3-6 -7.02 —-46.4 — 278.9
P3-12 —6.79 —452 27.5+0.3 2941
P3-20 —6.31 —43.2 27.5%10.3 377.6
P3-21 —6.31 —432 — 486.4
P3-23 —6.19 —42.8 — 656.8
P3-42 —6.13 _43.8 25.810.2 639.5
F41-55 ~6.99 —46.2 0.410.3 216.7
F41-90 _7.24 —46.9 0.4+0.2 238.9
F42 -7.08 —44.2 5.5%0.2 216.3
F43-75 —6.95 —45.7 0.7+0.4 253.6
F43-110 -7.10 —44.5 — —

F43-135 -7.02 —45.4 0.8+0.2 221.7

charge atea. This evolution is confirmed by the chemical
analyses which show a trend from a calcium bicarbonate
type in the unconfined area toward a bicarbonate to so-
dium chloride type for deep water.

As soon as the aquifer becomes confined, the fluoride
content of groundwater exceeds 2 mg L1 and reaches 9
mg L in deeper parts of the aquifer. The high F contents
are associated with groundwater characterized by a Na-
HCO; to Na-Cl/HCOs3 geochemical facies. As the con-
tent of F gradually rises with increasing distance from the
outcrop, two main primary sources of I can be invoked:
(1) incongruent dissolution of fluorapatite and (2) leaching
of matine clay (Travi, 1993). Moreovert, the fluoride con-
tent linked to the saturation with respect to fluorite (Table
6.3), gradually rises with increasing distance from the out-
crop. This evolution is thus controlled by the dissolved
calcium content, itself affected by time dependent water-
rock interaction (Fig. 6.2). The concentrations of Ca de-
crease downgradient by cation exchange on phyllosilicates.
Indeed, the aquifer is made up of an intercalation of pure
Ca-carbonate layers and calcaro-marly layers. This is in
agreement with an excess of Na with respect to a sea-
water dilution line and with the relative mobility between
Na and Ca, Na being known to be more mobile than Ca
under such a system (Barbecot ¢7 a/., 1998a).

The A*C compared to chloride contents allow us to
define two groups of groundwater (Fig. 6.3). The first one
concerns groundwater for which a wide range of A#C is
correlated with a slight increase in chloride contents from
140 to 240 mg L1 (Fig. 6.3). The interaction between wa-
ter and calcareous rock of marine origin may explain the
mineralization of the water. Conversely, the second corre-
sponds to groundwater with a wide range of chloride con-
tents (from 180 to 640 mg I-!) while A*C remain quite
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Table 6.3. Fluoride contents and saturation indexes with respect
to fluorite for groundwater of the Channel aquifer

Sample F Fluorite S.I.
mg L1

F1 0.79 —0.54
F3 0.41 —0.98
F4 0.87 —0.35
F7 0.72 —0.49
F10-20 6.70 0.94
F10-45 2.56 0.50
F10-48 2.08 0.43
P4-7 8.33 1.17
P4-27 8.67 1.15
P4-45 8.49 1.14
P3-6 3.85 0.65
P3-12 3.64 0.59
P3-20 2.51 0.37
P3-21 2.50 0.44
P3-23 2.34 0.41
P3-42 2.36 0.43
F41-55 7.80 0.78
F41-90 8.59 0.86
F42 7.43 0.98
F43-75 9.38 0.54
F43-135 9.24 0.58

constant. Considering the sea water TDIC and its low
proportion in the mixing, the sea water radiocarbon input
is negligible and represents, at most, 2% of the dissolved
carbon. The fresh water end-member involved in the mix-
ing is thus characterized by Flandrian '#C ages (7500—4500
a BP) (Barbecot ez al., 1998b). The marine intrusion cotre-
sponding to the salty water recognized in the system, is
thus well defined in time by the *C age of the most an-
cient freshwater implied in the mixing, and would have
occurred around 7500 a BP at the latest.
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Figure 6.2. Calcium and fluoride content of groundwater from
the Dogger aquifer in the north of France.
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6.2.1  Management perspectives 6.3  Dogger aquifer (West of France)

At present, no freshening has been observed since the 4C
ages remain constant whatever are the mixing propot-
tions. Moreover, the boreholes situated in between the
salty area and the sea do not present any fingerprint of a
salty intrusion and thus evidence that the saline wedge is
disconnected from the sea. In such a case, the saline
wedge could disappear by high pumping rates. This
groundwater management would bring the opportunity to
solve the problem of the high fluoride contents through
the increase of the groundwater renewal rate.

The Dogger aquifer consists of calcareous formations,
more or less altered and fissured over the first 10 m. Un-
der this highly permeable zone, the existence of a fault
network is one of the main conditions enhancing the
groundwater circulation (Roy, 1987). The basement of the
reservoir is made of the Upper Toarcian marls which act
as an aquitard. These marls, like the whole sedimentary
series, ate gently deepening toward the Atlantic ocean.
Under the “Marais Poitevin” (Fig. 6.4), the Dogger aquifer
becomes confined under Flandrian clayey and Callovian
marly deposits (Dupuis ¢ al., 1975; Verger et al., 1975).
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Figure 6.4. Geological map of the Dogger aquifer site in western France

52



Outcropping over 470 km?, the unconfined aquifer is
intensively exploited for fresh water supplies over only a
narrow belt, of 2 km wide, surrounding the confining limit
(Mondain, 1995). Although this aquifer reaches a maxi-
mum of 40 m in thickness in its confined part and would
thus be considered as an important potential resource, the
presence of saline waters prevents its exploitation.

The study area is under oceanic climatic influences.
The monthly rainfall amount is rather quite constant over
the year (mean of 66 mm; 6 = 17 mm), and reaches a total
amount of 794 mm a-!. The mean air temperature of
11.9°C is bounded by 5°C in January and 19.5°C in July
and August. In this region, the potential evapotranspira-
tion is 690 mm a!. The aquifer recharge mainly occurs
from October to March (Roy, 1987).

In the study system, fresh water is found in the uncon-
fined aquifer and in the upper part of the confined aquifer
along the northern extension limit of the Flandrian clays.
In this latter area, the vertical sampling of groundwater
and the zn-sitn measurements logging have allowed the
identification of both the hydrochemical vertical stratifica-
tion of groundwater and the interface between two water
bodies, ie fresh and saline waters. Since the boreholes
intercepting the salty deep part of the aquifer are few, the
study has thus focused on the unconfined and “slightly”
confined parts of the aquifer. The whole study area ex-
tends from the Atlantic coast to almost some 40 km in-
land. This area is characterized by annual alternation be-
tween aquifer recharge during winter and aquifer over-
exploitation during summer. This seasonal alternation
modifies the hydraulic gradients and leads to the dis-
placement of the salty-fresh water interface cither towards
the North or towards the South under the “Marais Poite-
vin”. Then during the Summer, when the aquifer is highly
pumped for agricultural supply, the unconfined aquifer
containing fresh water-body can be encroached by brack-
ish/saline water from the confined aquifer. However, the
great difference in water density limits the mixing between
fresh- and salty-water masses during the displacement of
the saline wedge.

In this aquifer, groundwater with CI contents up to 15
g L1 has been found (Table 6.4). The chemical contents
indicate that the increase in TDS comes from a simple
mixing between fresh water and a salty end-member. The
salty groundwater presents ionic ratios, for both major
elements and bromide, similar to those of the modern
Atantic ocean (e.g. weighted Br/Cl ratio equal to
3.4x10-3). This mixing thus involves an intrusion within
the aquifer of up to ca. 80% of sea water.

Although the chemistry suggests a simple mixing be-
tween fresh water and marine watet, the 80 and 2H com-
positions do not account for a simple mixing and evidence
a multi-step encroachment of the aquifer with marine
solutions. The cross-checking of the 4C activities (ranging
from 12 to 100 pmc, Table 6.4), the 13C contents (ranging
from —5.0 to —16.5) and the Cl contents (ranging from 40
to 14800 mg L-!) paints out a mixing with three end-
members (Figure 6.3; Marlin ef al., 1998): (1) the modern
fresh water charactetized by low Cl/ high NO; con-
tents/detectable 3H contents, and located in the uncon-
fined part of the aquifer and above the fresh-saline water
interface, (2) a Flandrian marine water (chemical composi-
tion similar to that of modern sea water), and (3) an old
fresh water (AMC<AYCyepwater and 813C>83Cyeqwarer). The
presence of the latter water body indicates that the aquifer
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Table 6.4. Chloride contents and isotopic data for the French
Atlantic aquifer

Depth (m) 08Owaer  8?Hyaer “C activity Cr
%0 SMOW %0 SMOW pmc mg L1
La Bonde du Cotean
11.5 —4.81 — 21.7+0.6 —
18.5 -3.53 — — —
23.5 —4.05 — 20.6+0.8 10918
31.5 -3.51 — — —
39.5 271 -23.0 26.6£0.6 12593
Champagné
5.0 — — — —
10.0 -2.12 — — —
17.0 -2.21 — — —
27.0 -2.32 -20.2 26.5%£0.3 14768
Langon
10.0 —4.53 — — 1691
21.0 —4.90 -25.0 — 4783
28.0 —4.73 -21.6 — 7395
46.0 -3.76 ~18.2 35.3+0.7 10827
Doix
17.0 ~5.10 — 84.51+0.9 1049
36.0 —421 _278 31.5%0.5 8365
47.0 —3.77 -21.6 24.010.6 8523
Booth de I'Homme
17.0 —4.78 _24.4 51.8%+0.8 2653
37.0 —417 241 41.4%0.6 4585
Longeville
5.0 -5.61 — 99.9+1.2 178
11.0 —4.75 — — 3705
19.0 -3.75 — — 9236
37.0 —3.73 ~18.7 25.210.8 11124
Bengne-I"Abbé
— _522 _33.4 82.610.5 28.9
Lairoux
—_ ~5.20 ~33.9 76.910.4 101
Tournebride
5.0 -5.19 -32.9 — 39.1
11.0 -5.01 -34.0 — 39.0
15.0 511 ~33.9 79.4%0.5 39.6
21.0 -5.05 -34.1 — 39.8
32.0 ~5.06 —33.7 73.6x0.7 125
33.0 —4.84 -33.8 — 1393
34.0 —4.86 —33.4 34.2+0.3 1561
37.0 —4.70 -31.2 12.1£0.2 2584
Les Salines
4.0 —5.23 —354 69.6%0.6 70.0
33.0 —4.47 -295 — 1323
33.5 -5.22 —34.1 — 2615
34.0 ~3.90 —23.6 24.1£0.3 2946
36.0 -3.76 -19.2 — 6104
46.0 -3.18 ~16.5 13.5+0.6 5053
Le Rondo
15.0 ~5.20 _345 86.6x0.5 44.2
33.0 —4.50 -30.9 20.5%£0.3 2532
35.0 —4.42 277 — 3739
43.0 —4.32 —26.1 21.3%£0.3 4393

was probably filled by fresh water before the transgres-
sion.

The marine intrusion recognized in this coastal aquifer
can be related to successive marine overflows during the
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Figure 6.5. Cross-section of the Astian aquifer (southern France)

Flandrian transgression, over the wide palaco-plain made
of calcareous Dogger formations before the deposits of
the Flandrian clays.

6.3.1  Management perspectives

The mixing between end-members (2) and (3) character-
izes a salty water end-member located under the fresh-
saline water interface while a more complex mixing be-
tween the three water bodies is likely to occur at the inter-
face salty watet/fresh water (1), due to the annual anthro-
pogenic displacement of the saline wedge. Thus, the water
uptakes mainly related to agricultural activities in this area
enhance the water salinization.

Anyway, since the saline wedge is trapped in the con-
fined aquifer, a break in water uptakes would not have any
or very low influence on the aquifer refreshing. However,
a possible and significant refreshing might occur through
artificial discharge of saline groundwater from the con-
fined aquifer.

6.4  Astian aquifer (South of France)

The study aquifer is contained in micaceous, quartzose
sands of Astian age over a surface of 450 km?. Overlying
more than 100 m thick Miocene clays, this 20 m-thick
aquifer outcrops on the northern part of the study area
over less than 20 km2 Southward, it becomes confined
under clayey layers of Upper Pliocene age, this latter for-
mation reaching 80 m in thickness near the coast (Fig 6.5)
(Berger et al., 1978).

The present-day hydro-climatic conditions of the
study area ate of Mediterranean type, with irregular rainfall
amounts from one year to the other. However, the annual
rainfall averages 606 mm (¢ = 23 mm ), mainly spread
over autumn and spring mainly through heavy storm
showers. Temperature varies between 7.7 and 23.2°C
throughout the year (mean annual value of 14.9 £ 5.4°C).
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Hydraulic gradients defined in this aquifer induce a
groundwater flow from the North (recharge area) to the
South (Mediterranean sea). At present, these gradients are
enhanced by recent water uptakes concentrated along the
coastline, implying that the present-day hydraulic condi-
tions are not representative of those having existed in the
past.

The isotopic and chemical analyses (major elements,
Br and trace elements), and zz-sit# measurements carried
out on 22 boreholes point out:

e the existence of three different recharge areas, the
western and eastern areas being separated by the
Herault river and the Herault river area itself;

e that at present this aquifer is under severe human
pressure and water uptakes would have largely influ-
enced groundwater circulation (Leduc, 1985). How-
ever, as the Herault river contains water slightly de-
pleted in 'O and ?H compared to that of the local
precipitation, those isotopes indicates that the hydrau-
lic gradients direction and recharge of the Astian aqui-
fer may have been conserved since some thousands of
years;

e that the highly mineralized groundwater is limited to
the south-eastern and eastern part of the Astian aqui-
fer, along the Thau pond. This increase in TDS is well-
correlated with high TDIC contents and low '*C ac-
tivities (Table 6.5). This can not be explained by a
simple modern sea water intrusion, but implies a mix-
ing with a C-free water body.

According to groundwater chemical composition, the
study aquifer can be divided into two parts from one side
of the Herault river to the other. In the western part of
the aquifer, the total dissolved solid content (ITDS) of
groundwater remains low with a mean of 0.670 g I-! (o of
0.170), while it rises to 10.3 g I-! in the eastern part of the
aquifer (mean value of 2.49 g 171, & of 3.33).



Table 6.5. Chloride contents and isotopic data for the French
Mediterranean aquifer

Sample 8%0wuer  Hyawer  1C activity Cl-
%0 SMOW %0 SMOW pmc mg L1

AST-96-1 _5.88 —34.7 —_ 20.9
AST-96-2 —6.56 —394 92.1*1.4 9.2
AST-96-3 —6.01 -33.1 16.410.3 89.9
AST-96-4 ~598 _354 6.51£0.2 227.3
AST-96-5 —6.15 _34.7 57.2%0.5 63.6
AST-96-6 -712 —36.3 65.31£0.5 11.2
AST-96-7 _5.59 ~33.1 47.1%0.6 79.3
AST-96-8 —6.02 —38.1 77.3%£0.5 94.9
AST-96-9 —6.03 —36.2 49.9%+0.5 134.6
AST-96-10 ~5.90 —34.8 <0.5 4599

AST-96-11 —6.31 ~39.1 72.2%0.7 318.0
AST-96-12 ~6.19 377 64.710.5 164.2
AST-96-13 _5.87 ~35.9 — 83.4
AST-96-14 —6.20 —38.4 — 219.7
AST-97-15 —6.89 —40.3 2.610.2 449.0
AST-97-16 —6.79 _38.7 2.910.2 271.2
AST-97-18 —6.02 -33.1 39.6x£0.4 60.8
AST-97-19 —6.78 —383 2.610.2 430.2
AST-97-20 —6.63 —38.8 5.0+0.2 148.0
AST-97-21 —7.00 —41.0 9.1£0.3 154.4
AST-97-22 —6.66 ~359 4.910.2 186.4
AST-97-23 —6.83 —39.1 12.630.2 99.2

The western part of the aquifer, unaffected by proc-
esses of mixing with marine solution, has been used to
identify the baseline conditions of groundwater circula-
tion. In this area, groundwater is of Ca-HCO3/Cl-type,
and chemical contents are quite constant along the flow
path. However, dissolved K and Mg increase along the
flowpath as consequences of water-rock interaction (im-
plying Mg-carbonates and phyllosilicates contained in the
aquifer matrix). Anyway, this evolution does not lead
to water quality deterioration (Lautrent, 1993). In this
part of the aquifer, the modelled C ages have been con-
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firmed by the ?*Ra measurements (Joffroy et al, 1997).

The ?*Ra can be used as a tracer of water residence time

within the aquifer using a model taking into account (Bar-

becot ¢t al., 1999a):

e the initial °Ra coming from carbonate dissolution in
the recharge area;

e the ?*°Ra in-situ production in the aquifer itself.

The mean residence time of groundwater within the aqui-

fer ranges from Present in the recharge zone to 6000 a BP

near the coast (Barbecot ¢# al., 1999a).

Groundwater from the eastern part of this aquifer is
characterized by salinization increasing from the recharge
area towards the sea. This increase is likely due to the mix-
ing with a marine water solution as shown by the bromide,
sodium and chloride relationships (Figs. 6.6a,b). At the
same time, groundwater is enriched in both TDIC (up to
0.13 mol L), and 8"°C (up to +0.24%0 »s PDB). More-
over, this area of the aquifer is affected by an approxi-
mately N 40-50° fault that may constitute ways for water
and/or deep CO; upward leakage. This is demonstrated
by the relationship existing between the TDIC and 3C
contents of CO2 in equilibrium with these groundwater
(Fig. 6.7). In this diagram, the 813Cy,; values are plotted
along a mixing line between soil CO; (=23.3%o0 as meas-
ured on field), and a CO; bounded by —4%o vs PDB. Such
a 3C-enriched isotopic signature is consistent with the
endogenous carbon domain values already defined for the
peri-Alpine arc (=10 to —2%o vs PDB; (Maisonneuve and
Risler, 1979). The carbon mixing can thus be associated to
deep CO; diffusion, accompanied by carbonate dissolu-
tion due to the increase in dissolved CO; proportion,
since the saturation indices with respect to calcite are con-
served for all the samples (Barbecot ez 4/, 1999b).

The groundwater mineralization increases according a
binary mixing between (1) the fresh water as recognized in
the western part of the Astian aquifer, and (2) a deep salty
water with a high carbon content. Moreover, after correc-
tion of the carbon excess, the *C activities indicate that
the salty end-member is likely over the C time scale,
attesting that the salinization can be associated with water
leakage from the underlying formations (Fig. 6.3). Fur-
thermore, the 22°Ra deficit with respect to U isotopes indi-
cates that the salinization process of the groundwater is
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Figure 6.6. Sodium versus Chloride, and Bromide versus Chloride contents diagrams for groundwater

sampled in the eastern part of the Astian aquifer.
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probably not a natural evolution at steady state but can be
associated to exploitation of this groundwater resource.

6.4.1  Management perspectives
As a conclusion, the increase of water uptakes from the
Astian aquifer will likely enhance the water salinization,
since it will increase the salty water leakage. In the present
circumstances, no evidence of rapid refreshing linked to
reduced pumping rates exists.
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6.5  Conclusions

The three coastal aquifers systems studied in France show
a great variability in the evolution of isotopic and chemical
compositions of groundwater, these latter depending on
past sea-water intrusions. More than the global variation
of the sea-level, the salinization processes of the French
coastal aquifers performed in this program are shown to
be mainly related to the local geology, and to the elevation
of past and present recharge areas.

In the recognized salty water bodies, the proportions
of marine water vary from 4 to 80% without any direct
relationship with the aquifer geology ot/and morphology
of the study sites. However, these parameters are closely
related to the salinization mechanism. The aquifers stud-
ied along the Atlantic coast and the English Channel coast
(Dogger) indicate a marine solution encroachment related
to sea water overflows in flat palaco-valleys at low eleva-
tions. These aquifers thus constitute accurate and sensitive
archives of the Flandrian transgression.

On the other hand, the aquifer confinement does rep-
resent a real barrier to salinization by sea water overflow,
but leads to assume a different salinization process as wa-
ter-leakage. This latter mechanism is generally enhanced
by the aquifer over-exploitation.

The geochemical approach of coastal aquifers allows
the identification of the main processes controlling the
water quality and its time and spatial variations. After-
wards, the understanding of salinization processes give the
opportunity to establish relationships between human
activity impact and coastal aquifers salinization/refreshing.



7 Palaeowater in coastal aquifers of Spain

7.1  Introduction

The most important aquifers along the 5000 km of penin-
sular and island coastal areas in Spain are mainly uncon-
solidated sedimentary Plio-Quaternary formations and
Triassic to Miocene carbonate massifs. The first consist of
deltas, filled up ancient estuaries and coastal lowlands,
which are mostly present in the SW Atlantic strip and
along the Mediterranean shore. The carbonate massifs are
common features along the Mediterranean coast of the
Iberian Peninsula and the Balearic Islands, as well as in
some areas of the N coast. Both the sedimentary and the
carbonate formations constitute highly permeable and
often extensive and thick aquifers, usually intensively de-
veloped for agricultural, industrial, urban and touristic
uses.

To a minor extent, the fractured granite and shale Pa-
lacozoic formations along the N and NE Spanish coast
are also permeable enough as to be considered aquifers of
local significance. In the Canary Islands, volcanic forma-
tions and the associated sediments, of Miocene age to
recent, may constitute good coastal aquifers.

At the Last Glacial Maximum most of the Iberian
Peninsula coastline and also that of the Balearic and Ca-
nary Islands were between 100 and 120 m below present
sea level, with the coastline not far away from the present
situation. Sea level rise started some 15 to 12 ka ago and
stabilized some 6 ka ago. Due to the configuration of
most of the coastal aquifers, it can be expect that fresh
Pleistocene and eatly Holocene groundwater can still be
present in some areas, especially in the sedimentary for-
mations, where highly permeable alluvial layers are con-
fined by estuarine and prodeltaic clayey wedges. These
wedges may or may not isolate or not the offshore end of
the aquifer below.

In most of the cases relatively high fresh water head
has induced the Pleistocene water being replaced, and
only Holocene and recent fresh water is found. This is the
case of the small Mediterranean deltas like the Llobregat
river delta. Currently the natural situation has often been
dramatically changed due to intensive development, and
the existing freshwater may be totally or partially replaced
by recent freshwater and marine water. In other cases
fresh water head was not high enough to flush away the
sea water encroached during the rising sea level, and late
Pleistocene or early Holocene salt and brackish groundwa-
ter is still present, often mixed in different proportions
with recent water. This is the case of the biggest deltas
(e.g. the Ebre river and the Guadalquivir river deltas), and
also of some carbonate formations filling grabens open to
the sea, like the Inca-Sa Pobla system on Mallorca island.

In very arid zones, like the S flank of Gran Canaria is-
land, the influence of arid conditions during recharge
combined with the supply of marine airborne salts has to
be taken into account to explain the existence of saline
Pleistocene to Holocene groundwater above sea level in
hydraulic conditions preventing marine intrusion. This is
the case of the Amurga Massif.

In the PALAEAUX study the Llobregat delta is used
as a reference and the Dofana, the Inca-Sa Pobla and the
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Amurga aquifers are introduced. These four aquifers are
representative of the Spanish coastal areas and have been
selected to show typical situations to which many of the
other coastal aquifer systems can be referred to.

7.2
insula

Llobregat river delta aquifers, NE Iberian Pen-

The Llobregat river delta lies at the SW boundary of the
city of Barcelona, in its Metropolitan area, within the NE
Mediterranean coast of Spain (Fig. 7.1). It is a small sedi-
mentary formation of about 80 km? which extends into
the lower river lower valley up to some 20 km upstream.
The alluvial aquifers in this area are an important piece of
the local water resources system in spite of being so small.
Under intensive exploitation most of the recharge comes
from river water, both by channel infiltration and recharge
of irrigation excess water along the lower valley. The river
drains a basin of about 5000 km? and contributes a mean
flow close to 20 m?s-!, which may vary between 4 and
2000 m3 s,

The intensive development of the alluvial aquifers
started late in the last century, first in the lower valley to
supply Barcelona, and then in the delta where deep wells
were overflowing. There were industrial settlements mak-
ing intensive use of groundwater at the delta boundaries
and around 1925 they started to abstract large quantities
of groundwater from the delta itself. The massive use of
groundwater to supply factories peaked in the 1970s. The
use of groundwater for irrigation, although important is a
minor term since a large part of the area is served by irri-
gation canals taking river water upstream.

In 1955 a river water treatment plant to produce
drinking water was put into operation and the supply wells
for Barcelona changed their use from continuous exploita-
tion to emergency use, to respond to peak demands, river
droughts, serious river pollution events and failures. Also
artificial recharge has been operated to increase river infil-
tration and to inject excess treated river water into the
supply wells. Total groundwater abstraction peaked in the
1970s at about 45 m s~! of equivalent continuous flow,
but currently it is about 2.5 m s, although variable from
one year to another.

The quality of river water is rather poor due to the
large and increasing population and industrialization of
the basin and especially due to the disposal of brines in
the central part of the basin, resulting from potassium
chloride mining and processing. At some times of low
flow river water was brackish. Late in the 1980s a pipeline
was constructed to divert part of the brines directly to the
sea, and the problem was alleviated. The alluvial aquifers
are affected by river water salinity, as well as threatened by
contamination from diverse sources resulting from previ-
ous decades of poor environmental control. Recharge is
also threatened by the reduction in flood plains and rural
areas due to the progressive urbanization of the area. The
costs involved if the aquifer system fails is concerning
some citizen groups and the already operating Groundwa-
ter Users’ Association, which demand action of the water
authorities, and help in environmental control.
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Figure 7.1. Geographical emplacement and geological structure of the Llobregat river delta (after Custo-

dio ez al., 1992).

The first study, carried out by the Geological Survey
of Spain, dates from early the 20th century (Santa Marfa
and Marim, 1910) but detailed studies did not appear until
the second half of the 1960s, led by the Water Authority
and its Geological Service. The were joined by the Poly-
technical University of Catalonia and what is now the
Foundation International Centre for Groundwater Hy-
drology. A series of exploration and research studies have
been carried out. (see Custodio, 1981; 1992¢ for details).
As a result a large amount of groundwater data is available
which is of value in illustrating the processes the coastal
aquifer in the context of the PALAEAUX project.

7.2.1  Geology and hydrogeology
The delta (see Fig. 7.1) is a Pleistocene and Holocene
formation that consists of three layers:

(xv) a deep confined layer of Pleistocene alluvial
sands and gravels,

(xvi) an intermediate prodeltaic silty-clayey aquitard
with a high organic matter content wedge,

(xvii) an upper water table aquifer of sandy deltaic

plain and overstepping Holocene sediments.
The silty intermediate wedge and the sandy upper layer
wete grown up under the sea level rise of the Flandrian
transgression, which started some 15000 a BP after the
last Pleistocene glaciation.

The confined deltaic aquifer is up to 10 to 15 m thick
and lies directly over the Pliocene marls and clays that
constitute the impervious base of the aquifer system. The
Pleistocene layer outcrops landward in the lower river
valley, where it is part of the highly permeable (100 to 800
m d-1), lower valley alluvial aquifer. Along the coastline
the aquifer is at around 70 m depth and extends seawards,
reaching the sea bed at around 100 m depth and 3—4 km
offshore from the central part of the coast. The sediments
are highly permeable and display a strong lateral heteroge-
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neity related to sedimentary features like the existence of
palacochannels. The aquitard disappears and becomes
sandy at the S end of the lower alluvial valley and at the
deltaic margins. The maximum thickness (40 m) of the
prodeltaic wedge is in the centre of the delta coastline. In
this area vertical permeability is around 2x10-> m d-!. The
upper Holocene layer is 10-20 m thick. In the left and
right margins of the delta, and also northward to the river
valley, the water table aquifer overlies directly the Pleisto-
cene gravels, thus forming a single water table aquifer.

During the sea level rise the Pleistocene alluvial layer
was filled with sea water and the Holocene prodeltaic
clayey wedge trapped sea water while settling. But as ex-
plained below, due to groundwater flow during the Holo-
cene old marine water remains only on the upper half of
the central part of the layer, while in the rest it has been
replaced by more recent fresh groundwater.

Recharge to the lower valley aquifer and to the deltaic
aquifers comes mainly through river water infiltration
cither through the actual river bed and from irrigated
fields. Recharge is artificially enhanced by ploughing of
the river bed at the end of the river valley and also, under
favourable circumstances, by injection of plant-treated
river water through wells.

Currently, the discharge of the lower valley aquifer oc-
curs through pumping and as underground transference
to the deltaic deep aquifer. The discharge of the deep con-
fined deltaic aquifer takes place through pumping in the
centre of the delta and at the margins. Before intensive
development the discharge was through its submarine
outcrop, and to the margins of the delta, when the aqui-
tard is rather permeable and allows some vertical flow to
the water table aquifer, or disappears.

Before the intensive development of the groundwater
the river drained the alluvial aquifer in the lower valley
and the water head at the end of it enabled fresh water
discharge to the sea to be maintained through the con-



- . NATURAL
: Deep oquiter CONDITIONS

piezometric tevel

— PRESENT
b Deep aquifer CONDITIONS

_piezometric level

— flow X
== Fest ? Abstraction
el 2> Slow flow

eaca > Very slow tow @ Recharge

Figure 7.2. Conceptual model of the aquifer system. Under
natural conditions the water head between the two deltaic aqui-
fers allowed groundwater to start upward flow through the in-
termediate aquitard. The head at the inner boundary was high
enough to allow discharge to the sea through the submarine
outlet of the confined aquifer. Under the present conditions
groundwater flows downwards through the aquitard and the
discharge to the sea is replaced by sea water intrusion (after Cus-
todio et al., 1992).

fined deltaic aquifer outcrop in the well confined central
patt of the delta (Fig. 7.2a). In the delta itself, the water
head difference between the two aquifers allowed upward
flow of fresh water into the aquitard. This situation re-
sulted in the flushing out of the original marine water of
the deep aquifer during a few thousand years, and pro-
duced a dilution of connate marine porewater in the lower
patt of the aquitard.

The recent, intense groundwater exploitation, mainly
concentrated at the south end of the river valley and in the
centre of the delta produced a widespread piezometric
drawdown in the confined aquifer. Since late in the 1960s
the water table in the river valley has been permanently
under the river bed (except during exceptional flooding
episodes) while the piezometric head of the deltaic con-
fined aquifer is below the sea level all along the coast line
(Fig. 7.2b), which allows groundwater to move landward
instead of seawards.

7.2.2 Hydrochemistry

By 1965 the sea water encroachment in the deltaic con-
fined aquifer was already showing up in some sections of
he coastline (Custodio, 1967), while river water salinity,
about 700 mg L1, had already reached the pumping wells
in the centre of the delta, at the lowest point of the draw-
down cone. Before 1925 the river had less than 100
mg L1 of CI-. Salinity changes in the river water took 10
years to arrive at these pumping wells at that time (Fig.
7.3). Now the travel time is shorter due to higher water
head differences. Fresh water in the confined aquifer be-
tween this recent river recharged water and the intruding
saline water is pre-1925 water recharged in the lower river
valley, which was moving towards the offshore outflow
area and now moves landwards until replaced by sea wa-
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Figure 7.3. Saline groundwater in the deltaic confined aquifer
and in the lower valley aquifer in 1970 as a consequence of river
water contamination from potassium chloride mining and proc-
essing activities in the middle river basin. The plumes extend to
the main pumping sites, corresponding to a minimum of water
head. Wells in the plume front abstract an admixture of young
chlotide contaminated and old uncontaminated water. The time
evolution graph shows the breakthrough curve of contaminated
water in a well placed in the head of the confined aquifer (A) and
another placed 4 km downgradient (B) (after Custodio ez af,
1992). From the cutves a transit time of 10 a can be deduced
around the 1950s. Later on this time shortens due to increased
head differences.

ter. In 1965 a wide strip of this pre-1925 water was seen
but currently it has been depleted except in some low
permeability areas.

Groundwater chemistry in the deep confined deltaic
aquifer is dominated by seawater intrusion in the delta
coastal area and by the reducing conditions created by
organic—rich sediments at the upper boundary. Since the
beginning of the process two plumes showed up in the
NE of the delta (Fig. 7.4) in response to the drawdown
cone created by abstractions (Custodio e# al., 1986; Iribar,
1992; Iribar and Custodio, 1992). The one to the NE cot-
ner follows the coarse sediments at the boundary and the
other, close to the current position of the river, follows a
main palacochannel of the Pleistocene river. Between the
two plumes there is a shrinking area of low permeability
which indicates some pre—1925 water, and which is pro-
gressively depleted. The progression of these plumes is
currently more or less arrested since some saline water is
being abstracted for cooling in some factories, and as
brackish water for salination, thus establishing an equilib-
rium between salinity inflow and salinity outflow. Small
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Figure 7.4. Progression of the marine water intrusion into the
deltaic confined aquifer between 1965 and 1990. Saline water
moves faster through areas of higher permeability, like a palaco-
channel placed to the right of the river mouth or along the side
areas of the delta, where the intermediate silty wedge is thinner
or absent and coatse sediments dominate (after Iribar ez al,
1991).

changes in abstraction quantities and pattern produce
conspicuous shifts of salinity.

The SW saline groundwater is in reality unflushed
connate marine water, although currently it is also moving
landwards. In this area local alluvial fan sediments coa-
lesce with the Pleistocene deep gravel layer and the sandy
Holocene deposits, forming a roughly single water table
aquifer, with a rather low water head which prevents sea-
water flushing from deep layers.

Between the NE and the SW saline areas pre-1925
groundwater is still found since there the gravel layer is
thin or absent, but a new saline plume is developing fol-
lowing the more permeable features.

Saline water and its mixing in different proportion
with fresh groundwater in the deep aquifer have brought
about additional hydrochemical changes, mainly derived
from cation exchange and redox reactions. The resulting
most significant changes are local hardening (where ma-
rine encroachment is recent) or softening (in areas where
connate marine water was being flushed out), and HCOj5
content increase due to carbonate dissolution due to SO4*
reduction. No clear chromatographic pattern is found.
The convective dominated flow in the seawater intrusion
areas prevent a clear salinity stratification in the relatively
thin aquifer.

Saline pore water in the aquitard was detected in the
late 1960s during the hydrogeological surveys. To ascer-
tain the origin of this water, pore water samples were ob-
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tained during the 1970s by dilution from aquitard cores
(Custodio et al, 1971; Pelaez, 1983). The aquitard was
found to contain marine connate water from its top down
to a variable depth, where dilution starts to reach values
characteristic of the deep aquifer fresh water at the bot-
tom of the aquitard. Integrating this data with the concep-
tual historical flow model the dilution was interpreted as
the result of a fresh water upward flow from the deep
aquifer to the upper one during a maximum of 6000-8000
a BP when natural flow conditions operated in the aquifer
system. During this time only a small part of the saline
water in the aquitard had been displaced.

Hydrochemical studies were made in order to explain
the observed pore water composition and to determine
the hydrochemical processes that have modified the com-
position of the conservative mixed water. From the verti-
cal Cl- and Na* curves found in the central coastal area of
the aquitard, a longitudinal dispersivity (mainly due to
molecular diffusion) of 1 to 2x105 m?d! was calculated
for this area. The Na/Cl ratio indicated a progressive vet-
tical cation exchange between Na* in the water and Ca?*
in the sediments as the flushing of seawater decreased
upwards. These waters were tritium free.

Later in the 1980s new pore water samples were ob-
tained by squeezing (Manzano and Custodio, 1987). CI
and 680 and 62H values responded to an almost petfect
conservative mixing curves. However, the vertical distri-
bution of cations in the aquitard column showed an al-
most perfect chromatographic distribution. The deduced
main controlling chemical reactions were cation exchange
(Na* for Ca>* and Mg?*), calcite dissolution at the bottom
of the aquitard and precipitation upwards, and SO4* re-
duction (Manzano, 1993; Manzano ¢f al., 1990; Manzano
and Custodio, 1998). The conceptual model was simulated
with a reactive multicomponent transport model and very
reasonable results were obtained (Fig. 7.5). The model for
cation distribution at the base of the aquitard has been
improved by adding redox changes (Xu ¢z a/., 1999).

7.2.3  Environmental isotopes

Environmental isotope studies carried out in the area
since late in the 1960s helped to confirm the origin of the
water and the conceptual model of the flow system.

River water has a higher trittum content than local
rainfall due to its allochthonous (more continental) origin.
This shows up in the aquifer. Tritium content and distri-
bution in the lower valley, referred to samples taken from
wells tapping the full aquifer thickness, follows what can
be expected from an exponential mixing model. However,
careful interpretations have to be made when comparing
samples from different dates and places along the aquifer
because of the variable aquifer storage, besides tritium
evolution with time. Transit time through the unsaturated
zone is between a few days under the river bed and one to
two years under the irrigated fields. Average groundwater
turnover time for wells in the lower valley varies between
1 and 4 years. Groundwater spends about 10 years mov-
ing from the recharge area to the wells in the confined
aquifer in the centre of the delta, as found in the 1960s.
All this in the aquifer is coherent with transit times de-
duced in Fig. 7.3.

Tritium data in the deltaic confined aquifer have been
interpreted as the result of well mixed groundwater re-
charged in the lower valley which moves afterwards along
the deep aquifer according to a piston flow model. Trit-
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Figure 7.5. Saline pore water in the aquitard (dots) as a result of diluting connate marine water by up-
ward flow of fresh water from the confined aquifer during the period of natural hydraulic conditions in
the system (6—8 ka BP). The cation experimental curves show a perfect chromatographic sequence where
cation exchange plays the main role. Continuous lines have been simulated with a multi-component reac-
tive transport model using experimental values for the initial concentrations of pore water and fresh wa-
ter in the underlying aquifer. Longitudinal dispersivity was calculated by inverse calibration of the Cl
curve; values for the exchange reactions selectivity coefficients were calculated from the experimental
pore water chemistry and cations adsorbed in the sediments (after Manzano ez al., 1993).

ium distribution in the aquifer between 1972 and 1976
showed high contents (>10 TU) for young waters close to
the recharge area, while near the coast both fresh and
saline water were almost tritium free. The limit between
both zones roughly agreed with the position of the main
pumping wells defining the minimum of the drawdown
cone. This also agreed with the hypothesis that sea water
intrusion started lately in the 1950s or eatly in the 1960s
through the submarine outlet of the deep aquifer, which is
100 m depth and 3—4 km offshore. However, late in the
1970s the most saline coastal groundwater showed meas-
urable tritium contents (1-3 TU), which means that the
intruded matine water already had some thermonuclear
influence (Fig. 7.6). Calculations based on data from the
1982-1987 period means that the marine water had
moved 4 km in some 30 years. This means an average
permeability of around 40 m d! for this part of the deep
aquifer (Custodio ¢z al., 1992; Iribar e al., 1991).

Mean water isotope values for rain water in Barcelona
are 0180 = —6.512.6%0 and ?°H = —41.6125%0 SMOW
(Itibat, 1992). Averaged river water composition is 3180 =
—6.810.1%0 and &H = —51.5£3.97%0 SMOW (Iribat,
1992), which is lighter than local rainfall, as could be ex-
pected considering that the Llobregat river basin includes
heights up to 2000 m in the Pyrenees. But the river is
regulated by two dams where some isotopic evaporation
fractionation occurs, and along the middle valley the in-
dustrial and energy uses of the river produces evaporation
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as well. This means a decrease of the deuterium excess.
Recharge water in the lower valley has an average compo-
sition of 880 = —6.5 to —7.0%0 and 82H = —47 to —50%o
SMOW, in agreement with the river water infiltration ori-
gin. Some local differences correlate perfectly with chemi-
cal changes that indicate some lateral groundwater contti-
bution, as well as an additional fractionation process due
to ponding in the irrigated fields, which further decreases
the deuterium excess. This is especially clear towards the
lower part of the valley.

Groundwaters in the deltaic confined aquifer show
very small and non-discriminative differences: fresh and
young groundwater (with measurable tritium) found be-
tween the recharge area and the centre of the delta has
isotopic values similar to the lower valley ones. Older
fresh groundwater (without tritium) still present in the
central coastal area between the two saline plumes seems
to be a little bit lighter. The fresh water component of
saline groundwater in the deep aquifer has a composition
similar to the fresh old groundwater. The fresh groundwa-
ter in the W and E deltaic single aquifers is a little bit
heavier, suggesting the influence of the isotopically heav-
ier local recharge.

Pore water in the aquitatd has 8'80O and 62H values
that correspond to a conservative mixing of fresh water
from the deep aquifer and marine water (Fig. 7.7) during
the period of natural (undisturbed) hydraulic conditions in
the system. Small deviations from the conservative mixing
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Figure 7.6. Tritium content in water from wells in the deltaic
confined aquifer (derived from Iribar, 1992; Custodio ¢ al.,
1992).

can be explained by fractionation during the water extrac-
tion from the cores (by squeezing). An exception is the
uppermost sample, which corresponds to a mixing with
groundwater of the upper water table aquifer in a rather
sandy layer.

Groundwater in the lower valley has 83C values be-
tween —12.9 and —14.9%0 PDB, which are typical of
groundwater in carbonates with recharge following a reac-
tion path open to soil CO, CO; input only takes place
during recharge, especially in the irrigation fields, where it
comes from the soil and the degradation of water contrib-
uted (dissolved or particulate) organic matter. This is in
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agreement with the observed increase of HCOj3~ content
in waters resulting from recharge of irrigation excess wa-
ter. This suggests initial *C activities of 0.54 to 0.58 pmc
if free of thermonuclear *C. Some samples measured in
1972 showed '*C activities > 200 pmc, which could indi-
cate recharge through the river bed without incorporation
of C in the soil (Custodio ¢7 al., 1992).

O13C data available in the deltaic confined aquifer are
somewhat heavier than in the valley. The cause is not well
known, but it can be due to an additional dissolution of
calcite in the aquifer driven by different chemical proc-
esses such as NO3 and SO4> reduction the mixing of salt
and fresh water.

Figure 7.8 shows the incorporation of water contain-
ing tritium in samples lying to the right of the conservative
mixing line between biogenic C (8'3C = —25%0 PDB and
14C = 100 pmc) and C from carbonate minerals (assuming
813C = 0%o PDB and C = 0 pmc) in a system closed to
soil CO; or in a system open to CO; with an equilibrium
fractionation constant of € = —8%o. Most of these waters
have measurable tritium contents. There are only three
samples without tritium, but they are very close to the
mixing lines. Moreover some of them are from saline
zones and show the effect of cation exchange and of
SO4* reduction, so the lower “C activity could be due to
COg; incorporation from carbonate minerals dissolution or
to organic matter in the formations (8°C = —25%0 PDB
but some 8000 years old). Therefore these samples can be
only a few centuries old. Only one sample is cleatly
somewhat older (probably around 3000 a BP), in agree-
ment with its derivation from a sluggish low, almost stag-
nant, area in the central coastal zone of the aquifer.

7.24  Conclusions

Hydrochemical studies carried out since 1965 have pro-
vided a good knowledge of the groundwater flow system
of the delta and its behaviour under man’s influence.
Moreover, environmental isotope data have provided very
useful tools to check-out conclusions and calculations, as
well as to solve some particular aspects.

River recharge can be identified through the high alti-
tude environmental signature of its headwaters, even
when mixed with intruding sea water. Local contribution
from nearby gullies and local rainfall can be separated
from river recharge.

The study of vertical chemical and isotopical composi-
tion of pore water from undisturbed cores from the aqui-
tard allowed values of its vertical permeability to be ob-
tained and to check them by numerical modelling. The
chemical reactions deduced to be responsible for the aqui-
tard pore water vertical distribution were also validated by
a flow and reactive numerical transport model. The results
confirm a mixing of Holocene connate marine water and
fresh water flow upwards during a few thousand of years
as the origin for the actual pore water. The resulting
chromatographic ionic distribution in some 40 m of aqui-
tard thickness can be applied to understand the origin of
the chemical variability observed in other coastal aquifers
where the hydraulic evolution is not clear. It can also be
used to forecast future changes.

Groundwater in the confined deep aquifer is only a
few centuries old due to the permanent discharge of this
aquifer to the sea through its submarine outcrop since it
was formed, and also to an increased renovation rate due
to the intensive groundwater development since early in
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Figure 7.8. 14C (pmc) and 813C (%o PDB) in groundwater from
the deltaic confined aquifer and from the lower valley water table
aquifer. T means that there is tritium; E means that tritium is
absent; S means saline water and SS means very saline water; L
means sample near the delta boundaries. Most of the samples
show the presence of tritium, and only one is clearly old. How-
ever, taking into account the presence of carbonate minerals, this
sample could be only a few centuries old (modified from Custo-
dio ez al., 1992).

the 1960s. Thus isotopically depleted palacowater is not
present in the delta aquifers, but some pre-1925 water is
still there and being depleted.

7.3  Dofiana aquifer system, SW Iberian Peninsula
The Dofiana natural region and aquifer is situated in the
SW Atlantic coast of Spain, partly occupying the ancient
estuary of the Guadalquivir river but also extending far to
the N and W of it. It is a unique area where the conflu-
ence of special geographical and biological factors deter-
mine its high ecological value as habitat of a wide fauna
and vegetation diversity. Water plays the main role in this
richness, both as surface and groundwater. Most of the
area is under the highest protection status for natural
spaces existing in the Spanish law.

The Dofiana National and Natural parks cover to-
gether more than 100 000 ha, but the natural region
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known as Dofana is around 250 000 ha, are shared be-
tween the provinces of Huelva, Sevilla and Cadiz. Most of
the area is uninhabited except for people in charge of the
protection, the occasional developers of some natural
resources and the visitors. Some important towns sut-
round the area. The main economical activities are agricul-
ture and tourism, both of them competing for water, as
does the maintenance of the protected area.

7.3.1  Geology and Hydrogeology

The aquifer system consists of unconsolidated Plio-
Quaternary materials overlapping impervious Miocene
marine marls.

At the end of the Miocene the precursor of the Gua-
dalquivir river valley was an elongated SW-NE marine
basin filling up with sediments coming from the Iberian
Plate, to the N border, and from the African Plate, to the
S. In the W sector of this trench fluvio-marine sands set-
tled during the Pliocene. During the Pleistocene and
Holocene the east of this area subsided more than the
west one, probably driven by tectonics, giving place to the
building up of thick gravelly Pleistocene layers, and form-
ing a wide early Holocene estuary. The Flandrian (post-
Wirm) transgression almost replenished the estuary with
clayey, silty and sandy interlayered sediments, but it was
still a shallow, semi-closed bay during Roman times (lake
Ligur or Ligustinus), with an extensive littoral sand bar-
rier. Nowadays fresh and brackish water marshes exist
overlying on the estuarine deposits (FAO, 1970, 1972;
IGME, 1982; Vanney, 1970; Salvany and Custodio, 1995).

The aquifer system has a surface area of 3400 km?, a
variable thickness from a few meters inland to some 150
m at the coastline, and a roughly triangular shape. The
aquifer outcrops to the W and N, but to the SE it deepens
and becomes confined under some 50 m thick Holocene
estuarine clayey layers, with interlayered clays. The con-
fined area is about 1800 km? (Fig. 7.9).

The Pliocene fluvio-marine sands overlapping the im-
pervious Miocene marls have a moderate permeability.
The Quaternary consists of permeable fluvial gravel layers
and less permeable fluvial and eolian sands. Fig. 7.9 shows
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a cross section from the northern outcrop to the centre of
the marshland through the area studied in the PA-
LAEAUX project. There, the thicker gravel layers are
Pleistocene and rest under the Holocene clays in the con-
fined part of the aquifer. The thickness of the gravel layers
decrease landward, as they become wedge—shaped (Pleis-
tocene and Holocene) among thick fluvial sand layers of
the unconfined area. The Holocene gravels also extend to
the S, interlayered among the contemporaneous clays.

The aquifer system is recharged by rainfall in its out-
crop area, to the W and N of the marshes. Under undis-
turbed conditions groundwater flowed southwards to the
confined part of the aquifer. Groundwater discharge used
to occur near the confined/unconfined boundaty and as
upward flows through the Holocene clayey sediments.
The SE sector of the confined aquifer is filled with saline
groundwater, which has not been flushed out due to the
low hydraulic gradient existing since the late Holocene sea
level stabilization (some 6000 a BP, after Zazo et al,
1997). The natural flow pattern has been modified during
the past three decades because of increasing pumping for
irrigation in the area just to the N of the marshes, as well
as around El Rocio (Trick, 1998). Nowadays, most of the
recharged water is probably pumped out from the water
table area IGME, 1982; Llamas, 1991; Custodio and Pal-
ancar, 1995), and some local flow reversals may occur.

Head evolution in point boreholes screened at differ-
ent depths show that under current circumstances vertical
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downward head gradients exist both in the unconfined
and in the confined parts of the aquifer.

Electrical conductivity (EC) and temperature (T)
downhole logs in boreholes placed in both areas show the
existence of vertical downward groundwater flow (Fig.
7.10). This is the result of decreasing water head down-
wards, both in the unconfined and the confined areas, due
to groundwater abstraction.

Mean annual air temperature is around 18 to 18.5°C.
The thermal vertical gradient in the unconfined area is
<0.01°C m!, while in the confined area it is between 0.01
and 0.02°C m~'. A preliminary study can be found in Cus-
todio ¢# al., (1996). EC varies between 0.3 mS cm! in the
unconfined (recharge) area to up to 40 mS cm! in the
saline confined aquifer.

7.3.2 Hydrochemistry

Rain water in the recharge area is of the sodium chloride
type, due to the airborne marine influence. Some calcite is
the only reactive mineral present in the aquifer northern
outcrop, and groundwater here approach the sodium-—
calcium—chloride—carbonate type. As groundwater flows
to the S under the marshes, it becomes increasingly brack-
ish because of mixing with the saline water trapped in the
SE sector. A broad mixing zone develops from NW to
SE. Maximum salinity in the aquifer is a bit lower than
that of sea water. Also, pore water salinity in the Holocene
clays increases upwards in the top 30 m, reaching values
twice that of sea water in the top 5 m. This is interpreted
as the result of repeated evaporation and dissolution proc-
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Figure 7.12. Main hydrochemical reactions taking place in the
mixing zone between fresh water from the unconfined aquifer
and saline water in the confined aquifer (situation of the samples
in Fig. 7.11).

esses of water of the uppermost centimetres of the clays,
and also in shallow body waters in the marshes (Baonza ef
al., 1984; Manzano et al., 1991; Rodriguez-Arévalo, 1988;
Custodio, 1993).

Information derived from major ions (Fig. 7.11) agrees
with what is known from previous studies. Considering
downward flow from the water table to the confined area,
the main chemical reaction superimposed on the mixing
of fresh recent water and saline older water seems to be
Na/Ca and Na/Mg exchange (Fig. 7.12). Howevet, a
chromatographic spatial distribution has not been found.

In the recharge area some but not all the samples dis-
play incorporation of SO4> and NO;~ from agricultural
practices, while some of them (§7 and 1-2-9 in Fig. 7.13)
are depleted in SO4> relative to the conservative mixing
with sea water, as happens to most of the waters in the
confined area. This is interpreted as the result of reduction
processes. CHy has not been found in four groundwater
samples taken in September 1997 for noble gases analyses.
The wells reported by Baonza e/ al., (1984) as giving heavy
C have not been resampled and they are further into the
marshland. No other major chemical reaction seems to be
quantitatively significant.
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Figure 7.13. Main hydrochemical reactions taking place in the
mixing zone between fresh water from the unconfined aquifer
and saline water in the confined aquifer (situation of the samples
in Fig. 7.11).

7.3.3  Environmental isotopes

From previous work (Baonza et al., 1984; Manzano ef al.,
1991; Iglesias, 1999) it is known that groundwater in the
rechatge area has the 880 and 8%H signature of local rain
without significant fractionation by evaporation. Resi-
dence times based on tritium calculations was estimated
between a few and more than 40 years. 14C activity values
measured in the 1980s were in the range between almost
100 pmc and about 7 pmc. Following Baonza e al., (1984)
groundwater becomes older southward under the
marshes, up to 14 ka according to the Fontes and Garnier
(1979) model. Baonza ¢f al., (1984) found that some wells
in the recharge atea showed mean 813C values of dissolved
organic carbon (DIC) around —16%o, which was explained
as the result of isotopic equilibrium of carbonate species
and CO; in an open system with soil CO2 coming from
the decay of Calvin type plants (8'3C ~ —25%0 PDB), and
afterwards changing into a closed system for the dissolu-
tion of soil carbonates with average 8'3C = —4.7%o0 PDB.
In the confined area measured 8'°C values seemed to be-
come heavier with increasing salinity. Also, some of the
fresh waters under the clays showed very heavy 8'3C val-
ues of DIC (—4 to +2%o). This may be due to the input of
heavy C from old organic matter (ubiquitous in the clay
sediments) which is enriched in 8*C due to CHy4 forma-
tion and separation. The presence of CHy4 was not re-
ported, although one of the authors (Plata personal com-
munication) observed some gas evolution.

In the framework of the PALAEAUX project new
environmental isotopes have been measured mainly to
determine the age structure of the deep waters and to
detect possible admixtures of recent waters.

Age structure of the waters.

Results of isotope determinations are given in Table 7.1.
Table 7.2 summarizes the composition of the gases col-
lected for 39Ar activity measurements. The amount of gas
is increased by about 30% compared to air-saturated water
in samples S54 and M—8-13; this is due to the consider-
able CO; content in the extracted gases. Table 7.3 con-
tains the noble gas concentrations determined mainly to
calculate recharge temperatures (RT).



Table 7.1. Isotope data and modelled 4C ages.

Well H 85Kr Ar 1“C &13C 14C ages (a BP) 8180 &H
TU dpm/cc dpm/cc pmc %o Pearson®  Pearson®  Tamers %o %o
1-2-9 0.39£0.26 46.9 —14.3 1624 51 1328 -5.0 -30
M-8-13 0.17£0.26 3%+0.3 70£6 -12.0 —4.7 -26
S54 0.23%0.25 0.34%0.05 34+30) 51.7 ~11.6 —942 ~3515 73 —4.6 -26
AM5 0.3+0.24 27.5 -13.5 5579 3763 5385 —4.6 -26
S13 1.15%0.26 0.28£0.04 2814 20.9 —13.0 7497 5509 7403 -5.0 -32
S2 0.48%0.26 0.7+0.11 <10 7.34 -11.0 14853 11966 46454 —43 -25
AM1 0.65£0.26 33.6 —14.0 4224 2564 3955 —47 -29
(1) Ages based on Pearson model assuming 813C of CaCO3 = 0%o
(2) Ages based on Pearson model assuming 813C of CaCO3 = 4.7%o (after Baonza ez al., 1984)
(3) Results of repeated measurements: 19 £ 4% and 46 + 6% (preliminar)
Table 7.2. Amount and composition of the extracted gases, and NO3 content in the water.
Sample Gas vol Depth 0O, N, Ar CO, CH,4 Ny/Ar NO;
cc L1 m bgl vol % vol % vol % vol % vol % mg L1
S54 18 68 —0.01 66.1 1.29 27.5 —0.01 51 3.0
S13 13 74 1.0 90 1.73 1.75 —0.01 52 1.9
S2 12 72 0.03 92.7 2.0 4.85 <0.01 46.4 0.0
M-8-13 17 55 1.75 65.0 1.5 30.45 0.05 43.3 3.0
Table 7.3. Noble gas contents and recharge temperatures (RT)
Sample Hex108 3He/*He Nex107 Ne Arx104 Krx108 Xex108 RT
cm3STP g1 x107 cm3STP g1 excess % cm3STP g1 cm3STP g!  cm3STP gt °C
S13 8.13 10.31 2.38 29 3.73 7.95 1.06 19.743.4
M-8-13 10.71 8.10 2.43 31 3.72 8.04 1.053.4 19.811.8
S54 8.96 10.27 2.69 45 4.01 8.73 1.1819.8 15.1£1.2
S2 27.78 3.34 2.29 24 3.65 7.92 1.071.8 17.8£1.7
errors +0.5% +0.5% +1% 0 +1% +1% +1.8%

An initial interpretation of the data shows that recent
water components in all wells are smaller than about 10%,
even for M—8-13, I-2-9 and S54, which show the highest
¥Ar and C values. The 1-2-9 well is in the water table
aquifer area, while the other two are nearby but tap several
layers of the confined aquifer. This limit of 10% for a
recent admixture can be estimated from the 3H content, if
10 TU is assumed for present day precipitation. An even
lower limit of about 1% is estimated for S54, S13 and S2
from the low #Kr activity values (Table 7.1). These low
values also demonstrate that the sampling intervals of 50—
70 m below surface are deep enough to prevent gas ex-
change between this water and the atmosphere thus pre-
venting the increase of 3Ar activity from external sources.

A close look at *H, 8Kr, O, and NO3 data allows
more detailed conclusions:

e the water of M—8-13 may contain about 5% of recent
water, as estimated from its 8Kr activity of 3
dpm mI! and the amount of 1.75% O, found in the
extracted gases;

e the measured data of S13 are more complex: its 5Kr
content is really low excluding more than about 1% of
recent water. This however seems to be in contradic-
tion to the measured *H, NO3 and O; contents. A
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possible explanation of all data assumes the admixture
of a water component with an age of several decades.
The 3H/%Kr ratio in the atmosphete was then much
higher (Loosli ez al., 1999). There is the suspicion that
the terrain in the surroundings of the borehole screen
still has drilling water, which was probably taken from
one of the nearby agricultural wells;

e the NO; content in S$54 may also indicate some influ-
ence of fertilization, which may have happened up to
30 a ago, when agriculture became intensive in the
area.

From the above it can be concluded that most of the wa-

ter of the wells investigated in the PALAEAUX project is

older than about 40 years. This is important because all
wells except S2 ate close to the supposed recharge area.

The combination of 3Ar and '“C allows the age of
these deep waters to be indicated more precisely:

e the low ¥Ar value in water from S2 allows the estima-
tion that the underground production of *Ar is below
about 10%. Therefore the measured 3°Ar activities in
M-8-13, S54 and S13 may be converted into ages: if
for M—8-13 a uniform age is assumed, a value of
about 170 years can be calculated, taking into account
the above mentioned addition of 5% recent water;



e with the same assumption of piston flow a value of
about 400 years can be estimated for $54 and S13;

e the water of S2 is older than the above mentioned
three waters, based on its low ¥Ar activity and indi-
cated by its “He content (Table 7.3). The ¥Ar activity
converts in a lower age limit of about 900 years for S2.
This age structure from *Ar activities may now be

compared with the interpretation of #C and 6>C meas-

urements. Some of the samples measured for PA-

LAEAUX had been analysed previously in the 1984 study.

The new “C and 8'3C determinations in or close to the

recharge area generally confirm previous results as can be

seen in Figs. 7.14 and 7.15. No clear indication of a

change of the flow pattern is therefore given. Heavy 6'3C

values found by Baonza ¢ a/., (1984) have not been found
during the PALAEAUX study, in which samples were
collected somewhat closer to the infiltration area (Fig.
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Figure 7.14. 5!3C disttibution in groundwater after Baonza ez al,
(1984) data, and after the PALAEAUX results.
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Figure 7.15. 14C and 8'3C distribution after Baonza ez al., (1984)
data, and after the PALAEAUX results.

7.14). As in the 1984 study, the highest *C values (around
50 pmc) show up in the NE, decreasing along the infiltra-
tion boundary to about 20 pmc to the W. The lowest 4C
value here found, about 7 pmc, is from the new drilling
S2, which is screened in the deep layers (down to 200 m
depth) of the multilayered aquifer in the confined area
(Fig. 7.15).

There is no relationship between 6'3C or '*C and total
DIC or salinity content (Fig. 7.16 and 7.17). Samples in
the confined area with low C contents have DIC = 2
mmol L1, lower than in the unconfined area (DIC = 6
mmol I-1; data from several samples). So neither calcite
dissolution from the marine clays nor incorporation of C
from the organic matter in the sediments seems to be a
quantitatively significant processes, although they proba-
bly have taken place. The 813C~14C relationship agree with
this hypothesis: 8'3C values charactetistic of the rechatge
area are also found in the confined aquifer as groundwater
is being depleted in “C, mainly because of radioactive
decay (Fig. 7.17). Vertical mixing of groundwater with
different ages is probably the major process, especially in
the unconfined area, where most of the sampling wells are
multiscreened. All the measured values seem to fit a sys-
tem closed to COs. In the confined area this is in agree-
ment with the existence of thick clay layers on top and in
between the sand and gravel permeable layers. In the wa-
ter table area it can be explained because of the aquifer
configuration of alternated layers of different permeabili-
ties (mainly of sand, but also of gravels and some silts).

Age information from C data (in addition to the
conclusions form *Ar) is given as model ages in Ta-
ble 7.1:

e a strong argument in favour of Pearson’s model ages

(Ingerson and Pearson, 1964) comes from the results
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of M—8-13: the ¥Ar age is about 170 a (see above); a
nearby and comparable well investigated in 1984
showed a C actvity of about 55 pmc with a 6'3C
value very similar to that measured now at M—8—13;

e therefore it can be concluded that the corrected *C
ages of M—8-13, I-2-9 and S54, all situated close to
the recharge area in the NE, should be younger than a
few hundred years, as given in Table 7.1;

e it also can be concluded that a model age around 12—
15 ka seems appropriate for S2, mainly because no
change in 83C compated to young watets has been
observed;

e an alternative to the average *C model age of S13 is
concluded from the 3Ar—14C comparison: it cannot be
excluded that this water gets its 3H, #Kr, ¥Ar and *C
activity from an admixture which is several decades
old. Then, the main component could be water much
older than about 1 ka.

Stable isotopes

8180 and &?H values agree with previous studies and cot-
respond to mean annual values in local recharge, which is
originated by rainfall (8180 = —4.7 to —5.0%0; &*H = —28
to —30%0 SMOW). No palacoclimatic signature has been
found in the freshwater component of groundwater of the
confined aquifer, after cotrection of 880 and &*H values
for marine water contribution. However a pollen record
described in the coastal atea of Dofiana which covers the
last 18 000 a suggests no major climatic changes during
this period, and that during the last glacial maximum the
weather in the SW of the Iberian Peninsula was humid
and warm, not very different to the present one (Zazo ef
al., 1996).

Noble gas recharge temperatures (RKT)

Excess air can in principle be determined from each noble
gas concentration; neon however is most sensitive. There-
fore Ne excess values are given in Table 7.3. Excess air of
about 20-45% agrees with the N2/Ar ratios given in Table
7.3. The excess air correction has been used to calculate
the recharge temperatures from the other noble gas con-
centrations. The basis for this calculation is the solubilities
at 18°C and at an elevation of 50 m above sea level. Most
reliable, with corresponding lower errors, are the results
for S54 and S2. All RT are within the present day mean
annual air temperature.

Radiogenic “He is present in all samples (Fig. 7.18 and
Table 7.3). S2 contains the highest radiogenic “He content
and its 3He/4He ratio is closer to the end member value
for this ratio than the other three samples. If the *He/*He
ratio is plotted against 1/4He an extrapolation of this end
member value is possible. This shows that all measured
ratios correspond to a mixing between air saturated water
(ratio =1.35x10-% and an end member with ratio 7x10-8.
This points to *He production by a Li rich rock or possi-
bly to an admixture of He from deeper crustal layers. This
correlation furthermore allows the conclusion that the
tritiogenic *He content is vetry low. Therefore He/?H
dating is not possible.

7.3.4  Discussion

The situation observed in the Doflana aquifer suggests
that approximately half of the confined Pleistocene aqui-
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Figure 7.18. Relationship between noble gases He and Ne in the
4 measured samples.

fer has been freshened by fresh groundwater flowing to
the SE from the unconfined area, and probably discharg-
ing during some 6000 a inside the marshland as upward
flow through the Holocene clays. The upward head gradi-
ent was still visible a few decades ago as flowing wells.
Nowadays, the piezometric level of the confined aquifer is
1 to 2 m beneath the land surface due to the drawdown
occasioned by agricultural pumping in the water table
aquifer close to the marshes. Fresh groundwater head
prevailing since the sea level stabilization 6000 a BP has
not been high enough to flush out all the saline water in
the Pleistocene gravels. Salt water probably remains in the
southeast- most extreme of the aquifer, but there are not
observation points there. In the saline waters studied pa-
laecoclimatic signatures are not present.

From the point of view of the PALAEAUX objec-
tives, this is an aquifer where old saline water still exists
extensively due to the aquifer structure and prevailing
hydraulic heads, and only a more or less wide strip con-
tains freshwater. This situation means that no large re-
serves of old fresh groundwater are available, but the case
can be applied to forecast the probable groundwater qual-
ity changes in areas with moderate average recharge and
low topographic slopes, under a hypothetical future sea
level rise.

7.4  Inca-Sa Pobla aquifer, Mallorca island
S'Albufera area is the extreme NE of the Inca-Sa Pobla
aquifer system, in the NE corner of the Mallorca island
(Eastern Mediterranean Sea). S’Albufera means “the la-
goon”, which still exists as the remains of the Flandrian
marine transgression during the first half of the Holocene
period.

7.4.1  Geology and hydrogeology

The aquifer materials consist of a more than 300 m thick
sequence of marine carbonates (mostly limestones) and
calcarenites ranging from the Upper Miocene (Tortonian)
to the present (Gelabert, 1998). They settled in a SW-NE
subsiding trench some 35 km long and 7 to 15 km wide
(Fig. 7.19). To the N and NW the trench is limited by
overthrusted Triassic, Jurassic and Cretaceous dolomites
and limestones with marls and gypsum, forming the Serra
de Tramuntana range, up to 1400 m high. To the S and
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SE the trench is limited by Tortonian and Pliocene cal-
carenites and by Plio-Quaternary molasses, forming
smooth hills up to 100 m high. To the NE the aquifer is
limited by the Mediterranean Sea.

From the hydrogeological point of view, the aquifer is
a multilayered system. In some areas two super-imposed
aquifers appear, an upper unconfined and a deep confined
one, but in most of the area only a water table aquifer
exists. The system is recharged mainly by local precipita-
tion and probably to a minor extent by lateral groundwa-
ter flow from the Serra de Tramuntana and from the
southern hills. There are not significant permanent rivers
and surface flows exist only after intense rainfall episodes.
Groundwater flows north-eastward to the sea, and dis-
charges through pumping wells for agricultural and urban
use all along the aquifer, and as springs and diffuse up-
ward outflow in the landward boundary of the S’Albufera
wetland clay infilling.

To the W and NW of S’Albufera wetland high vertical
temperature gradients develop. The dominant hypothesis
before the PALAEAUX studies was that saline waters
wete stagnant, and existed due to mixing with deeper salt
water moving upwards as a result of groundwater abstrac-
tion. This hypothesis has now been modified. Very low
vertical temperature gradients were found in the rest of
the area (Custodio ¢f al., 1992; Barén ef al., 1994).

Detailed downhole electrical conductivity (EC) and
temperature (T) logs in point and multiscreened boreholes
in the Pleistocene-Holocene sediments and in the underly-
ing Miocene-Pliocene have been recently carried out as
part of the PALAEAUX project. Vertical and spatial dis-
tribution of EC, T and thermal gradients show a spatial
pattern of what seems to be a dominantly convective flow
network of saline water in the coastal sector of the aquifer.
This pattern appears under and in the surroundings of
S’Albufera wetland, down to >200 m depth. Fresh and
saline water flow downwards along the central axis of the
basin. Close to the NNW and SSE boundaries of the ba-
sin upward flow of saline groundwater exists. Here, ther-
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mal gradients are close to 0.03-0.035°C m!, but values up
to 0.05°C m! have been measured locally, as in borehole
S20 (Fig. 7.20). Upward flows seem to concentrate
through highly fractured (and probably karstified) areas,
but this has to be confirmed. Due to the lack of adequate
observation points the relationship between these flows
and the hydraulic gradients remains unknown. The small
size of some geological bodies and the unclear existence
of effective confining materials does not favour the exis-
tence of residual high potentiometric values (inherited
from higher sea stages in the past) for the saline ground-
water in deep formations.
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Figure 7.20. Electrical conductivity and temperature cross—
section (October 1996—March 1997) of the coastal area of the
Inca—Sa Pobla aquifer system (S’Albufera area).



7.4.2  Hydrochemistry

Despite the multilayer configuration of the aquifer, all the
carbonate layers are hydraulically connected. The Upper
Miocene deep limestone layer is the most transmissive
unit (Fig. 7.19). Although most of the pumping wells
penetrate the full set of layers, they collect water mainly
from this thick Miocene layer. This enables samples
placed along a flow line but taken from the deepest part
of the aquifer to be compared.

Away from the coastal fringe groundwater in the Inca-
Sa Pobla aquifer is of calcium-carbonate type as the result
of rock dissolution by infiltrated rainfall. Beneath and in
the surroundings of S’Albufera wetland groundwater is
brackish and saline due to mixing with marine water of
until now unknown age. A thin freshwater layer exists
around the N and S boundary of S’Albufera wetland, but
to the W and NW a wide step-wise transition zone devel-
ops, which is characteristic of fissured and karstified rocks
(Custodio and Bruggeman, 1987).

Groundwater from the Serra de Tramuntana, to the N
of the studied aquifer, is also of the calcium carbonate
type.

Groundwater salinity in the Inca-Sa Pobla system in-
creases slightly downflow (to the NE) in the first 25 km of
the unit, but 10-12 km to the coast the mixing with saline
water starts. In most of the aquifer system groundwater
flow in the uppermost tens of metres is mostly vertical
downward, allowing rain and irrigation excess water to
penetrate. But through the deepest part of the unit, and
from SW to NE, horizontal flow seems to dominate as a
general pattern until the coastal area, where the mentioned
convective flows dominate.

Although most of the fresh water is of calcium-
carbonate type, some spatial differences are observed.
Groundwater with the lowest salinity is found in the SW
part of the system, where the recharge area begins. Only a
few samples in the central part of the unit are of the sul-
phate calcium or sulphate magnesium type. Since dolomite
is rare in the aquifer, these waters are probably due to the
influence of the Miocene matls that constitute the imper-
vious base of the aquifer, which is elevated in this central
area (see Fig, 7.19). In the coastal area (S’Albufera)
groundwater is of the sodium-calcium-chloride-carbonate
type, and closer to the sea is of the sodium-chloride type.
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Figure 7.21. Mixing trends between present day recharge water
and saline and brackish groundwater in the coastal area of the
aquifer, as shown by Na—Ca relationship.
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As a result of convective flows, the interpretation of
the spatial water chemistry changes in S’Albufera area has
to be referred to the sampling depth and the hydraulic
characteristics of each point. However, a look to the
downflow evolution of some ionic ratios (Fig. 7.21) shows
two different mixing trends between freshwater recharged
along the unit and saline water encroached in the coast.

(xviii) Brackish and saline groundwater under
and to the SE of S’Albufera wetland appears as the result
of a non-conservative mixing between current recharge
water and Mediterranean sea watet.

(xix) Brackish groundwater to the N and NW of
S’Albufera, along the boundary with the Setra de Tramun-
tana range, seems to cotrespond to a non-consetvative
mixing of present recharge water and a brackish ground-
watet with mote than twice the Ca content and a tCa/tMg
ratio (t=meq/L) = 1 four times that of the former area
(tCa/tMg = 0.25, similar to that of sea water).

Besides, in several boreholes close to the boundary
with the Serra de Tramuntana range upward flows of sa-
line groundwater have been measured. This suggests the
existence of deep lateral groundwater flows in the area
coming from water recharged in the nearby heights of the
Serra. This hypothesis is supported by isotopic data, as is
shown below.

7.4.3  Environmental isotopes

Tritium content in groundwater sampled in November
1997 decreases progressively down gradient, from 6-8 TU
in the SW of the unit down to <1 TU in saline watets of
the coastal area (Fig. 7.22). In the SW half of the aquifer
trititum seems to decrease just by decay, although a piston
flow model does not fully describes the expected evolu-
tion due to some inflow of locally recharged recent water
along the flow path. Neither doesa well-mixed model fit
the measured data. The high-and-low-content peaks ap-
pearing downflow in the SE half of the aquifer has to be
explained considering the local sampling depth and the
particular configuration of the vertical flow in each point.
Spring waters correspond to several sampling surveys
during the last 8 years. They show different percentages of
admixture between freshwater of different ages and older
than 45 years saline water in the coastal area.
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Figure 7.22. Tritium content along a flow path through the
deepest part of the Inca—Sa Pobla aquifer, and at different
depths in the coastal area.
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8180 and &%H in groundwater’s fit well with the pre-
sent local meteoric line (excess 2H = +13 to +15%o). Re-
cently recharged groundwater has the signature of average
present local rain water (880 = —6%o; &*H = —36%o
SMOW). In spite of the apparent homogeneous origin for
all the samples, two groups seems to show up (Fig. 7.23):
a locally recharged groundwater, and a second one which
is 0.5 to 1%o lighter in 880, and 8-10%o lighter in 8°H
that local recharge. On the other hand, the freshwater
component of the brackish samples from the coastal area
is even lighter than the second group. This suggests again
recharge at higher altitude than that of the local area al-
though, as discussed later looking to C isotopes, the pos-

sibility of a remnant groundwater recharged in a colder
period in the past can not be discarded.

Attempts to know the age of this light freshwater
component and also of the marine water has been made
through *C dating. *C activity of DIC and tritium con-
tent in 4 groundwater samples in the coast decrease as
freshwater content increases, apparently showing an age-
ing as freshwater content increases (Fig. 7.24 and Table
7.4). Assuming a conservative fresh-salt water mixing, and
the 8'3C content of sample S19b representative of recently
recharged groundwater, the calculated mixing fractions for
samples SA2.2, S20 and S22 provide 8C values heavier
than the measured ones (Fig. 7.24).

DIC content of samples S20 and S22 is higher than
expected from a fresh-salt water conservative mixing (Fig.
7.25), while sample SA2.2 (97% of sea water) has the ex-
pected DIC content, but a lower than expected *C activ-
ity. This suggests the incorporation of light C with a very
low or null “C activity for samples S22 and S20, so the
simple incorporation of young water is discarded. These
samples are from boreholes where upward flow of saline
water has been measured, and belong to the set of waters
having a saline component different to the western Medi-
terranean sea water (see Fig. 7.26) and assumed to proceed
cither from the Serra de Tramuntana recharge or to be a
remnant of groundwater recharged in older times.

The sample SA2.2 almost pure marine water, is not
very old (2000-3000 a).

Groundwater ages have been calculated under very
simple assumptions (Table 7.4), without considering the
possible contribution of lateral groundwater inflow from
the nearby Serra de Tramuntana range, because informa-
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Table 7.4. Calculated ages on the basis of 14C and 8!3C data.

Sample 1uC oBC seawater 14C ages (a BP) H o180 &H
pmc %o % Pearson Tamers TU %0 Yoo
S19b (44m) 788 120 5 —4099 2674 48X05 65 385
SA2.2 (55 m) 37.4 —6.3 97 —3265 3336 0.6£0.4 0.3 0.0
$20 (150 m) 257 104 74 3990 7771 0.0£04 71 -353
$22 (120 m) 140 107 60 9240 13307

Pearson: Ages based on Pearson model assuming 8'3C of CaCO3 = 0%o

Tamers: Ages based on Tamers model

tion on original end member waters, mixing percentages
and a quantification of the mass transfer involved in the
subsequent chemical reactions still remain unknown. 83C
values in the limestones and in the local soil CO; are not
available, so the standard 0%o and —25%0 PDB respective
values have been used for 83C. Results indicate that the
most diluted water (S19b) is very recent. The ages of the
other three samples range between recent water and 9000
a BP if Pearson (Ingerson and Pearson, 1964) correction
applies, and between 3000 and 13 000 a BP if Tamers
(1975) correction applies. Calculations have been made on
the basis of a closed system to soil COg, although taking
into account the flow configuration in borehole S19b this
sample should probably be interpreted under the assump-
tion of an open system.

74.4  Discussion

Electrical conductivity downhole logs show that in the
coastal area of the Inca-Sa Pobla aquifer the whole aquifer
thickness (the Holocene clays, the underlying Pliocene
calcarenites and matrls, and the Miocene limestones that
constitute the lowermost transmissive layer) contain
brackish and saline water. This suggests that during the
Holocene the only natural discharge mechanism of the
aquifer system was upward flow of fresh water along the
fresh-salt water interface in the surroundings of
S’Albufera wetland, together with upward flow of saline
water along the NW and SE boundaries of the wetland.

14C pmC
0 10 20 30 40 50 60 70 80 90 100
O L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L ‘ L
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-4 — Sea water content, B
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Figure 7.26. “C versus 813C in groundwater from the coastal
area of the Inca—Sa Pobla aquifer; 813C values are not cotrected
for marine water contribution. The graph shows the theoretical
evolution of both isotopes in a system closed to CO,. Borehole
SA2.2 is confined by about 50 m of clays. Thus a closed system
to CO; can be assumed, what means than some thermonuclear
14C is present.
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Nowadays discharge takes also place through pumping,
but still these upward flows are the source of the con-
spicuous springs and the diffuse outflow occurring along
the inner (SW) boundary of S’Albufera wetland.

Fresh groundwater has a composition very similar to
that of local recharge water, with slightly increasing total
salinity, mainly due to calcite dissolution/precipitation
processes. Local recharge around the Sa Pobla basin in-
corporates agricultural SO42 and NOj to groundwater.

8180 and &%H values are very similar to current local
average rain water, but *H contents decrease downflow
reaching values less than 1 TU some 5 km away from the
coast. The freshwater component of saline groundwater in
the NW sector of the coastal area has the §'%0 and 8*H
signature of a water recharged either at higher altitude
than the aquifer recharge area, or in a colder environment
than at present time. The last hypothesis seems to be sup-
ported by the fact that these waters have the oldest C
ages determined in the area.

In three of the most saline waters the “C activity de-
creases as freshwater content increases, and as DIC and
Ca content increase. This could indicate the presence of a
freshwater component older than the present recharge.
Also, the saline component of some of the samples has a
different origin than the rest of the coastal saline ground-
water. So, at least for some of the samples (S22 and S20) a
ternary mixing should probably be considered, being the
end members: 1) a saline groundwater of unknown age, 2)
a recently and locally recharged fresh groundwater, and 3)
an older fresh component recharged either outside the
aquifer system or in older (and colder) times. For sample
SA2.2, components 1) and 2) can provide the measured
values. Then, some palacoclimate signature in saline
groundwater of the coastal area of the aquifer is not dis-
carded, although further isotopic and geochemical studies
have to be carried out to confirm this.

The convective flows found in S’Albufera area makes
the interpretation of water quality changes a function of
the sampling depth and on the particular hydraulic con-
figuration of each sampling point. But it is has been
clearly seen that both the Pleistocene aquifer, which is
rather thin in this area, and the thick carbonate Miocene-
Pliocene aquifer underlying the Pleistocene sediments,
contain salt water. Hydraulic gradients favour the vertical
mixing of salt water of different ages and young fresh
water, although the mechanism is not yet fully under-
stood. From the point of view of the PALAEAUX objec-
tives the main interest of this aquifer lies, as in the case of
Dofiana, in the chemical changes affecting recharge water
as well as in the quantification of the time needed for the
mixing processes to take place.
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Figure 7.27. Location of the Amurga massif study area.

7.5 Amurga Massif, Gran Canaria

In the wedge—shaped, thick sequence of phonolite lavas of
the Amurga Massif, in SE Gran Canaria, Canary Islands,
brackish water is found in the deep water table aquifer. Its
origin is due to the arid environment in which episodic
recharge events incorporate relatively high airborne salin-
ity. No direct seawater intrusion or trapped old marine
water is found exceptfor one well close to the coast after
several years of continuous exploitation. Water isotope
contents reflect the fractionation previous to recharge due
to the lack of a continuous vegetation canopy. The trend
line points to a mean content of rainfall which cannot be
distinguished from present values. Abstracted water has
no measurable tritium. Radiocarbon concentration in dis-
solved total inorganic carbon is well below modern or-
ganic carbon. The C content shows some dilution with
heavier carbon, which cannot be resolved uniquely. A
mean age of about 11 000 years is a reasonable possibility.
This is compatible with the small mean recharge, the very
thick unsaturated zone and the turnover time of water in
the unsaturated zone, but other interpretations cannot be
ruled out. If the hypothesis of late Pleistocene age for
abstracted water is admitted, this means that there is not a
clear isotopic climate signal.

7.5.1  Geology and hydrogeology

The Amurga Massif is a wedge—shaped phonolite forma-
tion of ca. 5 Ma resting on rhyolitic ignimbrites and Mio-
cene basalts (ca. 10 Ma) of the Gran Canaria Island vol-
canic complex (ITGE, 1992), in the archipelago of the
Canaries (Fig. 7.27).

The total surface area is about 125 km? The highest
point is 1191 m above sea level, at the apex of the wedge,
and dips towards the coast with a mean slope of 0.086.

The massif is dissected by deep gullies, which pro-
duces a rough surface, with scarce interbasin flats and
almost vertically walled canyons. The wedge is limited at
the sides by two deeply incised main gullies (barrancos),
Fataga and Tirajana (Fig. 7.27). The old basement only
outcrops in the Tirajana barranco outcrops. The coast line
presents cliffs and intermediate torrential alluvial fans.
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The island of Gran Canaria is in the Saharan dry belt.
Mean rainfall at sea level is below 200 mm a-!, but in-
creases up to 1000 mm a~! on the highlands due to oro-
graphic effects on the dominating NE trade winds and
occasional SW Atlantic wet winds. Amurga is in the
downwind dry part of the island with mean rainfall of
about 100 mm a~! at the coast and less than 250 mm a~! in
the small surface at the top. But occasional intense and
short downpours may happen some years. High net sun
radiation produces high potential evaporation, over 1500
mm a~!'. Only dispersed vegetation of mostly euphorbiae
is present, which leaves a large part of the land surface
open to direct sun radiation most of the time. A large part
of the land is bare rock or rock debris.

Most of the massif consists of phonolite lava flows
running from close to the island centre to the coast, some
metres to some tens of metres thick, in a well defined
sequence containing well developed interflow brecciae,
and some interbedded ash flow formations, which fre-
quency increase downwards.

Exploitation by means of deep boreholes (down to
250 m) started in the 1980s. Groundwater is brackish and
thus unsuitable for human supply and agriculture. This
prevented its use until late in the 1980s, when an elec-
trodialysis desalination plant started operation to convert
this water (plus groundwater from the Tirajana delta area
and the Barranco of Fataga) from about 4 g L-! salinity
into potable water for the large touristic complex of Mas-
palomas—FEl Inglés. Studies were carried out to know the
resources, origin of water and evolution of salinity to en-
sure the plant could operate as foreseen during the 25
years of economic life.

The regional water table is very deep, from tens to
some hundred metres below the interfluves and is not
intersected by the intramassif barrancos. There are no
springs except for a few, small perched ones, outflowing
from some interflow brecciae or at the foot of large land-
slide masses along the two major barrancos. Total dis-
charge is about 0.2 L s7!, but the Barranco de Fataga may
collect up to 15 L s! of diffuse discharge in favourable
years. Along the coastal cliffs there were some water seeps
at some altitude above the beach and wet patches in the
barranco mouths. They disappeared after landscape
changes produced by intensive urbanization and garden-
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Figure 7.28. Representation of the water table in the Amurga
massif, showing the situation both without (above) and with
(below) the influences of exploration and exploitation boreholes.

Exploration and exploitation boreholes show a re-
gional water table as shown in Fig. 7.28. They do not
cover the whole area due to the difficulty of emplacing
drilling machinery in the rough land and the thick unsatu-
rated zone.

Pumping tests in the boreholes and exploitation data
of the wells show transmissivity values in the range 50 to
800 m?day!, although there is a bias due to only consider-
ing the productive ones; the mean regional transmissivity
may be an order of magnitude less.

The only source of recharge is rainfall infiltration.
Most of precipitation remains close to the surface where it
evaporates. The discontinuous vegetal cover transpires a
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part and the remaining water returns to the atmosphere
directly from bare land. Only a small fraction of precipita-
tion escapes evaporation and produces recharge, which
varies widely from year to year, and is only significant in
wet years. The long term mean value is estimated between
2 and 4 mm a! (Custodio, 1992a).

Recharge moves downward through the rock matrix.
Even rain water penetrating through fissures, directly or at
the bottom of the barrancos, is probably entrained
through the fissure walls and incorporated into the matrix
as the unsaturated zone is very thick and there are fre-
quent horizontal intetlayers of breccia, ash flows and ash
falls. Then input to the saturated zone is smoothed and
time scales to reach the water table are considerable. Pis-
ton flow seems a reasonable model for recharge transfer
description.

In the unsaturated zone the combination of horizontal
brecciae and scoriae with vertical fissures produces a
three-dimensional (3-D) water flow whose thickness is
unknown but likely to be up to some hundred meters
thick.

Current groundwater abstraction from Amurga and
the Barranco de Fataga valley is about 60 L s~ (up to 80 L.
s7!). This represents about 10 mm a! for the whole
Amurga massif and up to 500 mm a-! for the 2-3 km wide
strip parallel to the coast where most of the wells are
placed. Thus groundwater reserves are depleted and there
is a continuous watet table drawdown. Estimated drain-
able (effective) porosity is 0.03 to 0.07, which is in the
range admitted for other lava dominated formations (Cus-
todio, 1978).

Temperature and electrical conductivity logs carried
out in some of the currently uncased, dismantled bore-
holes show homogeneous salinity along the penetrated
saturated thickness but variable vertical thermal gradient
(Fig. 7.29), from nil to about a normal value 0.03°C m-.
No residual volcanic heat is seen, in agreement with the
age of the rock and the lack of recent effusions. Some
boreholes in the bottom of deep barrancos show anoma-
lous high temperatures of the air in the borehole but nor-
mal thermal gradients; this is assumed the result of the
topographic position in the canyon, well below the inter-
fluve, and the intense sun action due to the N-S orienta-
tion. Some boreholes show no vertical temperature gradi-
ent in all or part of their length. This is due to significant
vertical flow of water inside the borehole, downwards or
upwards, depending on the 3-D flow pattern induced by
groundwater abstraction.

7.5.2 Hydrochemistry

Numerous water analyses from the pumping wells are
available since 1985. Most waters are of the sodium-—
chloride type and cluster around some main poles. Most
of the boreholes in the Amurga massif yield quite similar
brackish water (electrical conductivity in the range of 4.5
to 6.3 mS cm~') which has not changed significantly with
time but for one case in which there is a clear evolution
towards marine composition. This is the only well to show
the possible effects of sea water intrusion after the con-
spicuous sustained local water table drawdown due to
groundwater development.

Water from boreholes along the Barranco de Fataga
are also brackish but with lower salinity than in Amurga
(electrical conductivity around 1.7 mS cm-!) and chemi-
cally enriched in sodium. This is interpreted as the effect
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Figure 7.29. Temperature logs measured in some boreholes in
the Amurga massif.

of the more acidic nature of volcanic formations (rhyolites
and thrachytes), different from that of Amurga, but suf-
fering a similar process to become brackish.

Most groundwater is close to saturation with respect
to calcite and amorphous silica, and slightly oversaturated
with respect to dolomite. Equilibrium CO, pressure is
between 0.003 and 0.001 atm, or an order of magnitude
higher than in the atmosphere.

Salinity is assumed to be the effect of the arid envi-
ronment (low precipitation which is evaporated almost
completely) and relatively high airborne salinity due to the
closeness to the coast and relatively rough sea. A precipi-
tation—recharge chloride balance in the areally variable
input wedge land is in agreement with this hypothesis
(Custodio, 1992, a,b). The tCl/tBr (r = meq L) ratio
(800 to 900) shows that chloride may be of matine origin
(ratio of 660) with some fractionation and not from
evaporites or residual evaporation brines, but further re-
search is needed. The t8O4/1Cl ratio (around 0.11) is typi-
cally marine. Total dissolved inorganic carbon (DIC) is 0.5
to 2 (mean 1.2) meq L' for the springs and about 3.3 meq
L1 for the wells.

7.5.3  Environmental isotopes

Water isotopes in rainfall in Gran Canaria show a clear
altitudinal effect and similar pattern in the northern and
southern halves. The meteoric line shows a slight deute-
rium excess (d = 62H — 858 0%0 SMOW)) assumed to be
the result of the regional relatively dry environment which
enhances kinetic evaporation of sea water. See Gasparini,
1989, and Gasparini ez al., 1990, for more details.
Groundwater clusters around a 82H vs. 8'80 line of
slope 4, which indicates fractionation of rainfall before
converting into recharge. This is in agreement with the
aridity of the area and the lack of a continuous vegetation
canopy. The intersection of this line with the local mete-
oric line cortesponds to a weighted rainfall of 880 =
—5.5%0 and 8?H = —32%0 SMOW. But considering the
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range of altitudes a range of possible mean isotope com-
positions of rainfall can be expected for evaporation
slopes less than 4, which corresponds to intense fractiona-
tion of soil humidity when vapour transport in dry soil is
important. In any case this shows a recharge in agreement
with the rainfall at mid altitudes. No clear palacoclimatic
effect appears and if it exists it is obscured by the wide
range of possible values.

All sampled groundwaters from the boreholes have no
measurable tritium (less than 1 TU and even less than 0.2
TU), which means that there is no significant direct input
of rainfall through fissures or through the boreholes from
perched levels discharging into the unsealed borehole.
One of the sample sets is close to the end of an extraordi-
nary wet period. Even direct recharge from the bottom of
the barrancos seems dispersed when moving downwards.

Radiocarbon analyses from two surveys separated by
ten years consistently show contents much lower than
modern organic carbon (MOC), (Table 7.5), and pumped
water seems really old. Total dissolved inorganic carbon
(DIC) is high for almost bare soils in non—carbonate
rocks. With the help of 8°C data (see Fig. 7.30), three
possible origins of DIC can be proposed, or some combi-
nation of them:

(xx) only soil COz is incorporated, in an open system
in which recharge is in equilibrium with the CO; rich un-
saturated zone air; original organic matter derived CO; is
close to 813C = —25%0 PDB, after a few analyses of the
vegetation, but it is not known how 8'3C of CO; in soil air
changes with depth and effect of air CO; in bare areas.

(xxi) There is some volcanic CO; input, which slowly
diffuses from deep-seated magma chambers. This is not
expected due to the lack of volcanic activity for a long
time in this area, but is not impossible since other areas of
the island some km away show subhistorical activity and
there are well producing CO; rich water. The composition
of this COz is not known but can be assumed close to
d13C = —8%o.

(xxii) Soil and/or volcanic CO,, weathering silicate
minerals, dissolve the carbonate encrustations in the rock
fissures and voids that can be seen in the cores of some
deep boteholes. The 8'3C of these carbonates is not
known but may be assumed in equilibrium with volcanic
CO, ot 813C = 0%o if formed at low temperature, but may
be as light as 6"3C = —8%o if formed at high temperature,
after the fractionation factors (Friedman and O’Neil,

Table 7.5. §13C and 8!4C data on Amurga and Fataga arcas.

Well Year oBC o1C TDIC
%0 PDB pmc mmol/L
Fataga 1 1986 —-8.47 6.5£0.9 5.6
Fataga 1 1997 -8.56 6.7+0.2 5.0
Fataga 7 1986 -12.15 58.9+0.9 2.0
Fataga 7 1997 -11.80 57.94+0.4 2.0
Amurga 11 1986 -12.71 24.6+1.0 2.2
Amurga 12 1986 -12.13 27.34+0.7 2.3
Amurga 17 1997 —-12.34 17.240.4 3.0
Amurga 18 1997 1207 25.8+0.5 2.4
Amurga 21 1986 -12.62 29.5+0.7 3.7
Amurga 21 1997 —-10.04 34.8+0.3 4.9
Amurga 25 1997 -11.86 26.4+0.3 2.2

TDIC = total dissolved inorganic carbon



80

8 60 7 4 7
M -« o
%
§ e
® 21 /
.
20 yavan ¥
Er X
o B
0 -10 20
$13C %o A 1986
@ 1997
6 r
1A /

o033

-10
S13C %o

-20

Figure 7.30. “C and TDIC content vs. §3C and possible rela-
tionships.

1977).
The wotk cartied out by Gasparini (1989) shows that §13C
content of soil COy; is highly variable, without a clear rela-
tionship with site, depth, lithology or vegetal cover. Values
close to —15%o0 seem common (effect of CAM dominated
vegetation?) but in the study area ranges between —11%o
(base soil) and —22%o.

The age correction yield values from recent to about
11 000 years. This last value seems the most consistent. If
it is accepted this means that abstracted water from the
Amurga Massif is mostly late Pleistocene palacowater.
This is in agreement with the thick unsaturated zone and
the small recharge values if piston flow or a dispersive
mixing model with a dispersion parameter less than the
unsaturated thickness is assumed (Custodio, 1992b).

754  Conclusions

Salinity of groundwater is due to environmental aridity
and relatively high airborne salinity. No direct seawater
intrusion or trapped marine water existed under natural
conditions.

Abstracted water age is uncertain but a value about
11 000 years seems a reasonable compromise which is
compatible with the small mean recharge, the thick un-
saturated zone and the turnover time in the unsaturated
zone.

Groundwater was recharged probably under similar
environmental conditions as those existing today. If a late
Pleistocene age is admitted for groundwater this means
that no significant isotopic shift appears due to climatic
change at these latitudes (27°N).

The thick unsaturated zone is the responsible for the
existence of what appears as palacowater in the aquifer.
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7.6  Concluding remarks
The situation observed in the Doflana aquifer suggests
that approximately half of the confined Pleistocene aqui-
fer has been freshened by fresh groundwater flowing dur-
ing a period of some 6 ka BP.

This situation applies to several other aquifers along
the Spanish coast such as the Ebre delta (Bay6 ez al,
1997). In these areas there are not large reserves of old
fresh water, but the known geological and water head
evolution during the Late Pleistocene—Holocene period
can be used to forecast what may happen during a possi-
ble future elevation of the sea level in areas with moderate
average groundwater recharge and low topographic
slopes. The characterization of the quality changes in the
recharge water due to mixing with trapped old salt water is
then the main question to be addressed in these areas.

A different situation is that of the Llobregat delta deep
aquifer and other small deltas in the Mediterranean coast
(Custodio and Bruggeman, 1987) where salt water was
flushed out to the sea, but later sea water encroached eas-
ily under intensive development.

In the coastal area of the Inca-Sa Pobla aquifer the
whole aquifer thickness (Miocene to Holocene carbonate
rocks and detritic sediments) has brackish and saline wa-
ter. This suggests that during the Holocene the only natu-
ral discharge mechanism of the aquifer was upward flow
of fresh water along the fresh-salt water interface in the
surroundings of the S’Albufera wetland, together with
upward flow of saline water along the NW and SE
boundaries of the wetland. Some palacoclimate signature
in saline groundwater of the coastal area of the aquifer is
not discarded, although further isotopic and geochemical
studies have to be carried out to confirm this.

The convective flows found in S’Albufera area makes
the interpretation of water chemistry to depend on the
particular hydraulic configuration of each sampling point.
Hydraulic gradients favour the vertical mixing of salt wa-
ter of different ages and young fresh water, although the
mechanism is not yet fully understood. From the point of
view of the PALAEAUX objectives the main interest of
this aquifer lies, as in the case of Dofiana, in the chemical
changes affecting recharge water as well as in the quantifi-
cation of the time needed for the mixing processes to take
place.

In the Amurga Massif groundwater salinity is due to
environmental aridity and relatively high airborne salinity.
No direct seawater intrusion or trapped marine water ex-
isted under natural conditions. Abstracted water age is
uncertain but a value about 11 000 years seems a reason-
able compromise which is compatible with the small mean
recharge, the thick unsaturated zone and the turnover
time in the unsaturated zone. Groundwater was recharged
probably under similar environmental conditions as those
existing today. If a late Pleistocene age is admitted for
groundwater this means that no significant isotopic shift
appears due to climatic change at these latitudes (27°N).



8 Geochemistry and flow modelling of the Aveiro multilayer

Cretaceous aquifer, Portugal

8.1 Introduction

The Aveiro Cretaceous coastal aquifer is located in north-
western Portugal, covering an area of 600 km? in the Por-
tuguese Western Meso-Cenozoic sedimentary basin. The
region has a warm humid climate with wet and dry sea-
sons. Mean annual rainfall varies between 1000 and
1400 mm a!. This region is one of the most industrialized
areas in Portugal with a high population density, and since
the 1960s relies on groundwater for most of the urban
and industrial water supply.

In recent years a continuous fall in the water table has
been observed due to intensive groundwater abstraction,
leading in some areas to values of 25 m below m.s.l. Be-
cause it occurs in a coastal aquifer, partially confined and
with limited natural recharge it can lead to gradual deterio-
ration of the water quality either because of salt-water
intrusion or due to mixing with very high-mineralized
waters from deeper aquifer levels, nowadays with higher
water potentials.

Previous detailed studies of the aquifer include the
works done by Marques da Silva (1990), Carreira et al.,
(1996) and Carreira (1999). During the PALAEAUX pro-
ject it was expanded the work done by these authors to
the southern and eastern part of the study area. The new
geochemistry data obtained is considered to be important
for the characterization of the interface between modern
and old water, and to evaluate the extent of mixing with
waters from adjacent aquifers.

From the point of view of the PALAEAUX project
the Aveiro Creataceous aquifer is quite unique in Europe
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and very important as an archive of past climate condi-
tions in temperate regions of Europe. In contrast to what
is observed in northern Europe aquifers, enrichment in
8180 (A= 0.8-1.0%0) and &*H (A= 5-7%o) is found in the
late Pleistocene recharge waters of the Aveiro aquifer.
This is considered to reflect the enrichment in the Pleisto-
cene ocean water as well as the constancy in the source of
moisture.

The aquifer groundwater contain a smooth record of
radiocarbon ages indicating continuity of recharge through
the LGM and noble gas recharge temperatures indicate
that atmosphetic cooling of 5-6°C occurred before and
during the LGM (Carreira, 1999).

Being a unique aquifer in Europe from the geochemis-
try point of view and a vital resource for the region, the
Aveiro aquifer is of significant economic importance,
which makes important the adequate evaluation, exploita-
tion, management and conservation of its resources.

Detailed hydrochemical studies, including the analysis
of major, minor and trace elements, and groundwater
modelling are used to gain better understanding of aquifer
behaviour and as a scientific tool for groundwater man-
agement.

8.2  Hydrogeology

Cretaceous sediments in the region are mainly siliciclastic
and generally of transitional and continental depositional
environments. The only exception to this continental se-
quence was the deposition of carbonate sediments of plat-
form facies during the Cenomanian transgression

East
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Figure 8.1. W-E Aveiro multilayer Cretaceous aquifer cross-section (the principal aquifer layers are the
top of unit Cy, units C; and C3, and the bottom of unit Cy).
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Figure 8.2. Location of groundwater sampling sites (natural flow pattern according to Marques da Silva,

1990)

(Teixeira and Zbyszewski, 1976; Barbosa, 1981).

Five lithostratigraphic units can be defined in the re-
gion: C; — Lower Sandstone Formation (‘Palhaca Sand-
stone’), C, — Carbonate Formation, C3 — Micaceous Sand-
stone, C4 — Upper Sandstone Formation (at the bottom,
‘Oia Sandstone’ and, on top, “Verba Sandstone’) and Cs —
Marly Clays (‘Aveiro Clays’), represented here in the W-E
cross section illustrated in Fig. 8.1.

These units have different grain sizes and mineralogi-
cal compositions, forming a multilayer aquifer system with
different hydrogeological properties. From a hydro-
geological point of view, the most productive units and
with the lowest salinity levels correspond to the top of
unit Cy, the entire unit Cs, and the bottom of unit Ca.
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Although the carbonate layer (unit Cy) is not signifi-
cant in terms of thickness (less than 8% of the total aqui-
fer thickness), it presents hydrogeologic characteristics in
the majority of the study area that permit its exploitation.
The top of the unit C4 and the bottom of unit Cy, due to
their low permeabilities are usually considered as aqui-
tards.

The Cretaceous strata dip gently to NW beneath the
present coastline. Faults of approximately N-S orientation
affect the complete sequence of Cretaceous sediments.
The confining marly clay unit (Cs) is not present in the
eastern part of the study area where the aquifer is uncon-
fined.



Recharge to the aquifer by rainwater infiltration has
been calculated to vary between 100 mm a! (calculated
from the chloride balance) and 130 mm a' (calculated
from the unsaturated zone studies).

The groundwater flow direction under natural condi-
tions is from the recharge area in the east towards the sea,
with a natural gradient around 0.002. Large groundwater
abstraction during the last ten years in the area of Gafan-
has and between Aveiro and Cacia has resulted in a large
depression of the piezometric surface and in a reversal of
the natural flow direction.

8.3  Analytical Methods

Water samples for laboratory analysis were collected from
62 public supply and private boreholes (over 160 m deep)
during two field campaigns catried out in October 1996
and September 1997 (Fig. 8.2).

As it is common in the region all the boreholes are
multiscreen, pumping water from the different aquifer
layers. The water samples obtained correspond to a mix-
ture of waters of the different aquifer layers with different
chemical characteristics, making the interpretation of the
chemical results more difficult. Two water samples were
collected simultaneously from each borehole and filtered
through 0.45 um membrane filters, once stabilization of
the principal field parameters — pH, conductivity, tem-
perature, dissolved oxygen and redox potential on anaero-
bic conditions was observed.

An acidified sample (1% v/v AristaR HNO3) was used
for analysis by ICP-OES and ICP-MS, while the other
unacidified sample was analysed for CI, F- and total oxi-
dized nitrogen (TON) by automated colorimetry, and
HCOj by automated titrimetry.

During the second field campaign water samples were
also collected in glass bottles for isotope analysis of 6'30,
&%H, 613C and '“C in order to extend to the southern part
of the study area the previous isotopic study of the aquifer
by Carreira ef al., (1996).

8.4  Hydrogeochemistry

The natural hydrogeochemical evolution trends from Ca-
HCO;j type waters near the recharge area to Na-HCO3-Cl
type waters in the areas close to the coast. These ground-
waters have their origin in part associated with the infiltra-
tion of rainwater of Atlantic origin and the flushing of
older sea water.

The trend towards Na-HCO; indicates that ion ex-
change was a dominant geochemical process in the aqui-
fer, probably reflecting cation exchange processes that
occurred in the initial phases of the aquifer leaching by
dilution of the original saline water from clay minerals

Bt/Cl ratios of the groundwater samples plot on a
mixing line between the rainwater and seawater
([Br]/[Cl]=0.0016) which is consistent with Cl being
mainly of marine (aerosol) origin (Fig. 8.3).

Na/Ca molar ratio increases along the aquifer towards
the coast confirming that cation exchange is an important
process in the aquifer. Cation exchangers in the aquifer
have mostly Na* adsorbed on the surfaces. In the areas
closer to the coast Ca?* is being taken up from water, in
return for Na®, which is being released in solution
(Fig. 8.4).

The increase of the anion HCOj5 in the waters close to
the coast saturated with respect to calcite is an indirect
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Figure 8.3. Relation between Br and Cl- content in the
groundwater samples.

consequence of the processes of cation exchange, because
the reduction of the amount of Ca?* in solution resulting
from cation exchange leads to further calcite dissolution.

Fresh groundwater in the Aveiro Cretaceous aquifer is
of remarkably low salinity (below 100 mg I.'=2.8 mmol L-
L Cl), corresponding to less than 1% of the fraction of
seawater in the groundwater composition (based on con-
servative mixing of sea water and fresh water) (Fig. 8.4).

The dilute nature of the Aveiro groundwaters indicates
previous freshening of the coastal aquifer. Higher hydrau-
lic gradients (~0.004) during the Last Glacial Maximum
(LGM) imposed by a sea level lowered by approximately
100m compared to present day must have contributed to
the complete refreshening of the aquifer, with fresh water
flushing the original salt water to the sea. However, the
hypothesis of the aquifer being flushed even before LGM
should be also considered.

250_ S
200 A
L o
8 150 - °
g L
100 { °o& o
50 °
L ° o o
OQ_A_QDOQQ_‘WOA_%QA_D_CQ)_Q'_A_A_Q_A_
5
4.
.- © o
o 3 ° @
® I o o o0%o
z 2] o o B0 ° ° ° o
o N 3 o3 o
o <)
1T_oo_@_(94%__o____
0+ T T T
(e}
—~ 6 o © °
._I‘J
S 4
1S o
£ o o © o
(@) 2 4 © % o o
o o o o0 ° o
o‘:?@O & o658 @ » @ °
0+ T T T
0 5 10 15 20

Distance from the recharge area (km)

Figure 8.4. Evolution of the Na/Ca, Na/Cl molar ratios and Cl-
content along the flowpath.
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Figure 8.5. Groundwater pH and Pco. evolution along the flow
path.

Sodium is the dominant cation, but the Na/Cl ratio is
not consistent with a simple fresh/seawater mixing proc-
ess. Some other geochemical process such as silicate
weathering must be liberating solutes to solution. Aquifer
silicate minerals can be a source of solutes through disso-
lution and a sink via the processes of adsorption and pre-
cipitation.

The decrease of the Pco, along the flowpath confirms
that mineral reaction is taking place (Fig. 8.5).

The dissolution of silicate minerals is generally a very
slow process that may not produce significant vatiations
of the water chemistry. This was clearly observed in the
studied area where the groundwater silica concentrations
are remarkably uniform for all aquifer, providing evidence
of a coastal aquifer formed of predominantly siliceous
material with very slow dissolution kinetics.

Sodium feldspar dissolution might be responsible for
the Na/Cl ratios higher than one, ot for the high ratio of
Na* to Ca?". Local rainwater has annual averaged Na/Cl
ratios of 1.21 (Table 8.1), close to the characteristic value
for the seawater (0.85) and reflecting the marine aerosol.

In this region only the recently recharged groundwa-
ters have Na/Cl ratios close to 0.85-1.2. These groundwa-
ters are the result of rainwater infiltration, reflecting just
the chemical composition of local precipitation, and the
residence times have not been long enough to show any
chemical evolution due to water-rock interaction.

The ratio of Si to Na is a reflection of the dominant
weathering processes. Figure 8.6 shows the evolution of
this ratio along the flow path. Si/Na ratio decreases along
the flow path, from values around 0.40 in the recharge
area to values of 0.02 in the deeper part of the aquifer.

Table 8.1. Annual averaged local rainwater composition (data in

mmol L-1)
Na+ K+ Ca2* Mg?* Na/Ca §2H (%o)
0.109 0.007 0.043 0.028 2.55 -4.7
Cl- SO  HCOs~  Br Na/Cl  §180 (%o)
0.090 0.055 0.096 0.000 1.21 -25.7
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Figure 8.6. Evolution of Si/Naaction and Si/Naww content
along the flowpath.

Considering just the sodium due to silicate reaction
and discarding mixing with sea water, a ratio of Si to Na
lower than two is derived. That value cannot be formed
by the weathering of common rocks to kaolinite or gibbs-
ite therefore; a 2:1 silicate such as smectite must be form-
ing (Drever, 1997).

The results obtained to date confirm the division of
the aquifer into two parts with different hydrogeochemical
characteristics. Decreasing Eh, NO3 and U indicate the
presence of a redox boundary close to the unconfined-
confined boundary (Melo ¢/ al., 1998).

In the unconfined part of the aquifer, corresponding
to the recharge area, oxidizing groundwaters with low pH
(~5.5) and temperature (~18°C) were found. These pa-
rameters increase gradually along the aquifer cross-section
towards the coastline. Increase in groundwater tempera-
ture is an indicator of the increasing depth of abstraction,
while the increase in pH is the result of CO; consumption
during silicate dissolution. Calcite dissolution leads to a
higher pH of around 8.3 in the boreholes closer to the
coast.

Although the carbonate layer (unit C;) makes up less
than 8% of the aquifer, calcite is still a dominant source of
solutes during weathering. Minerals do not contribute to
the solutes in groundwater in proportion to their abun-
dance in the bedrock.

The stability of these minerals in the groundwater sys-
tem was evaluated by calculating the saturation state for
different minerals using PHREEQC (Patkhurst, 1995)
(Fig. 8.7).

The groundwaters are saturated with respect to quartz.
Subsaturation persists for plagioclases and other felsdspar
minerals. Calcite dissolution is still taking place increasing
the degree of saturation along the aquifer and the waters
from the areas closer to the coast achieve saturation with
calcite.

Most silicate minerals dissolve incongruently with the
formation of iron oxides and clay minerals. The formation
of secondary minerals complicates the interpretation of
solute concentrations, and it seems questionable whether
true equilibrium with these secondary phases is ever at-
tained (Appelo and Postma, 1996).
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Figure 8.7. Evolution of groundwater saturation indexes for
albite, silica polymorphs, calcite, and gibsite along the flowpath.

The validity of the results obtained for the saturation
indices of the different minerals relies on the accuracy of
the analytical data. When calculating the saturation of sili-
cate minerals, dissolved aluminium (<0.45 pm) concentra-
tions are taken into account. However considering that
the concentration of total dissolved aluminium in most
groundwater samples was less than 0.006 mg L' (26 de-
tection limit is 0.32 pg L), the potential importance of
the analytical error should be emphasized.
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Figure 8.8. The 8180 and 82H composition of groundwaters.
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8.5  Modern-old water interface

Temperate latitude climates have experienced significant
changes in temperature since late Pleistocene time that are
shown by a shift in the stable isotope content of precipita-
tion, and in deuterium excess. According to Clark and
Fritz (1997) this palacoclimatic effect is one of the most
important tools in identifying palacogroundwaters.

The isotopic database for the Aveiro aquifer was ex-
panded during PALAEAUX project to areas further south
and eastern within the study area. All the new isotopic
data, including the '#C determinations, are summarized in
Table 8.2.

The new isotopic results confirm the existence of late
Pleistocene groundwaters in the confined part of the aqui-
fer but also show that mixing with modern waters is oc-
curring in the areas close to the recharge area.

Late Pleistocene groundwaters are characterized by a
slight enrichment in 80 and ?H with respect to modern
waters reflecting the probable heavy isotope enrichment
of the ocean during glacial times as it was justified by Car-
reira et al., (1996) (Fig. 8.8).

The associated use of hydrochemical data (NO3, Cl
content) with the isotopic results has let us define ap-
proximately the interface between modern and old water
in the aquifer. This limit may coincide with faults N-S that
affect the whole thickness of the aquifer and seem to be
acting as low permeability regions, restricting the modern
water recharge (Fig. 8.9).

Table 8.2. Summary of the new isotopic data for the study area.

MapRef National Grid 380 02H o13C 14C
Ref.
%o %o %0 pmc
2 162A/007 —4.43 -25.7 -12.5 2.74
3 163/005 —4.43 -25.6 -14.6 3.50
6 173/003 —4.09 -20.5 -10.6 1.93
10 174/012 —4.69 -23.2 -12.3 3.68
11 174/014 —4.71 -25.6 -16.2
13 174/019 -5.05 -30.4 -14.2
17 184/007 —4.92 -27.0 -11.6
18 184/002 -5.04 -27.1 -12.6
19 185/016 -5.02 -27.8 -12.0
27 184/006 —4.63 -25.9 -12.9
34 196,/001 —4.82 -26.1 -12.7
35 185/054 —4.44 -22.0 -12.6
39 185/039 —4.92 -25.3 -22.2
43 185/011 -5.03 -26.7 -12.2
46 185/032 —4.99 -28.7 -17.6 52.21
48 196,/020 —4.98 -27.5 -16.2
52 185/042 —4.38 -24.2 -19.8
53 195/003 —4.84 -27.8 -12.4 7.28
54 195/001 —4.40 —24.7 -13.1 1.92
55 196/024 —4.81 -28.8 -18.7
57 196/022 —4.75 -25.8 -11.6 28.15
59 196,/009 -5.37 -28.9 -19.2
60 196/005 —4.89 -29.3 -13.2
61 196/025 —4.62 -22.9 -17.6
62 196/015 -5.11 -28.9 -14.4
63 196/019 -5.02 -24.9 -22.1 64.87
64 196/021 -5.27 -33.0 -13.9
65 196/023 —4.76 -27.6 -14.3
65 207/004 —4.76 -28.7 -26.8
66 206/001 —4.54 -26.3 -16.7
67 207/002 —4.80 -28.5 -14.1
68 207/003 —4.77 -28.5 -12.5 34.23
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Figure 8.9. Modern-old water interface in Aveiro Cretaceous
aquifer.

8.6  Flow modelling
In addition to detailed hydrogeochemical studies, flow
modelling of the Aveiro Cretaceous aquifer is being used
to study the groundwater flow system, and gain a better
understanding of the areal distribution of the hydraulic
properties in the aquifer.

For the model exercise the same cross-section as for
the previously described hydrochemical studies was con-
sidered (Fig. 8.1). This way geochemical data was used
whenever possible to strengthen the conceptual model,
defined with the physical hydrologic data.

The modelled cross-section is 22 km in length, and the
thickness varies between 60 m in the eastern part of the
aquifer to over 400 m in the areas close to the coast. The
database consists of information from more than 120
wells and test borings with water level data available for
over 60 wells.

Groundwater flow was simulated using a profile finite-
difference model MODFLOW (McDonald and Har-
baugh, 1988). The interest of using a cross-sectional
model at this stage was to test the validity of the concep-
tual model of the system, prior to designing a full three-
dimensional model, and also to confirm the regional pat-
terns of the flow system.

The main aquifer cross-section was discretized into
220 columns and 13 layers, 8 layers more than defined in
the conceptual model (Fig. 8.10). This allows simulation
of the vertical changes in permeability caused by regional
faulting.

As a first approximation flow was considered to be at

DEPTH (m)

Horizonial Scale:
1] 15 km

Figure 8.10. Finite difference grid used in the simulation (220
columns x 13 layers)
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Figure 8.11. Head-distribution for steady-state simulation.

steady state. Horizontal hydraulic conductivity was con-
sidered to be 100 and 10 times higher than vertical values
for the aquifer and aquitard layers, respectively, varying
with depth and also spatially, with distance to the coast.
The deposits closer to the coast were considered less
permeable than their equivalents in the central part of the
aquifer.

Aquifer transmissivities and storage coefficient values
were determined from the interpretation of pumping test
data. Table 8.3 summarizes the main values used in the
simulation.

The upper boundary of the model was simulated as a
flux boundary as recharge was assigned to the top layer of
the aquifer. In the eastern part of the aquifer, where the
permeable layers crop out providing a preferential route to
groundwater recharge, recharge rates were estimated to be
around 120 mm a~!, about 10% of the annual mean rain-
fall. In the confined part of the aquifer recharge was con-
sidered to be equal to zero.

The bottom boundary represented the depth at which
impermeable rock was encountered and was simulated as
a no flow boundary. A constant head boundary was used
to simulate saltwater interface.

Discharge from the aquifer was considered to be due
to groundwater pumping, and just 4% were attributed to
flow to surface water bodies and across the aquifer
boundaries.

Flow modelling preliminary results for steady-state
simulation are represented in Fig. 8.11, and confirm the
reduced natural hydraulic gradient for the aquifer.

Table 8.3. Aquifer properties and hydraulic parameters

Major Aquifer Cretaceous Sandstone, C3
Aquifer Type Matrix porosity

Confined
Transmissivity 2.3x10-3 — 4.6x10-3 m?2 s-1
Storage Coefficient 5%10-4
Porosity 20%
Upper Confining Layer Cretaceous marly clays, C5
Hydraulic Conductivity 1.2x10-8 m s
Porosity 40%
Lower Layer Cretaceous clayey sandstone
Hydraulic Conductivity 1.2x10~7 m s
Porosity 20-30%
Basement Pre-Paleozoic and Paleozoic Schist
Mineralogy Quartz, Phylosilicates, K-Feldspar

(Rocha, 1993)

Plagioclase, Kaolinite, Illite, Smec-
tite
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Figure 8.12. Calculated heads versus observed heads.

The head distribution obtained for steady-state simula-
tion was compared with water level data for the reagion
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before any groundwater exploration started, as it was sug-
gested by Marques da Silva (1990). The results are plotted
in Fig. 8.12.

The simulated heads agree well with observed heads
for the region, corroborating in principal the validity of
the conceptual model considered and confirming the aqui-
fer limited groundwater rechatge.

8.7  Conclusions

From the hydrochemical point of view the results ob-
tained show an aquifer with a very slow chemical kinetics
for the water-rock interactions resultant from the mainly
siliciclastic composition of the aquifer sediments. Calcite
dissolution and cation exchange are the other processes
responsible for the groundwater chemical composition.

Geochemistry data confirm the existence in the con-
fined part of the aquifer of late Pleistocene and Holocene
fresh waters, having a slightly enriched isotopic signature.

There is evidence of fresh water circulation to depths
over 250 m OD in areas about 500 m from the present
day coastline.

Flow modelling was important to check the validity of
the conceptual model suggested for the aquifer, and con-
tributed to confirm the reduced natural hydraulic gradient
and the limited aquifer natural recharge.



9 Evidence for palaecowater in theLower Tagus and Lower Sado

aquifers, Portugal

9.1 Introduction

The Lower Tagus and Lower Sado aquifer is located in
the Setibal-Lisbon region and represents an important
water resource for a vast region. The highly populated
urban and industrialized areas of Setubal and Lisbon are
supplied by this system, which has been extensively ex-
ploited over the recent decades.

A hydrogeological study using chemical analysis and
environmental isotope techniques was performed from
1987 to 1991, on a small group of wells located near the
Sado estuary. In order to better understand the present
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Figure 9.1. Location of the sampled wells in the Lisbon-Setibal
region.

flow pattern and groundwater evolution and dynamic
changes from 1991 to 1998, fieldwork was initiated near
Setibal and developed approximately along a N-S line
from the Sado river (Troia Peninsula) to the Tagus river
southern margin. This cross-section was selected to exam-
ine the hydrochemistry and isotopic evolution of the
groundwater from the recharge area in the north of the
basin down-gradient. The work was performed with the
collaboration of the Portuguese National Water Institute,
who are responsible for the water management in Portu-
gal and who have been reporting an increase in the
groundwater mineralization all over the Setdbal peninsula
(south of Lisbon).

In order to find out the source of salinization in the
Miocene and Pliocene aquifers chemical (Cl, HCOjs,
SO4%, Ca?*t, Mg?*, Na*, and K¥) and isotope analyses (*H,
180, 3H and *C) were performed on groundwater samples
collected in 39 boreholes as part of the PALAEAUX pro-
ject (Fig. 9.1). There is a growing concern in the region
that further exploitation may be threatened by pollution
due to a mixing with shallow aquifer, or due to seawater
intrusion or brine dissolution.

9.2  Hydrogeological setting

The Lower Tagus and Lower Sado aquifers lie within a
synclinal structure and are composed of Tertiary sedi-
ments, mainly marine deposits. In the region, three main
groundwater systems have been identified: a shallow Qua-
ternary aquifer composed of alluvial sediments showing
high transmissivity values, followed by the Pliocene and
Miocene aquifers. The Miocene sediments show an aver-
age thickness that ranges from 200 to 300 m, although in
the central part of Setdbal peninsula (SE of Lisbon), these
values increase to 800 m (Fig. 9.2).

The Miocene deposits, made up of sandstones and
limestones of marine origin, are related to different marine
transgression and regression events. Overlying the schist
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Figure 9.2. Cross-section between Serra do Loureiro and Serra de Palma. 1— Silt-sandstone formation.
2— Carbonate layers, marine Miocene. 3— Sedimentary sequence of clay and sandstones (Miocene). 4—

Schist and greywacke from the upper Devonian.
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detected in depth trough geophysical studies.

and greywacke formations of the upper Devonian, the
Miocene deposits underlie clays and sand layers from the
upper Miocene and Pliocene. The Pliocene sediments are
mainly composed of fluvial terraces (sands and clays). The
Quaternary alluvial deposits (shallow aquifer) represent
the top of the sedimentary sequence.

The geophysical studies performed in the basin, show
that the Miocene sediments are crossed by two important
faults. The first is located in the lower Tagus valley with a
N30°E direction, while the other one, the so-called
Setdbal-Pinhal Novo fault, also detected at depth runs N-
S forming a graben structure (Fig. 9.3). This fault is con-
sidered to allow a brine or ancient seawater trapped in the
sediments during the formation of the Lower Sado basin
to rise to shallow depths in the basin.

The lithological information based on boreholes re-
veals a complex sedimentary sequence of sands and clays,
with different transmissivity values (T) and hydraulic con-
ductivity (K). A variety of values ranging from T=15 up to

Table 9.1 Hydrogeological and geophysical parameters at
Settbal peninsula

Map  Transmis- Hyd. Con- H,O® Sand® Porosity®
reference sivity ductivity
(m2d-1) (md') (Qm) (Qm) (%)
432 650 29 34 140 24
434 420 16 67 140 38
443 700 39 50 195 24
444 830 34 72 250 21
445 320 10 39 170 25
454 254 17 33 140 15
455 530 33 65 210 14

(1) H20 — Electrical resistivity of water
(2) Sand — Electrical resistivity of the permeable layer
(3) Porosity of the permeable layer
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2000 m? d-! and K=1 to 100 m d-! were obtained in the
region (Gongalves & Andrade Afonso, 1998). These mean
values of transmissivity and hydraulic conductivity varia-
tions are the result of the different lithologies observed in
the sedimentary basin (sand and clay formations) and the
lateral spatial inhomogeneities related to the formation of
the sedimentary basin (Table 9.1).

From the hydrogeological point of view these sedi-
ments with different permeabilities occur throughout the
basin creating a multi-layer aquifer. The presence of a
continuous clay layer throughout the basin separates this
multi-layer system into two main aquifers: the deeper aq-
uifer (Miocene) and the shallow aquifer (Pliocene). The
Miocene aquifer acts as semi-confined aquifer since the
impermeable clay layer tends to act as an aquitard allowing
some cross flow between the two main units.

The intensive exploitation of the Miocene aquifer in
the coastal areas can lead to seawater intrusion problems
in wells located near the coast or along the Tagus and
Sado rivers.

The mean annual temperature in the region is around
16°C, and the mean annual precipitation range between
500 up to 700 mm (Fernandes & Silva, 1998).

9.3

Results and discussion

9.3.1  Hydrochemistry

The hydrochemical evolution of the groundwater is char-
acterized by a progressive increase in the total dissolved
solids, ranging from 80 mg L1 up to 2565 mg L' in the
Pliocene aquifer, while in the Miocene the mineralization
varies from 200 mg L up to 7800 mg L-! (Fig. 9.4). The
general hydrogeochemical evolution of the deeper aquifer
is characterized by a gradual change, from an HCO;-Ca
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Figure 9.4. Electrical conductivity (mS cm-!) variation of the
groundwater samples.
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Figure 9.5. Hydrochemical evolution of the groundwater sam-
ples.

type to a Cl-Na type of water in the southern part of the
basin, near the Sado estuary (Fig. 9.5). CI contents (Fig.
9.6) show an increase of salinization in the central part of
the basin, near Pinhal Novo, where Cl-Na water is been
exploited for agriculture and public supply from Mio-
Pliocene units. This occurrence is most probably related
to the graben structure responsible for the rising to shal-
low depths of a brine or ancient seawater within the sedi-
ments.

Changes in the calcium content and in Ca/Na ratio
along the general direction of the groundwater have been
detected. When plotted in a diagram (Fig. 9.7) two differ-
ent evolution lines can be identified along the basin: one
reflecting seawater mixing in the northern part of the ba-
sin near Almada, and the other with higher sodium con-
tent reflecting, most probably, the brine dilution (Setibal
region).
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Figure 9.6. Variation of the Cl- content (meq L-') of the
groundwater samples

Table 9.2 Apparent carbon-14 groundwater age

Reference Aquifer EC 13C “Cto Apparent
age
pS/cm %o pmc ka
3 Miocene 1636 —-10.0 2.9+0.3 25.4+3.3
4 “ 986 —-12.1  5.9%0.5 20.8%2.9
31 « 18605  —10.5 45.840.65 2.942.68
38 « 2281  -10.0 10.8+0.7 14.442.9
39 « 919 =73  6.74£0.6 16.1£3.4
JK1 EDP “ 76508 92  8.440.88 15.943.2
AC1 EDP «“ 80108 81 5.6+1.28 18.3%4.6
FRISADO “ 30008 104 12.9+0.98  13.3%2.9
5 Pliocene 46315 —17,9 88.140.85  Modern
21 « 342 176 71.940.7 31423
27 « 25075 -10.0 85.6%3.35  Modern
32 Mio- 1112 —129 32.840.5 7.242.5
Pliocene

S - Sea water intrusion
B - Brine dilution

The nitrate content was an important tool in the char-
acterization of the two main aquifers and in the identifica-
tion of mixing between these units. No nitrate was de-
tected in the deeper aquifer although in the Pliocene the
NOj; content varying from 7 mg L' up to 93 mg L1, due
to agricultural activities.

9.3.2  Isotopes

Tritium contents in the upper aquifer showed a *H con-
tent range from 1 TU up to 3 TU. No tritium was meas-
ured in the Miocene water samples.

Radiocarbon was measured on the total dissolved in-
organic carbon in samples from 12 wells (Table 9.2). The
values obtained range between 71.9+0.7 pmc up to
88.1+0.8 pmc in the Pliocene aquifer, and between
2.910.3 pmc up to 45.6x£0.9 pmc in the Miocene aquifer
(well 31). The high *C content measured in well 31 to-
gether with the raised TDS observed in this sample, point
to seawater intrusion occurring in this area (Almada re-
gion).

The apparent carbon-14 age of the groundwater was
calculated using the “Gonfiantini equation”, using the
813C values as a cotrection factor. The application of this
model to estimate the apparent *C ages was chosen be-
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Figure 9.7. Sodium content as a function of calcium con-
centration
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a function of the apparent 14C age of the groundwater samples

cause all the analysed samples are undersaturated in calcite
(the saturation index, Slcucie, ranges from —4.01 to —1.69
in the Pliocene and between —2.52 up to 0.46 in the Mio-
cene). Also, 8'3C values in the Miocene samples remain
almost constant (8°C around —10%o). The appatent “C
ages of the groundwater in the deeper aquifer range from
modern (well 31 — seawater intrusion) to 25.4%3.3 ka in
the Miocene aquifer (well 3).

The relation between the C apparent groundwater
age in the sampled wells and the electrical conductivity or
with the CI- content reveals an interesting pattern (Fig
9.8). The lack of relationship between the increase of
salinization and the *C content in the southern part of the
basin appears to confirm the brine dilution mechanism.
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The opposite pattern was found in the Almada region
(northern part of the basin) where a strong relation be-
tween *C and CI content is observed, pointing to recent
seawater intrusion in this area.

A small difference of about 2%o0 in deuterium and
0.2%o in oxygen-18 was found in the mean isotopic com-
position between the two main aquifers (Fig. 9.9). The
small enrichment in heavy isotopes observed in the Mio-
cene groundwater samples, when compared with values
obtained in the Pliocene system, may be related to the
isotopically heavier ocean during late glacial time.

9.4 Conclusions

Although the study is not yet been concluded, some im-

portant results have already been obtained:

e The Miocene aquifer is isolated from the shallow
groundwater system based in the absence of tritium
and nitrates.

e The baseline hydrochemical evolution of the ground-
water in the aquifer is the result of continuous interac-
tion of infiltrating waters with the rock matrix.
Changes of Ca and Ca/Na ratio along the general di-
rection of the groundwater were identified.

e In the northern part of the basin near Almada there is
evidence of recent seawater intrusion related to the in-
tense pumping in the area.

e In the southern part of the basin the lack of relation
between the increase of salinization and the “C con-
tent, suggests that a brine dilution mechanism is re-
sponsible for the deterioration of the water quality.



10 Palaeowaters from the Glatt Valley, Switzerland

10.1 Introduction

Continental climate records from mid-latitude regions that
experienced ice cover during the last glacial period are
scarce. Groundwaters have been used as palacoclimate
archives in permanently ice-free regions (Rudolph e al,
1984; Stute et al., 1995a; Stute et al, 1995b; Stute and
Sonntag, 1992). Here we present groundwater data from
the Glatt Valley, Switzerland, which was ice-covered after
a glacial advance during the last glacial maximum
(Schlichter e al, 1987). The impact of glaciation on
groundwater recharge and dynamics is not well known,
but numerical models have shown that glaciers can dra-
matically change groundwater flow (Boulton ez af, 1995;
Piotrowski, 1997). In groundwater, past values of climate
variables can be derived from the stable isotopic composi-
tion of water molecules (Miinnich and Vogel, 1962) and
the concentrations of dissolved atmospheric noble gases
(Mazor, 1972). Besides the local air temperature, many
factors control the isotopic composition of groundwater.
In contrast, the concentrations of atmospheric noble gases
dissolved in groundwater are determined mainly by the
solubility equilibrium during infiltration, given by the

mean local atmospheric pressure (specified by the altitude
of the recharge area), and by the water temperature pre-
vailing during recharge. The so-called noble gas tempera-
ture (NGT) is therefore a measure of the temperature at
which groundwater equilibrated with the atmosphere dur-
ing infiltration and commonly corresponds to the mean
annual air temperature (Stute and Schlosser, 1993). Con-
sequently, information on stable isotopes and noble gases
taken together allows one to evaluate the 6'"O-
temperature relation over long time scales.

This continental area is used within PALAEAUX a) to
illustrate comparable groundwater development to coastal
regions b) the evolution of groundwater beneath another
ice-covered region.

10.2 Hydrogeological basis

The area of investigations, the Glatt Valley, is situated
south east of Zurich in the alpine foreland of Switzerland
(Fig. 10.1). Because of the vicinity to the Alps the area was
repeatedly ice covered during ice ages (Schlichter e/ al,
1987). The subterranean valley containing the aquifer was
formed by glacial erosion during the next to last glacial

Ziirich ®.

Glatt Valley

isolines of

molasse bedrock

AE

A/

profile 1

fluvio-glacial gravels

m Aathal aquifer (Riss)

|:| fine grained gravel ->aquifer

|:| and sands (Wiirm)
.

lake sediments

upper fresh water molasse

Figure 10.1. Hydrogeological profiles and the locations of sampling wells) (Wyssling, 1988). Samples A
to F contain some 3H and therefore some admixture of recent water. Wells containing no recent water
components (3H free) are labelled with numbers. Open symbols represent wells with an admixture of a
younger but 3H free component identified by 3Ar. The deep Glatt Valley aquifer (GVA) is underlain by
the molasse bedrock. Highly impermeable Pleistocene lake sediment separate the GVA from the shallow
Aathal aquifer. The presumed recharge are lies south-east of site A, where the confining sediments out-
crop. Arrows indicate the general direction of groundwater flow. Contour lines of the molasse bedrock
are shown at 50 m intervals. The shaded area indicates the extension of the shallow Aathal aquifer.
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period (Riss) (Wyssling, 1988; Wyssling and Wyssling,
1978). Deposits of the retrieving glaciers form the actual
deep aquifer (GVA). Afterwards the valley was filled with
pootly permeable lake sediments (max. 140 m thick)
which separate the deep aquifer from shallower ground-
water systems, e.g. the Aathal aquifer (Fig. 10.1). The
GVA is about 15 km long, 3 km wide and has an average
thickness of 10 m. The hydraulic conductivity of the
gravel and sand of the aquifer is about 10 m/s. The
mean flow velocity derived from recent conditions (poros-
ity: 15%; mean hydraulic gradient: 5%) is in the range of 1
to 10 m a~! which correspond to water ages up to 15 ka.
The locations of the boreholes are shown in Fig. 10.1.
Waters containing no *H are indicated with numbers.
Borehole C accesses only a shallow aquifer. The presumed
recharge area of the GVA is located near site A at an ele-
vation of about 540 m asl Some wells in the south western
part are artesian (sites 1, 4, 6).

10.3  Sample collection, measurements and calcula-
tions

Water and gas samples were collected from a total of 13
wells during the summers 1995 and 1996. In order to
avoid degassing during sampling all samples were taken
using a submersed electrical pump. Hydrochemistry, noble
gases, radionuclides (*H, 8Kr, 37Ar, ¥Ar, 14C) and stable
isotopes (8'°C, 8%H, 8'80) wetre measured. The samples
for noble gas measurements were stored in pinched-off
copper tubes and measured using a Sector Mass Spec-
trometer (Beyetle ez al., in preparation).

For 37Ar and ¥Ar measurement about 5000 L water
were degassed and gases were compressed into evacuated
cylinders. A 8Kr analysis requires a water sample of about
200 L. Argon and krypton were separated from extracted
gases and activities were determined in high pressure gas
proportional counters as described in (Loosli, 1983).

14C samples were obtained by direct precipitation, as
BaCO:;, of the total carbonate (TIC) dissolved in several
tens of litres of water. For 4C analysis the BaCOj; was
converted to COz by acidification and CH4 was synthe-
sized for low level gas counting (Oeschger et al., 1976).
Separate samples (1 L) were collected for '3C analysis and
measured by mass spectrometry.

Noble gas temperatures (NGTSs) are calculated from
noble gas concentrations by accounting for their tempera-
ture-dependent solubilities and for the common excess air
component found in groundwater. However, the proc-
esses responsible for this excess of atmospheric gases are
not fully understood.

Groundwater ages were determined from the *C ac-
tivities of the TIC. Conventional correction models (Eich-
inger, 1983; Fontes and Garnier, 1979; Ingerson and Pear-
son, 1964; Tamers, 1967) using chemical and isotopic
balances were applied to convert activity values into C
ages. Conversion into calibrated years BP is based on
(Linick ez al, 1986; Pearson ef al, 1993; Pearson and
Stuiver, 1993; Stuiver and Pearson, 1992; Stuiver and
Pearson, 1993).

Numerical results are summarized in (Beyetle ¢ al.,
1998) and discussed in details in (Purtschert e/ al, in
preparation). Different water components can be identi-
fied by their chemical composition and by the isotopes
3H, #Kr, ¥Ar, and “C. In Fig. 10.1 different symbols and
labels indicate different components. In the following we
only concentrate on the climate signals trapped in the
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Figure 10.2. Plot of 8180 versus 62H composition in the GVA.

groundwater of the Glatt Valley. We therefore refer in
Figs 10.3 and 10.4 only to the parameters of the oldest
component; the calibrated *C ages, the NGTs and the
stable isotopes values given below are corrected for the
influence of possible young components.

10.4 Palaeoclimatic information

The isotopic composition of modern groundwaters in
GVA (containing significant trittum concentrations) range
between —10.1 and —9.3%o for 8'*0 and —70 and —61.9%o
for 2H (Fig. 10.2) which ate typical modern values for the
Swiss Plain (Pearson Jr ez al., 1991). All of the groundwa-
ters have isotopic compositions which lie slightly below
the global meteoric water line (MWL) (Craig, 1661). The
small aberration can be explained either by a smaller deu-
terium excess d (d = &H — 8x3'80) caused by an en-
hanced relative humidity over the moisture source (Merli-
vat and Jouzel, 1979) or by a strong surface evaporation in
the infiltration area. From the constant deuterium excess
for Holocene and Pleistocene samples one can conclude
that the relative humidity over source areas for the vapour
bringing precipitation to Europe was constant during the
past 30 ka. Therefore a climatic origin for the observed
isotopic shift is unlikely and more plausible is a small 8180
enrichment of about +0.5%o due to isotope exchange with
carbonates and silicates in the aquifer. Samples with #C
activities below 10 pmc (Samples 3, 5, 6, 7) are depleted in
8%H and 880 (Fig. 10.2) indicating consistently the Pleis-
tocene origin of these waters. Moreover, infiltration con-
ditions cooler than today are indicated from noble gas
recharge temperatures (NGT). The relatively large differ-
ence of isotopic composition between the neighbouring
wells 6 and 7 cannot be explained with mixing alone. The
good hydraulic connectivity (Wyssling, 1988) as well as the
identical chemical compositions suggest a similar evolu-
tion of these waters. The relatively low 880 value and
high amount of excess air (50%) at site 7 can be explained
by an enhanced portion of meltwater from ice with
trapped air bubbles.

Recharge temperatures calculated from dissolved no-
ble gas concentrations (Fig. 10.3) range between 9.7°C
(sample ¢) and 3.2°C (sample 7) (Beyetle ¢ al, 1998).
NGT of the modern waters scatter around the recent
mean annual air temperature in the recharge area of about
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Figure 10.4. NGT versus corrected “C ages (old component).
For samples influenced by two-component mixing (open sym-
bols) the values refer to the old component alone. Arrows indi-
cate the effect of the separation of the young component. The
difference between the modern mean annual air temperature
(8.3°C; dashed line) and the NGT increases between 6 ka BP
and 15 ka BP from 0°C to 4°C (site 3). Site 5 indicates a Holo-
cene/Pleistocene temperature difference of at least 5°C. No data
points were found in the time period between 17 ka BP and 25
ka BP. This fact is interpreted as a complete interruption of
recharge due to overlying glaciers.

The curve is derived from a model that shows how a tem-
perature evolution similar to that recorded in the oxygen isotope
profiles of Greenland ice cores would be transferred through a
dispersive flow system with a mean dispersivity of 100 m. The
model assumes a constant recharge rate except between 25 and
17 ka BP when no recharge is assumed. The larger distance be-
tween the bars of the curve in the age range of the recharge gap
reflects the reduced probability of finding, nevertheless, a water
sample with a mean residence time between 17 and 25 ka. There
is good agreement between the model and the data points with
an age younger than 17 ka. For groundwater samples older than
25 ka BP the model predicts lower NGTs than those observed.
Preferential infiltration during warmer time periods of the
Denekamp Interstadial possibly gave rise to NGTs higher than
the long term mean air temperature.

8.3°C (Schiiepp, 1981) and demonstrate the validity of the
noble gas thermometer. With increasing distance from the
recharge area and therefore with increasing age NGTs
change significantly. Figure 10.4 shows the relation be-
tween NGT and !C ages of the old water component.
The composition of the old component was calculated
under the assumption that the water represent a binary
mixture with a young component with the same composi-
tion as the sample from borehole A and Pleistocene wa-
ters. Original data are indicated with small circles and ar-
rows show the effect of the mixing correction.

The NGTs with “C-ages between 15 and 28 ka BP re-
flect climate conditions that were at least 5°C colder than
today. During the last glacial maximum (around 18 ka BP)
the temperature drop may have been even greater than
5°C, but no samples with ages between 25 and 17 ka BP
were found. It is unlikely that insufficient spatial resolu-
tion of the sampling boreholes is responsible for the ob-
served age gap. Borehole 5 (25 ka BP) and borehole 3 (17
ka BP) are separated by less than 1 km along the direction
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of the flow. Adopting the mean observed flow velocity of
0.4 m a! between boreholes A and 3, then 1 km corre-
sponds to an age increase of only 2.5 ka. The gap is there-
fore interpreted to be the result of an almost complete
interruption of groundwater recharge between 25 ka BP
and 17 ka BP. Beside the glacio-hydrological relevance the
observed age gap represent a time marker and supports
likewise the radiocarbon ages. The intermediate NGT's are
most likely the results of dispersive mixing within the aq-
uifer under a climatic transition to present-day conditions.

The curve in Fig. 10.4 is the result of a model (Beyerle
et al., 1998), that assumes dispersive flow in the aquifer
with an interruption of recharge in the period between 25
and 17 ka BP and a similar temperature evolution as re-
corded in Greenland ice cores. The good agreement be-
tween the corrected data younger than 15 ka and the
model supports the adopted mixing corrections and gives
again confidence in the '#C dating. For the older ground-
waters around 28 ka BP the observed NGTs exceed the
model predictions. NGTs reflect the mean soil tempera-
ture near the groundwater table during time periods when
groundwater infiltration occurs. Hence, if groundwater
recharge was partly interrupted because of permafrost
during the coldest periods (28-33 ka BP) only temperature
signals of the warmest periods are recorded within the
palacogroundwater (Beyerle ¢z al., 1998).

For the reconstruction of past climate change, the
knowledge of the long term 8'80/T-relationship is of
great importance. Data for palacogroundwaters like the
Glatt Valley aquifer provide an opportunity to reconstruct
directly the 880/ T-relationship in the past. In order to
derive only climatic contributions to 8'80O/T, all other
influences on the stable isotope composition than tem-
perature have to be corrected. The temporal change of the
8180 content of the groundwater can be expressed as:

*0(1) "O(T(1)) *O(1) "0

To exclude a possible small entichment of the §'*O
content due to rock water interaction we calculated 6'80
values from 8?H under the assumption that the composi-
tion of the infiltrating precipitation correspond to water
on the MWL. Additionally we assumed a 880 entichment
of the Pleistocene ocean due to the volumetric increase of
isotopically depleted ice in polar regions (Ad'%Ojc.) as re-
corded in (Sowers ¢ al., 1993) (Fig. 10.3). The resulting
8180/ T relationship valid for the atea of investigations is
plotted in Fig. 10.3.

With the exception of samples 2 and 7 NGT and 3'%0
correlate reasonably well. The slope of the linear regres-
sion line is 0.4910.05%0/°C (sample 7 was distegarded,
see above). This value lies between the recent spatial
(0.56%0/°C; Peatson Jr et al, 1991; Siegenthaler and
Oeschger, 1980) and seasonal (0.46%0/°C; Siegenthaler
and Oeschger, 1980) 8'80/T-slope. The presented data
indicate that in the study area short-term 380 /T-relations
are a good approximation for the reconstruction of pa-
lacoclimates. However, there is a tendency that the spatial
relationship overestimates the long-term temporal tem-
perature dependency of the 8'80 content of precipitation.
Holocene-Pleistocene temperature difference estimated
from internal borehole temperatures are twice the value
inferred from oxygen isotopic composition of the ice cali-
brated from the modern spatial 'O/ T-relationship
(Boyle, 1997). A smaller temporal 88O/ T-slope com-
pared to the modern spatial slope would therefore reduce
this discrepancy.

meas rock ice



10.5 Conclusions

Several methods indicate the existence of palacowaters in
the Glatt Valley area. This identification is mainly based
on:

(xxiii) a 5°C difference between Pleistocene
and Holocene waters, as deduced from noble gas recharge
temperatures

(xxiv) the time of the Pleistocene-Holocene

transition as expected at about 15 ka BP, deduced from
corrected *C ages

(xxv) a gap of detected C ages between about 25 and
17 ka BP attributed to an interrupted recharge during the
time when the infiltration area was ice covered and

(xxvi) measured low 82H and 880 values of
old waters.

The time information needed for the above given
identification of Palo-waters is only obtained after a sepa-
ration of different water components was possible. The
presented study demonstrates that a combination of iso-
topes with different half lives allows such a separation of
components. Recent waters are detected by combining *H
and %Kr; a component younger than about 1000 years can
be identified by comparing ¥Ar and “C. *He may add
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qualitative time information. The above mentioned identi-
fication of palacowaters in the Glatt Valley area is valid
for the oldest component.

The determined NGTSs further allow the conclusion
that at around 28 ka BP warmer periods compared to
earlier and later periods occurred, during which infiltration
was possible. The determination of NGTs cotrected e.g.
for excess air is demonstrated to be correct as deduced
from the present day infiltration temperatures calculated
for recent waters.

The linear correlation between NGTs and 880 was
only obtained consideting the time dependent 880 values
of the wotld ocean in the last 30 ka. It further was neces-
sary to calculate the 880 values from the measured &*H
values, which cotrects for the effects of water-rock inter-
action. After these two corrections a linear correlation
between 880 and the temperatures was obtained which
allowed to calculate a 88O/ T-slope for the Pleistocene-
Holocene times. The derived value for this slope agrees
within errors with the present time spatial and seasonal
slopes observed in central Europe.



11 Weichselian palaeoclimate and palaeoenvironment in Europe:
background for palacogroundwater formation

111  Introduction

The evolution of groundwater both at the local and at the
European scale has been controlled by climate and envi-
ronmental changes during the Late Pleistocene and the
Holocene. The effects of glaciation and sea-level changes
have played the most important role in reorganizing the
groundwater systems in coastal regions. Permafrost and
periglacial processes over large areas in central and north-
ern Europe also had a significant influence on a ground-
water recharge. Atmospheric circulation in Europe during
the Late Pleistocene patterns may have had an effect on
the isotopic and chemical signal in groundwater that
nowadays forms the basis of geochemical interpretation of
palacowaters.

The influence of these various palacoclimatic and pa-
lacoenvironmental factors has been different for the dif-
ferent aquifers of the PALAEAUX transect across
Europe. The dynamics of the Fennoscandian ice sheet and
permafrost processes significantly modified aquifers in the
northern part of the transect (Estonia, Denmark, northern
United Kingdom, the Netherlands, Belgium). In central
and southern part of the transect (southern United King-
dom, France, Spain) sea level changes probably had the
strongest influence on groundwater evolution during the
Late Pleistocene. A different pattern of atmospheric circu-
lation could have left its signal in the form of different
chemical and isotopic compositions in groundwater of
those areas.

In order to have a common base for investigation and
interpretation of the Late Glacial and Holocene evolution
of palacowaters on the transect across Europe a palacoen-
vironmental scenario for this time interval has to be
agreed. For the same purpose the commonly accepted
stratigraphic terminology has to be used. The internation-
ally accepted terminology for the classification of the Qua-
ternary stratigraphic record of the Nordic countries and
adjacent areas of north-west Europe was formally set out
in classical paper by Mangerud e/ al., (1974). The Quater-
nary was subdivided into Pleistocene and Holocene series
and the Pleistocene was further subdivided into provi-
sional stages based on the sequence of glacials and inter-
glacials. The Late Weichselian/Devensian and the Holo-
cene were subdivided into chronozones, with the bounda-
ries defined in radiocarbon years before present (AD
1950). Under this scheme, the Middle Weichselian Sub-
stage ended at 13 000 C years BP and the Late Weich-
selian Substage lasted from 13 000 to 10 000 “C years BP,
containing the Bolling (13 000 to 12 000 C years BP),
Older Dryas (12000 to 11 800 '“C years BP), Allerod
(11800 to 11 000 ™C years BP) and Younger Dryas
(11000 to 10000 '“C years BP) chronozones. This
chronostratigraphic framework has been widely adopted
and the terminology has been applied also to records from
other parts of Europe and from other areas of the world.

While this provides a useful general chronostrati-
graphic framewotk for the last glacial/interglacial transi-
tion, various difficulties have arisen recent years in prac-
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tice, discussed in detail by Walker (1995) and by Bjorck e#
al., (1998). One of the major problems relates to the un-
certainties of the radiocarbon time-scale, caused mainly by
temporal variations in *C production which have resulted
in radiocarbon “plateaux” of constant age at certain times
within the petiod of the last glacial/interglacial transition.
Comparisons between radiocarbon-dated wood samples
and dendrochronological records (Kromer & Becker,
1993) on one hand, and paired measurements of U-series
and radiocarbon dates from fossil corals (Batd ez a/., 1990)
on the other, suggest an increasing divergence between
radiocarbon and calendar years of 2500 by 16 000 #C
years BP. As a result, certain time intervals during the last
termination cannot be dated precisely using the radiocar-
bon method alone.

In order to overcome the difficulties, the INTIMATE
(INTegration of Ice-core, MArine and TErrestrial records
— a core programme of the INQUA Palacoclimate Com-
mission) group has recently proposed use of the high-
resolution oxygen isotope record from the GRIP ice-core
as a basis for an event stratigraphy for the last termination
that is applicable to the entite North Atlantic region
(Bjorek et al., 1998). The proposal is based on the fact that
the isotopic profile of the GRIP ice-core is, to date, the
most detailed and its timescale has been developed by
counting annual ice layers down from the surface back to
14.5 ka. Comparison between the GRIP record, north-
west Buropean lake sediments records and the recently
revised German oak-pine dendrochronology (Bjérck e al,
1996) suggests that synchronization between GRIP ice
years and tree-ring years is within the stated uncertainty of
130 a for the GRIP record (Bjorck e al, 1998). The rec-
ommendation of the INTIMATE group, therefore, has
been that the chronology for the last termination should
be expressed in GRIP Ice-core Years Before Present (AD
1950), preferably shortened to GRIP a BP.

However, in spite of convincing arguments for appli-
cation this new event stratigraphy for the time period of
the last termination (ca. 22 to 11.5 ka GRIP BP), a radio-
carbon timescale for the last glacial/interglacial transition
is retained here and the dates are expressed in C years
BP, unless otherwise stated. We do that for the purposes
of simplicity and comparability, as the paper is based on
earlier data on palacoclimate and palacoenvironment in
Europe, which are almost entirely underpinned by con-
ventional or AMS #C dates. Our approach is also based
on the assumption that the resolution of the Pleistocene
records needed for the groundwater studies is much lower
than the high resolutions currently available for the vari-
ous other archives (ice-cores, marine sediments etc.)
where decadal scale information is attainable. Therefore
the problems connected with the above mentioned uncer-
tainties of the detailed radiocarbon time-scale for the last
termination period are not critical for this study.

The main concern of the PALAEAUX project has
been the evolution of European coastal aquifers since
Late Glacial Maximum (LGM), corresponding to the low-
est sea levels around 18 ka BP (21 ka calendar years).
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Figure 11.1. The rise of the Eemian January temperatures over
the present ones (after Gerasimov & Velichko, 1982 from Rau-
kas, 1991).

However, major changes in global sea-level and changes in
glacial condition prior to LGM has to be considered in
order to understand the dynamics of the environment and
aquifers. Therefore the palacoenvironmental scenario for
whole last glacial cycle beginning from the end of
Eemian/Ipswichian interglacial about 110 ka BP, when
sea levels were comparable to those of the present day, is
considered.

11.2  Weichselian climate and glaciation in Europe

11.2.1 Climate

During the last interglacial about 140-110 ka BP (the
Eemian/Ipswichian) the climate in Europe was slightly
warmer than during the Holocene and even alpine-type
glaciers were probably absent in Scandinavia (Mangerud ez
al., 1996). According to A.Velitchko (Gerasimov & Veli-
chko, 1982), during the Eemian climatic maximum the
climate was more humid, with the mean annual precipita-
tion over the southern part of the Eemian Sea 200-500
mm and over the northern part approximately 100 mm
higher than at present. The increase of Eemian winter
temperatures over present values was greatest in northern
and north-eastern Europe: up to +7°C in Scandinavia and
+11°C in the north-east and east of East European Plain
(Fig. 11.1). The mean July temperature over the Baltic area
was much the same as at present. However, in January the
mean temperature was 4-8°C higher. Greenland ice core
data also shows that the Eemian interval was about 2°C
warmer than present (GRIP Members, 1993). However,
GRIP ice core data also suggest that temperatures plunged
from 2°C warmer than today to 5°C colder over a few
decades during two major intervals within the Eemian
(GRIP Members, 1993).

Vegetation changes recorded in a pollen-analysed bog
section at Grand Pile, northern France (Guiot ¢# a/., 1989,
Guiot, 1990) show that the warm Eemian interglacial was
followed by cooling at the beginning of marine isotope
stage 5d about 115 ka BP, which matks the beginning of
Weichselian/Devensian glaciation. The Grand Pile section
(Fig. 11.2) shows two very warm interstadials (St. German
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Figure 11.2. Mean July temperatures in the Netherlands, Grand
Pile pollen record, chronostratigraphy for northern Europe and
oxygen isotope stratigraphy (after Dawson, 1992).

I and St. German II) and two cool stadials during the early
Weichselian(isotope stages 5a-5d). The corresponding
interstadials (Amersfoort-Brérup and Odderade) and sta-
dials in northern Europe were considerably colder, and
there is evidence of good-sized glaciers in Scandinavia
during those stadials (Andersen & Borns, 1994).

According to the Grand Pile record the climate cool-
ing which followed isotope stage 5a was rapid, and it
marked the start of a very long cold period. In addition to
the early existing ice sheets in Antarctica and in Green-
land, new ice domes developed gradually over northern
America, northern Europe and the Barents Sea, whereas
mountain glaciers thickened. During the major cold peak
of isotope stage 4, tundra and/or prairie covered central
and northern Europe. The Oceanic Polar Front moved
south to the latitude of southern France and to the north
of this latitude most of the North Atlantic Ocean was
covered with pack-ice during winters. In spite of some
fluctuations, the climate remained cold during most of
isotope stage 3. However, the Grand Pile data indicate
that there were at least five slightly warmer interstadials,
but they were in general also cool (Andersen & Borns,
1994).

The Greenland ice core data, the vegetation records,
the fossil fauna, and the fossil permafrost features all indi-
cate that the LGM climate was very cold in Europe from
21 ka to at least 16 ka ago. A number of studies have con-
centrated on the reconstruction of climate of the LGM
and on the following transition toward the Holocene
(CLIMAP, 1981, COHMAP, 1988, Lowe & NASP Mem-
bers, 1995, Webb & Kutzbach, 1998). According to those
reconstructions at 18 ka BP, when ice sheets were at their
maximum, strong anticyclonic air circulation around the
North American ice sheet was bringing cold conditions to
the North Atlantic. Along the southern flank of the ice
sheets, strong easterly winds and a sharp temperature gra-
dient were associated with a strengthened jet stream aloft,
which extended across North America and east to Eura-
sia. The most substantial change was a drop of global sea-
level to about 100-130 m below the present. This regres-
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Figure 11.3. The Polar Front position during the last 20 ka;
location of the main deep-sea cores and location of the areas
with available information about the climatic changes in the
Iberian continental margins (after Zazo e al., 1996).

sion was combined with a general decline of precipitation
and the expansion of the ice sheets which stored between
60x10¢ and 100x10¢ km3 of water (Starkel, 1995). Accord-
ing to latest model simulations the presence of ice sheets
and lowered atmospheric CO; concentration at 18 ka BP

made the northern continents very cold with winter tem-
peratures less than —20°C for most areas north of 30°N
over land and with annual precipitation rate only 1-2
mm/day (Kutzbach ef a/., 1998). The biome simulation by
the same model shows most of the ice-free area in the
northern high latitudes covered by polar desert. According
to Frenzel (1992) the annual rainfall in western Europe
during the LGM was 500 mm lower, than at present.
Spruce and oak forests were absent from Europe because
of cold, dryness and permafrost. Even the Mediterranean
lowlands were treeless (COHMAP, 1988).

The data from deep-sea piston cores in the Portuguese
margin and littoral data from the north-western Iberian
littoral (Zazo et al., 1996) clearly shows (Fig. 11.3) that
during LGM the limit between the Polar Front and the
Gulf Stream was located around the Spanish-Portuguese
northern border, that is by 42°N. Bard ez a/. (1994) state
that because of the strong thermal gradient separating the
Gulf Stream from the polar water mass, the sea surface
temperatures in the West Iberian continental margin dur-
ing the LGM were probably as warm as today. Only at the
end of the glaciation the temperatures of surface waters
fell from 12°C to 4°C (Fatela et al., 1994), related with the
injection of glacial meltwater.

The exact age of the end of the LGM cold period is
still under discussion, however, in most parts of the wotld
the coldest glacial period seems to have ended about 14 ka
BP and a marked climate warming started shortly thereaf-
ter. A comprehensive summary of the palacoclimate of
northern and north-western Europe during the last glacial-
interglacial transition (Fig. 11.4) has been presented in the
reports of the North Atlantic Seaboard Programme
(NASP) (Lowe, & NASP Members, 1995, Walker, 1995).

According to these results the earliest evidence for
sustained warming around 15 ka BP is found in pollen

CLIMATE CHANGE AT THE LAST GLACIAL-INTERGLACIAL TRANSITION:EUROPE AND THE NE ATLANTIC

TERRESTRIAL EVIDENCE CEOCHRONOLOSYL  cumuaro - MARINE EVIDENCE
STRATIGRAPHY | SEA SURFACE TEMPERATURE “ «
CLIMATIC "EVENT" TEMPERATURE [SCHEMATIC] | 14C ka BP [SCHEMATIC] MARINE “EVENT
COLD —————» WARM % COLD ——————» WARM
- | > §
— - 14
“Preboreal® Climate Oscillations 9~5 4 Fallin SSTs : Ni ian S
“Youngest Oryas™: Gnrmang + Switzerland | B ul 6 alt in SSTs : Norwegian Sea
ries! pisode : 10.0 /
R e — KO T e A
Warmer : Nos Orier : B.7 Decline in IRD [Ice - rafted debris]
Sowaten Netherfands | N T [ }
Danmark g:’g"‘;";’w 105 %2 < Rise in SSTs : Norwegian Sea ; Kattegat
iolner)
Luxembou Switzeriand = 0 1 ZZo
roand Y French Alps EE o ) )
Wetter in most areas. - 1 (el ?) Sharp decline in SSTs and increase in IRD
" 11.0 / NE Atlantic, GIN Seas and SE Norwegian Sea, ___ |
Warmer: (8. Drier: - - — Highar SSTs : NW Scotland ; GIN Seas
- ations 7- S ~
S?’:"ﬂﬁ?:‘&’?}”"’ N ’"ﬁi’l’f«fmZ}”"" PR L 115 - a2 Marked deciine in SSTs : NE Atlantic
SW Norway[11.75 Ka + 11.4 Ka BP) ~ . x< GIN Seas
Germany ; Netherlands ; Switzerfand. L N o 2 SE Norwegian Sea.
‘Ofder Dryas” climatic event : France ->Noway _ _ { ___________(C_____J] - 1 2 0 — 3 '(7) ——————————————————————————
[ “Asgelsee Oscillation": Ireland -> Switzeriand - B 8 5
Switzerland Thermal maximurm: . L N s Reduced SSTs : GIN Seas
S Sweden - <5
Denmark | - 12.5 - = Reduced S5Ts : GIN Seas and NE Atlantic
I .
Thermal maximum : E‘./; Netherlands; SW Europe Reduced SSTs : GIN Seas
Rapid Warming: Britain; Netherlands; SW+N Norway 1 3 0 __________________________
Climatic amelioration ? Switzerland; SW Norway Rapid warming : NE Atlantic and Norwegian Sea
French Alps; Fyreneas First warming : GIN Seas
13.5 2 Widaspread reduction in 1RD : NE Atiantic
S 1 1 4 0 % First warming in N Atlantic : S of 55°N
' ]
Polar desert over most of Europe. ~ ] E
. pr tncrease in IRD : Heinrich Layert
- 14.5 a
-
First sustained warming : SW Europe. - - —
I
_________________________ O — B
Warming + subsequent cooling : N.Norway o 1 5 .0

Figure 11.4. Summary of climate changes in Europe at the last glacial transition reflected in marine and

terrestrial records (from Walker, 1995).

94



ATLANTIC MEDITERRANEAN
CAND OCEAN LAND | OCEAN -
s;zf“" Spain) WEST OF IBERIA SOUTH OF IBERIA (Spain)
kaBP [ poller Karst sed__| cocoolth Torae (Portugal) | ssa-fevel pollen ‘coccolth ora sea-lavel
Port.
54 5 4
w
‘ & ®
8 L ® ®
MHHP
§ LHm  Hm ——1
. {} |rHumD AnD warM? 5
HUMID ’ .
HuMo | AND Warm WARM
AND | TemperaTE] (5° < Mediterran.) (5° > Atlantic)
10
3 Y.D. Dry Gold warmmé'r\ﬁ\ngn Mediterr. % DRY BUT NOT COLD @ =
ALEROOD) + HUMID
TEMPERATE WARM 40 WARM {}
NG FRESH
134 w —) Q-Pz CUMATC AMELLORIATION )
= o |
g IR A
154 8
-
2 N DRY "
- AND
o . 8 CoLD (D)
18 LGM. TOLO HUMID ? =
HUMID
20 FRESH Lp Le

LGM. Last Glacial Maximum

M.HHP Mid Holocene hypsithermal

Sea-level {} Rise
YD. ‘Younger Oryas event 0 Fail

Prograding bodies
LP Low Pasition
HM. Holocene transgressive maximum

1 Stabilization ~ o~ sea-level oscillations & 8l i‘ Rise

Figure 11.5. Schematic diagram showing the most relevant climatic changes and related sea level oscilla-
tions in the Iberian Peninsula during the last 20 ka (after Zazo ez al., 1996).

diagrams from south-west Europe. Throughout much of
northern and western Europe, however, the first remark-
able evidence for widespread climatic amelioration dates
from about 13 ka BP (Fig. 11.4).The rapid change to
warmer climatic conditions, particularly in north-west
Europe is most clearly shown by fossil Coleoptera (Atkin-
son et al., 1987), but also by the increased representation
of aquatic plant taxa in some profiles. The timing and
rapid nature of this climate change is reflected also in the
Greenland ice core records, which shows, that climate
amelioration at the last glacial-interglacial transition was
not only abrupt and intense, but was also time-parallel
throughout the northern and eastern Atlantic region
(Walker, 1995). According to NASP records the thermal
maximum of the last glacial-interglacial transition occurred
in south-west Europe, lowland Switzerland, the British
Isles and The Netherlands between 13 and 12.5 ka BP
(during the Bolling) whereas in southern Scandinavia and
Germany it was delayed until 12.5 to 12 ka BP (Walker e#
al., 1994). Marked climatic gradients developed at this time
period over north-west Europe, with temperature differ-
ences of as much as 6—7°C within a few hundred kilome-
tres (Lowe ez al., 1994). These spatial and temporal con-
trasts reflect, on the one hand, changing patterns of sur-
face and deepwater circulation in the North Atlantic, and
on the other, the cooling effects of the wasting Fenno-
scandian ice sheet (Walker, 1995). In Estonia the pre-
Allerod deposits which have been studied palynologically
suggest the existence of severe climatic conditions up to at
least 11.8 ka BP (Raukas, 1982). During the Allerod , the
whole Baltic area experienced considerable warming,
which contributed significantly to the rapid ice retreat
(Kabailiene & Raukas, 1987).

The Younger Dryas cooling with a temperature drop
to full glacial conditions was, without doubt, the most
important climatic event during the last glacial-interglacial

transition that affected all areas of Europe from northern
Norway to the Mediterranean within the time interval of
11 to 10 ka BP (Rind e a/., 1986). According to different
evidence mean July temperatures in western Norway,
Southern Sweden, Poland, Denmark and Switzerland fell
by 5-6°C from the preceding thermal maximum, while in
the British Isles and The Netherlands the decline in July
temperatures from the interstadial maximum was even
higher, of the order of 7-8°C (Walker, 1995). In Estonia
the Younger Dryas cooling gave rise to the development
of tundra vegetation once again and promoted activation
of the southern part of the Fennoscandian ice sheet close
to Estonia (Karukdpp & Raukas, 1997). Dry but not cold
climatic conditions governed the Mediterranean sector of
southern Iberia, whilst in the adjacent Atlantic sector cli-
matic conditions remained humid and temperate (Zazo et
al., 1996). According to these different climatic conditions,
the surface sea-water temperatures were warmer in the
Atlantic than in the Mediterranean during this same pe-
riod. By contrast, in northern Iberia (Cantabria littoral) a
moist and cool climate is recorded during the Younger
Dryas cold event, displaying afterwards a sudden change
to humid-temperate conditions at the beginning of the
Holocene (Fig. 11.5).

According to data from the Greenland ice cores GRIP
and GISP2, the end of the Younger Dryas is characterized
by a very rapid transition towards the current Holocene
climate with the temperature rise of about 7°C in Green-
land within about only 50 years. In addition to tempera-
ture, even more rapid changes affected the precipitation
rate and the atmospheric circulation, reflected in doubled
snow accumulation in Greenland, possibly in only 1 to 3
years (Alley et al., 1993). The Younger Dryas short cool
event is an exception to a pattern of a longer warming
period which characterized the transition from glacial to
interglacial conditions. There were also other short cool



events during the transition, although the rate and extent
of Younger Dryas cooling was exceptional. According to
Broecker & Denton (1989) this rapid cooling was related
to the substantial decrease of the strength of the North
Atlantic conveyer at the Allerod-Younger Dryas bound-
ary. This signature could have been caused by a sudden
freshwater flux compared with more gradual freshwater
build-ups at the other oscillations, and it implies that the
cause of Younger Dryas may be related to the draining of
huge glacial lakes. Both, Lake Agassiz in North America
and the Baltic Ice Lake (Bjorck, 1995) evidently drained at
the time of the Allered-Younger Dryas transition and
created brief but huge meltwater pulses on both sides of
the North Atlantic. These meltwater inputs caused a tem-
porary but substantial waning of the conveyer, and may
explain why only one Younger Dryas occurred after the
onset of deglacial warming (Bjorck e af., 1996).

The early Holocene amelioration of climate, which led
to temperatures comparable with those of the present day
being established over much of Europe by 9.5-9 ka BP is
shown most clearly in botanical records (Lowe ez al,
1995). In Britain and The Netherlands, mean July tem-
peratures of 15-17°C+ were re-established by 9.8 ka BP
(Atkinson e al, 1987). In the Iberian Peninsula climatic
reconstructions using pollen data suggest a rapid increase
in mean July temperatures of about 10°C to values ca.2°C
above those of the present (Walker, 1995). In Estonia the
early Holocene climate was determined by degradation of
the Fennoscandian ice sheet and the complicated history
of the hydrological regime in the Baltic Sea basin. At the
beginning of the Holocene a relatively quick warming
took place and at about 9 ka BP the mean annual tem-
perature could be compared with that at present. At the
end of Boreal the temperature was even higher (Kessel &
Raukas, 1979).

11.2.2 Glaciation

The most characteristic feature of the Weichselian is the
growing and vanishing of the ice sheets and glaciers. In-
formation on the rate and timing of eatly and middle
Weichselian glaciation in Scandinavia and northern
Europe is limited due to the erosion of pre-existing sedi-
ments by Late Weichselian ice. However, some informa-
tion still available, points to the occurrence of several pe-
riods of glaciation since the Eemian interglacial and prior
to the LGM (Lundqvist, 1997).

The Weichselian glacial started with global cooling at
about 115 ka BP and the last remnants of the Fennoscan-
dian ice sheet finally disappeared about 8.5 ka BP. In
Europe three or four different glaciations, separated by
interglacials, are identified usually within this time period.
Each of the glaciations has been divided into cooler stadi-
als and warmer and essentially ice-free interstadials (Fig.
11.6). The three till formations in northern Germany indi-
cate that the Fennoscandian ice sheets reached this far
south at least three times during Weichselian (Ehlers,
1994). However, the ice sheet certainly covered most of
Scandinavia many more times.

The first ice advance in Scandinavia is known as Gul-
stein Stadial which is related to isotope substage 5d. The
second period of ice advance during Boenes stadial is
thought to have taken place during isotope substage 5b
(Larsen & Sejrup, 1990). The most extensive period of
glaciation took place in Middle Weichselian during the
long interval between isotope stages 4 and 2 (Fig. 11.0),
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Figure 11.6. Glacial fluctuations and vegetational changes in
Europe after the last interglacial, the Eemian. Vertical scale is
age, given in ka (thousands of years before present) with cali-
brated radiocarbon years. The left panel shows the vegetational
changes in northern Germany. The right panel shows ice front
fluctuations in western Scandinavia; the mountains are plotted to
the right and the continental shelf to the left. The dotted area
shows the extent of the ice sheet in the time and distance from
the mountains. (after Mangerud ez al., 19906).

when all of the Scandinavia and Finland were probably
ice-covered (Mangerud, 1991) and the tundra/praitie cov-
ered central and northern Europe. According to the
model proposed by Lundqvist (1992), the ice margin was
fairly stationary along the western coasts of Scandinavia
from isotope stage 4 until stage 2, but showed minor os-
cillations corresponding to series of cool interstadials
(Hengelo, Denckamp and others).

The Weichselian maximum ice advance in Europe be-
gan sometime after 25 ka BP and culminated between 20
and 18 ka BP with the LGM (Lundqvist, 1992). The ex-
tension of the last Weichselian ice on the European conti-
nent (Fig. 11.7) is well marked by extensive end moraines
in Denmark, northern Germany, Poland, the Baltic coun-
tries and Russia. In Poland, as in Germany, the southern
ice margin is marked by moraines and by very large mar-
ginal drainage channels (pradolinas, Urstromtiler) towards
the west. The entire drainage that now flows into the Bal-
tic and the North Sea was deflected to traverse the ex-
posed bed of the North Sea and deposited extensive del-
taic sediments (Lundqvist, 1997).

The extension of the ice margin west from Denmark
is controversial. Some authors assume that the Weich-
selian ice, like the pre-Weichselian ice, covered the North
Sea, and that the Fennoscandian ice sheet and small De-
vensian ice sheet, covering the British Isles and Ireland,
were confluent (Denton & Huges, 1981). However, Sejrup
et al., (1994) postulated coalescence between Fennoscan-
dian and Devensian ice sheets only in a period between
29.4 and 22 ka BP. When the ice reached its maximum
limit on the European continent, the confluence in North
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Figure 11.7. Location map of the Fennoscandian ice Sheet.
Numbers in circles show radiocarbon years (ka BP). Geographi-
cal names are in capital letters, names of moraines in lower case
letters. (from Lundqvist, 1997).

Sea area was broken to leave an ice-free corridor between
Scandinavia and Scotland - Shetland Isles (Sejrup ez al,
1987). Because of custatically lowered sea level, the main
part of the North Sea floor was dry land, dissected by
large drainage systems from the European continent
(Lundqvist, 1997).

The main retreat of the Fennoscandian ice sheet began
about 18 to 17 ka BP, although at slightly different times
in different areas. Recent radiocarbon dates from the
North Sea area indicate that the retreat of the ice sheet
thete probably started as catly as 21 ka BP. The size of the
ice sheet over the British Isles also diminished considera-
bly between 18 and 13 ka BP. At the end of this period
the shores in southern Britain and southern Europe were
60-80 m below the present shores. A broad zone of the
north Furopean plain, including most of Denmark and
the south-west coast of Sweden, was deglaciated during
the period 18 to 13 ka BP (Andersen & Borns, 1994). As a
result of the difference in deglaciation rate in this area a
broad ice lobe formed in the southern part of the Baltic,
turning north over eastern Denmark. This ice lobe was
very active and its alternating retreats and readvances in
Denmark were recorded by widespread glaciotectonic
structures (Berthelsen, 1979).

The North European ice sheets retreated considerably
during the warm Bolling/Allered interstadial (Fig. 11.4)
which lasted from about 13 to 11 ka BP. In Britain the
Devensian ice sheet disappeared, probably completely, by
about 13 ka BP and a limited amount of relatively warm
Gulf Stream water had begun to enter the North Atlantic
and North Sea area (Andersen & Borns, 1994). As a result
of rapid retreat of the south-eastern part of the Fenno-
scandian ice sheet the ice dammed Baltic Ice Lake started
to develop in the southern part of the Baltic Sea basin
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about 13.5 ka BP (Bjorck, 1995). During the Younger
Dryas cooling, the ice sheet retreat almost stopped and in
some areas (e.g. western Norway) local re-advances took
place. Due to eustatic lowering of sea level, the sounds
between Scandinavia and Denmark were dry. South from
Mount Billingen in south central Sweden the Baltic Basin
was isolated from the ocean in the west by the South
Swedish highland (Lundqvist, 1997). Further ice sheet
retreat in Baltic area is closely related to the development
of Baltic Sea and subsequent sea level changes and this
will be discussed later in this chapter.

11.2.3 Subglacial hydrology

Glacial cycles have had the strongest impacts on ground-
water dynamics in Europe. Overpressure in subglacial
aquifers and aquitards and subglacial meltwater drainage
may have led in many places to complete reorganization
of groundwater flow as compared with interglacial condi-
tions. This is a controversial topic but of great relevance
to the present PALEAUX studies.

Ice sheets and glaciers melt on their surfaces and, due
to frictional, strain and geothermal heating, most of them
also melt at their base. Rates of basal melting are expected
to be within the range of 1-100 mm/yeat over long peti-
ods, whereas surface melting rates in the ablation areas are
typically up to four orders of magnitude greater (Boulton
et al., 1995). The amount of surface meltwater, which finds
its way to the bed is uncertain. However, in the case of ice
sheets the water penetration to the bed is restricted be-
cause of their great thickness and therefore basal melting
is the main source of meltwater. There are three principal
mechanisms for meltwater discharge at the base of an ice
sheet (Boulton ¢# al., 1995):

(i) flow in a thin layer at the ice/bed intetface;

(i) flow in tunnels, canals and other conduits;

(iif) flow as groundwater.

Shoemaker (1986) has argued that the main mecha-
nism for meltwater discharge beneath the ice sheets is
watet flow in a thin layer and in conduits at the ice/ bed
interface, and that groundwater flow can play only an in-
significant role because of the limited transmissivity of
subglacial rocks in comparison with the magnitude of
subglacial water discharges. Boulton e a/. (1993) have sug-
gested that most of the aquifers fringing the core area of
the Fennoscandian ice sheet during the recent glacial peri-
ods had sufficient transmissivity to discharge most of sub-
glacial meltwater. According to their reconstruction, as the
ice sheet terminus expanded over shield rocks of low
transmissivity, groundwater flow was unable to discharge
all the meltwater, so that the groundwater head rose to the
value of ice pressure and excess melt was drained from
the bed by some form of conduit system. As the ice sheet
advanced beyond the shield and across the zone of sedi-
mentary basins, bed transmissivity became sufficiently
large to drain all the basal melt through groundwater flow
alone (Boulton e# al, 1995). Of great importance in con-
trolling the hydraulic behaviour in the terminal and pro-
glacial zone was the presence or absence of proglacial
permafrost, which can cause the increase of water pres-
sures in the ice sheet margin zone and determine the
groundwater fluxes and heads far from the ice sheet mar-
gin (Boulton 7 al., 1995).

Piotrowski (1994, 1997) has shown that for marginal
portions of the Fennoscandian ice sheet in north-western
Germany, due to generally low hydraulic transmissivity of



the substratum, only about 25% of subglacially produced
meltwater could have been evacuated through the aqui-
fers. The rest of the meltwater was evacuated through
tunnel valleys in spontaneous outburst events, that were
likely to be asynchronous during the ice sheet maximum
and shortly thereafter and preceded probably by water
ponding in subglacial lakes (Piotrowski, 1997). Tunnel
valleys are abundant not only in north-western Germany
(Piotrowski, 1994) but also in other areas within the Fen-
noscandian ice sheet limits. Bjerkéus (1998) has described
the valley system in the Hané Bay, southern Baltic Sea.
Together with similar valley systems in the south-eastern
and south-western Baltic Sea and on land in Baltic coastal
regions, it belongs to a distinct belt of periglacial erosional
valleys, formed by meltwater erosion at, or inside the ice
front (Bjerkéus, 1998). Ehlers & Wingfield (1991) have
also found deep valleys cut into sedimentary bedrock in
the North Sea. Deep valley structures are also present
offshore Britain (Wingfield, 1989). According to Bjerkéus
(1998) in most cases the valleys are of three generations,
formed during three different glaciations (Elsterian,
Saalian and Weichselian). An abundance of erosional tun-
nel valleys in different areas within the Fennoscandian ice
sheet limits indicate, that evacuation of meltwater through
the tunnel valleys has probably played an important role in
subglacial meltwater discharge.

11.2.4 Permafrost

A permafrost region is defined as an area in which the
temperature of some or all of the ground below the sea-
sonally freezing and thawing layer remains continuously at
or below 0°C for at least two consecutive years (van
Everdingen, 1998). In practice, however, there is a com-
mon understanding that continuous permafrost occurs at
mean annual air temperatures from —6 to —8°C and lower,
discontinuous permafrost at —4 to —8°C and sporadic
permafrost at temperatures from —1 to —4°C (Brown ef al.,
1997). At present, permafrost environments occur over
20% of the Earth’s land surface and during the LGM an
additional 20% may have been affected (French, 1976).

For reconstruction of former permafrost and perigla-
cial environments specific indicators are used which rep-
resent relict features developed above or within the per-
mafrost. However, from the numerous periglacial feature
only a very limited number really testify to former perma-
frost (Washburn, 1980). Pseudomorphs of ice wedges,
sand-wedge casts, remnants of pingos and palsas are
among those features, having better preservation chances
and therefore also having palacoclimatic relevance. Po-
lygonal cracks associated with the casts of former ice
wedges may be indicative of former mean annual ground
temperatures between —2°C and —10°C (Washburn, 1980).
According to Romanovsky (1985), ice wedges can form in
fine-grained sediments when the mean annual ground
temperature is below —2.7°C. To convert the estimated
ground temperatures to air temperatures the general rule
is that in average, the mean annual ground temperature is
about 2 to 6°C warmer than the mean annual air tempera-
ture (Pewe, 1975).

As a proxy indicator for the existence of cold condi-
tions which are favourable for permafrost development,
Gordon ef al. (1989) have used the growth frequency of
speleothems, which is dependent on the occurrence of
significant diffuse groundwater recharge as well as on the
biogenic production of CO; in the soil. Both of these
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parameters are dependent on temperature and water avail-
ability. Therefore, under cold conditions, where perma-
frost develops, diffuse groundwater recharge will be
greatly reduced and speleothem deposition will be very
slow or cease entirely.

Climate in Europe during the Early Weichselian (ma-
rine substages 5d—5a) was generally mild (Fig. 11.6) and
therefore periglacial phenomena from this time are rather
scarce. Small-scale cryoturbations and frost fissures related
to the cold intervals between the Eemian and Brerup
(substage 5d) as well as between Brorup and Odderade
(substage 5b) are reported by a number of researchers (e.g.
Zagwijn & Paepe, 1968, Vandenberghe & Pissart, 1993).
These features indicate periglacial conditions with deep
seasonal frost, however, without the necessity of perma-
frost. It means that the mean annual temperature was at
least below —1.5°C (Maatleveld, 1976).

The entire Middle Weichselian interval (substages 4
and 3) between about 73 to 28 ka BP has been recognized
as a relatively mild period except a cold period just at the
beginning (substage 4) up to 61 ka BP, when continuous
permafrost existed in western and central Europe. In the
sandy regions of western Europe the whole Middle
Weichselian sediment sequence has been characterized by
the occurrence of frost cracks and small-sized ctryoturba-
tions, which point at least to deep seasonal frost. Ice
wedge casts and associated large cryoturbations in sedi-
ments related to the cold episode between 41 and 35 ka
BP have been discovered in the northern Netherlands
(Vandenberghe & Pissard, 1993) This has been the period
with sporadic or discontinuous permafrost in Europe.
Using several different criteria, Vandenberghe & Pissard
(1993) atgued, that a mean annual temperature of —4.5°C
was probably the lowest value and —1.5°C the highest one
reached during the Middle Weichselian at sea level in
north-western Europe. Based on speleothem growth fre-
quency peaks Gordon ez al. (1989, p.21, Fig. 6) have iden-
tified six warmer periods within the Middle Weichselian
for U.K. with increased growth of vegetation, when evi-
dently no permafrost existed.

The coldest period of the Weichselian appears to have
occurred between about 28 ka BP to LGM at about 18 ka
BP. The major factor responsible for the formation of
periglacial conditions in Europe within this time interval
was the increased atmospheric circulation with cold north-
easterly anticyclonic winds adjacent to the south-eastern
sector of the North European ice sheet, and strong, cold
north-westerly cyclonic winds from a predominantly ice
covered North Atlantic (Andersen & Borns, 1994). The
cyclonic and anticyclonic circulation in combination with
the strong cold and dry catabatic winds created the special
Arctic periglacial conditions in Europe. Most of the
France, Germany, Poland, Belgium, The Netherlands and
southern Britain were characterized by permafrost (Wash-
burn, 1979, see also Fig. 1.5). Traces of periglacial struc-
tures from this period are widespread and generally well
preserved (Vandenberghe & Pissart, 1993). According to
Karte (1983) the thickness of permafrost ranged from
10 m in the west and south-west to more than 100 m in
the east and north-east. In the Berlin area frost wedges
wete formed in the tills of morainic plateaus, and as most
of them are sand- wedge casts with primary infilling, they
indicate a dry and cold climate (Bése, 1995). Similar con-
ditions with the formation of permafrost sand-wedge casts
in till and stone pavements with ventifacts are described in
Poland (Kozarski, 1974). According to Vandenberghe &



Figure 11.8. Reconstructed mean annual air temperatures (not-
mal font) and mean temperatures of the coldest month (italic) at
sea level during the Younger Dryas (from Isarin, 1997).

Pissart (1993) the frequent occurrence of ice wedge poly-
gons and associated large-amplitude cryoturbations, the
presence of closed-system pingos and the absence of spe-
leothems in Belgium point to existence of continuous
permafrost. At the maximum of this cold period the ice
wedges developed in all kinds of subsoils. This allows the
conclusion that, in accordance with modern analogues,
mean annual temperatures dropped below —8°C at that
time.(Vandenberghe & Pissart, 1993).

The climate amelioration duting the Bolling/Allerod
warming was characterized by warmer summers, but win-
ters remained fairly cold (Andersen & Borns, 1994), so
that seasonal cracks developed and the overall dissipation
of permafrost was rather slow. Climate cooling during the
Younger Dryas also activated the periglacial processes.
Most detailed study on distribution of permafrost in
north-western Europe during the Younger Dryas has been
performed by Isarin (1997a). According to his results dur-
ing the coldest part of the Younger Dryas continuous
permafrost existed north of ~54°N (i.e. in Fennoscandia
and the northern part of the British Isles and Ireland).
Mean annual air temperatutes at sea-level near or below -
8°C and mean temperatures of the coldest month well
below -20°C are deduced for this zone (Fig. 11.8).

Discontinuous permafrost was present between 54
and 50°N (ie. in central and southern England and Ire-
land, The Netherlands, upland Belgium, northern Ger-
many and Poland). It is suggested that in this zone mean
annual air temperatures were between —8 and —1°C, with
mean temperatures of the coldest month not lower than
-20°C (Isatin, 1997Db).

The data on distribution of relict periglacial features in
the southern Scandinavia and in the Baltic area are rather
sporadic. Relict wedge structures and polygon patterns are
observed most frequently in deglaciated areas of south-
western Scandinavia and they are related mainly to the
younger Dryas cooling period (Svensson, 1988, 1992).

For the eastern Baltic area there are very few convinc-
ing data concerning the distribution of permafrost during
the last glacial. Some findings of ice-wedge casts and cryo-
turbations in the north-east Estonia, related to the
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Younger Dryas cooling period, are reported by Miidel
(1974). However, stagnant ice landforms indicate the exis-
tence of stagnant ice fields in the area, after the Fenno-
scandian ice sheet retreated. According to Raukas & Ka-
rukdpp (1994) some of stagnant ice fields in Estonia could
have exceeded 10-20 km in width and were up to several
hundred meters thick. In some places butied stagnant ice
bodies in Estonia melted only during the early Holocene.
This is showing relatively good conditions for preserva-
tion of ice, which is indirect evidence of possible existing
of permafrost in the area.

The existence of permafrost in Europe several times
during the Weichselian may have had strong influence on
groundwater systems. The break in the supply to the
groundwater reservoirs during the last expansion of per-
mafrost is proved by the radiocarbon ages of groundwater
in Europe older than 20 to 25 ka BP and younger than 10
ka BP (Andres & Geyh, 1970, Bath e al, 1979, Stute &
Deak, 1989), as well as by the entire cessation or very slow
speleothem deposition (Gordon ¢ al., 1989).

The retreat of permafrost in the early Holocene al-
lowed deep percolation of water into the ground, estab-
lishing the common groundwater table and regulating the
runoff by groundwater supply and vegetation.

11.3  Growth and decay of the permafrost layer dur-
ing the glacial maximum

The occurrence of a permafrost layer near the surface can
have a strong influence on the groundwater flow cycles in
the aquifer system below it. At first the recharge of the
water table is inhibited, causing severe lowering of piezo-
metric levels after some time, and secondly while the per-
mafrost layer is growing, due to the transformation of
water to ice, fluid is extracted from the top of the aquifer
system. This can at least temporarily cause an upward flow
of groundwater. Much depends on the thickness of the
permafrost layer and its growth rate, determining the dis-
charge rate from the water table. Therefore calculations
have been done trying to simulate the evolution of the
thickness of the permafrost layer under different tempera-
ture conditions at the surface. The northern part of Bel-
gium has been modelled, as a representative example of
the PALAEAUX study. The surface conditions used are
only rough estimates for the possible meteorological envi-
ronment in the region, assuming average annual tempera-
tures were restricted to a few degrees below zero.

11.3.1 Analytical model
Principles

First an analytical model was used to estimate the perma-
frost thickness for rather simple uniform temperature
conditions at the surface. Analytic formulas for such sim-
ple cases can be derived (Lunardini, 1995) by dividing the
underground in three distinct layers:

(iv) a top layer which contains the permafrost layer;

(v) an intermediate layer in which the temperature dis-
tribution is influenced by the ovetlying permafrost;

(vi)a bottom layer in which a normal geothermal gra-
dient occurs.
The following boundary conditions can be detived:
e the temperature on the top of the permafrost is prede-

fined and constant;



AVERAGE TEMPERATURE = 1 BELOW ZERQ
T T T T T T

THICKNESS PERMAFROST

40.00  60.00 80.00 100.00 120,00
T T
I (

20.00

.00

| | | | | | | | |
2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
TIME (YERRS)

AVERAGE TEMPERATURE = 2 BELOW ZERO
T T T T T T T

THICKNESS PERMAFROST
60.00  §0.00 100.00 120.00

40.00

20.00

00

I | | I L L I I L
%00 2000.00 4000.00 6000.00 8000.00 10000.00 12000.00 14000.00 16000.00 18000.00 20000.
TIME CYEARS)

o

0

AVERAGE TEMPERATURE = 3 BELOW ZERO
T T T T T T T

THICKNESS PERMAFROST
.00 _20.00 40.00 60.00 80.00 100.00120.00140.00160.00

I L L I | | I I |
2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
TIME CYEARS)

0

Figure 11.9. Calculated permafrost thickness with the analytical
model.

e the temperature at the bottom of the permafrost layer
is zero;

e the gradient in the lowest layer is the geothermal gra-
dient (0.0286°C m™)

The applied formulas are based on the heterogenetic

freeze relations (Lunardini, 1995).

Input data

The following thermal properties must be quantified:

e thermal conductance and specific heat for water;

e thermal conductance and specific heat for ice;

e thermal conductance and specific heat for matrix ma-
terial;

e latent heat for water;

The values used for the calculations are the same as in

Lunardini (1995). Thermal properties are well known and

are therefore applicable over a wide range of geographic

sites. The model calculates the position of the freezing

front as a function of time, giving the evolution of perma-

frost thickness.
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Figure 11.10. Calculated growth race of permafrost with the
analytical model.

Results

Calculations are done for three different average surface

temperatutes (=1, =2 and —3°C) during a petiod of

20 000 a. The calculated thickness is presented graphically

as a function of time. The main characteristics of the

curves are (Fig. 11.9. and Fig. 11.10):

e after infinite time an equilibrium thickness will be
reached;

e the increase in thickness is fast in the early time of
freezing conditions but slows down after a few thou-
sands of years;

e as surface temperatures are lower it will take more
time to approach the equilibrium thickness.

The main results are summarized in Table 11.1. The
equilibrium thickness can be viewed as the maximum
permafrost thickness that can be expected under the given
surface conditions. More important than the equilibrium
thickness is perhaps the thickness that can be reached
after a limited time period, e.g. during the last glacial
maximum. Therefore the calculated thickness after two
periods of time (5000 and 10 000 years) is given. Also the
time required to freeze 50% of the equilibrium thickness
is indicated. These values show that it requires only a



Table 11.1. Calculated permafrost thickness with the analytical

model
Surface Thickness Time to
tempera- 50% equi-
ture Equilibrium 50002 10 000 a librium
°C m m m a
-1 60 48 53 1000
-2 120 80 94 2000
-3 180 106 127 3000

rather short period (compared to the length of a glacial
period) to reach half of the maximum permafrost thick-
ness.

The results suggest that when continuing freezing
conditions occur, even if they are only a few degrees be-
low zero, within the time limits of the last glacial maxi-
mum, a permafrost layer of between 50 and 100 m could
have developed. Recent investigations of the Younger
Dryas period (Isarin, 1997), during which near-(peri)glacial
conditions reoccurred between 11-10 ka BP, were based
on both in situ observations of periglacial phenomena
(e.g. ice wedges) and simulations with an atmospheric
global circulation model (AGCM). The results show that
in this period in North Belgium average annual tempera-
tures between —1° and —4° can have existed. The tempera-
ture conditions during the last glacial maximum can be
estimated to be at least equal or lower that the values ob-
tained for the Young Dryas.

11.3.2 Numerical model
Principles

More complex scenarios can be simulated using a numeri-
cal model. Thetefore the TRENE-model which simulates
the transport of energy through porous media was devel-
oped. The main characteristics of this model are:

(vii) 2-dimensional model: can be used for simulating
cross-sections or columns;

(viii) it uses a finite difference approach based on a
rectangular grid;

(ix) the energy flow transport equation is solved itera-
tively using an ADI scheme;

(x) incorporates the energy release/consumed by
phase transitions between water and ice;

(xi) boundary conditions can be defined as constant
energy flux (inflow or outflow) and constant temperature.
The model calculates the temperature and ice content for
each cell of the model grid. Because of the spatial discreti-
zation the movement of the permafrost front through a
grid-cell is calculated as the fraction of the cell that is fro-
zen (or melted). Cells belonging to the permafrost layer
have an ice content of 100%, non-frozen cells 0%. When
the permafrost front is located somewhere in a cell the ice
content is between 0 and 100%.

Input data

Calculations have been performed simulating a 1-
dimensional column of 100 m thickness, which shows the
temperature and ice distribution as a function of depth.
The following boundary conditions are chosen:

101

TRENE2D MODEL
COLUMN 2

DEPTH 1)
P

§ 3 ko £ £ who o
TIME (YEARS)

TRENE2D MODEL

COLUMN 2

DEPTH 0
»

£y T
TIME (YEARS)

TRENE2D MODEL

DEPTH 0
o

I T
TIME "(YEARS)

Figure 11.11. Calculated permafrost evolution with the numeri-
cal model: (from the top) a) scenario 1; b) scenario 2; ¢) scenario

3.

i) top of column: constant temperature: defined average
annual surface temperature;

(ii) bottom of column: constant energy flux: geothermal
flux estimated at 50 mW/m?.

Results

The results are presented (Fig. 11.11) in the form of two-
dimensional plots on which the X-axis is the time and the
Y-axis is the depth below the surface. The calculated tem-
peratures are presented with isothermal lines (with interval
of 0.2°C). The extension of the permafrost layer is indi-
cated by hatching.

The numerical model was mainly used to simulate the
melting of the permafrost layer. Three different scenarios
have been followed after an initial period of 10 000 years
during which a permafrost layer develops under an aver-
age annual temperature of —2°C:

(i) SCENARIO 1: warming up to —1°C; at the sutface
freezing conditions continue;

(i) SCENARIO 2: warming up to near 0°C; in this case
the surface remains marginally freezing;



(i) SCENARIO 3: warming up to +1 C; ice near the sur-
face can melt.

During each simulation the first 1000 years were used
to generate the normal geothermal gradient in the system.
After the end of this short interval the isothermal lines are
nearly horizontal, indicating the system is in (geo)thermal
equilibrium.

The results of scenario 1 (Fig. 11.11a) show that be-
cause surface temperatures are getting higher, the equilib-
rium thickness will be less. Freezing at the surface contin-
ues, so the change in thickness will be caused by bottom
melting by the earth’s heat flux. The pattern of isothermal
lines indicates that the temperature distribution in the
permafrost layer adapts quite fast to the new surface con-
ditions, but the bottom melting of the ice takes a much
larger time. When surface temperature is at freezing point
the equilibrium permafrost thickness is, theoretically, infi-
nitely small. Thus following scenario 2 the permafrost
layer will melt almost completely, but because surface
temperatures stay marginally under zero, the melting will
occur exclusively at the bottom. The results show (Fig.
11.11b) that it takes nearly 4000 years to melt the perma-
frost layer completely.

The third scenario (Fig. 11.11¢) shows what happens
when the warming up is enough to start melting the top of
the permafrost layer. In the case of a surface temperature
of +1°C, the top melting is already more important than
the bottom melting. Above the permafrost layer an active
layer develops, increasing in thickness with time. At this
time the aquifer system is subdivided in two aquifers sepa-
rated by the not-yet-melted part of the permafrost.

For the simulated example the thickness of the upper
aquifer can reach a few tens of meters. In realistic situa-
tions local flow cycles can develop to discharge the melt-
water. Under the given temperature conditions normal
recharge of the water table by precipitation can take place.
The lower aquifer under the ice is only recharged by the
meltwater which originates from the bottom melting of
the permafrost. Finally around 1800 a in the simulated
column the ice is completely melted and the two aquifers
make hydraulic contact. From this moment on the whole
aquifer will heat up very fast. As long as there exist any ice
somewhere in the aquifer, the temperature distribution in
the aquifer above it will decrease from surface tempera-
ture to zero at the top of the ice layer. Under the ice, the
temperature will increase from zero at the bottom of the
ice layer conforming to the geothermal gradient. After the
last ice has melted a new temperature profile will com-
mence with temperature lineatly increasing with depth.

11.3.3 Discussion

Simulations with both an analytical and a numerical model
show that average annual temperatures of even a few de-
grees below zero can generate permafrost layers of 50 to
100 m thick in less than 10 000 years. Especially in the
early stages of freezing the growing rate will be fast, slow-
ing down after a few thousands of years. An equilibrium
with constant thickness will be reached, but only after
infinite time. The equilibrium thickness increases with
lowering surface temperatures, and half-equilibrium thick-
ness will be reached after longer times for lower surface
temperatures.

During the growth of the permafrost layer a discharge
from the water table occurs. The average discharge rates
can have been at least a few mm/year in longer marginally
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freezing petiods (e.g. —1°C), and may be tens of mm/years
during shorter, colder periods (e.g. —3°C). These rates are
high enough to induce an upward flow in the system
when no recharge takes place.

Following cold periods a permafrost layer of 50 to 100
m may melt down in a few thousands of years. When
temperature rises but stays around freezing point (0°C),
melting will occur mainly at the bottom of the layer,
caused by the earth heat flux (estimated at 50 mW m).
When surface warming is enough to reach temperatures
above zero, top melting will occur and at +1 C, the top
melting will be more important than bottom melting. In
this case the aquifer system will be divided in two inde-
pendent systems, separated by the last remnants of the
permafrost layer. The top system can reach a thickness of
at least a few tens of meters if the original permafrost
thickness was between 50 and 100 m. In this top aquifer
system the normal recharge of the water table is restarted
and local flow cycle systems may develop. The aquifer
system under the remaining permafrost is recharged by
the melting at the bottom. This recharge is likely to be
much smaller than recharge rates under normal non-
periglacial conditions. During the melting of the perma-
frost layer complicated flow situations can occur, espe-
cially when the last parts of the permafrost are melting
and the two systems are making hydraulic contact. These
complex flow systems can have influenced the emplace-
ment and distribution of the palacowaters and are consis-
tent with the lags in recharge implied by the hiatus in ra-
diocarbon ages observed in some aquifers studied in PA-
LAEAUX.

11.4  Sea level changes

11.4.1 General features

The major fluctuations in global sea levels during the late-
Quaternary were glacio-eustatic in origin, being the result
of changes in global ice volume (Dawson, 1992). By far
the most detailed record of past sea level changes (Fig.
11.12) has come from the oxygen isotope record of ben-
thic fauna and this is significant since it is calculated inde-
pendently of emerged or submerged shoreline data and is
directly proportional to the contemporaneous global vol-
umes of sea water and ice (Shackleton, 1987). The radio-
metric ages derived from corals also closely match the
data from Late Pleistocene sea levels derived from benthic
fauna (Chappell and Shackleton, 1986).

Global sea level reached its highest level up to 6 m
above present one during the marine isotope substage 5e
about 125 ka BP (Shackleton, 1987). Much of the con-
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Figure 11.12. Oxygen isotope global sea level history compared
with sea level data from New Guinea (after Shackleton, 1987
from Dawson, 1992).



temporary shoreline in north and north-west Eutope as
well in the lowlands of the south-west and south-east
coasts of the Iberian Peninsula (Guadalquivir mouth, Mar
Menor, Albufera de Valencia, Ebro and Llobregat deltas)
was submerged (Garcin, 1994). The Baltic Sea was then
connected with the North Sea in the west via the Skager-
rak, Kattegat and Danish Sounds through the present lake
system of Vinern and Milar in central Sweden and with
the White Sea in the north-east through the system of
shallow sounds and the lakes Onega and LLadoga (Raukas,
1991).

According to Shackleton’s curve sea levels as high as
the present have only persisted for some 10% of the past
100 ka, including 5 ka of the present interglacial. During
isotope substages 5d to 3 along the changes in global ice-
volume sea-level was lowering stepwise down to its mini-
mum about -120m at LGM around 18 ka BP (Dawson,
1992; Pirazzoli, 1998). Peltier (1994) has shown that sea
level at LGM was only 105.2 m lower than present How-
ever, the southern part of the North Sea Basin, the Baltic
and much of the English Channel were land mass during
this period with Britain joined to the European continent.
The Atlantic coasts of Iberia and the Mediterranean coasts
of Spain and France were also significantly affected by the
sea level lowering. The extended period of emetrgence
provided opportunities for reactivation of groundwater
flowing in the coastal unconfined aquifers due to lowering
of the hydrostatic head and similar activation of flow in
deeper (confined) aquifers near coastlines where outlets
such as faults or relatively impermeable confined strata are
present. Whilst groundwater circulation should have been
enhanced over much of the late Pleistocene in southern
and western Europe there is still controversy as to
whether net groundwater recharge and circulation was
inhibited in northern Europe during the same period due
to permafrost and /or ice cover.

11.4.2 North west Europe

According to Lambeck (1997), sea-level change along the
English Channel and French Atlantic coast after the LGM
was not uniform because of the response of the crust to
the changing ice and water loads during Late Pleistocene
and Holocene time. The pattern of the spatial variability is
a north to south trend of decreasing sea levels at any time.
This was a combined effect of isostatic response to the
melting of the Fennoscandian ice sheet superimposed
upon the isostatic response of the crust to the addition of
the meltwater into the Atlantic ocean. As a result, at any
time sea levels vary spatially along this coastline by
amounts that are predicted to rich 20 m from the time of
LGM to about 11.5 ka BP and about 15 m at 8.5 ka BP.
Therefore not a single sea level curve but regional curves
for relatively short sections of the coastline, such as Pas-
de Calais and Picardie, Normandie, Cotes-du-Nord, Fin-
istere, or the Vendée and Charente-Maritime region,
should be used for this area (Lambeck, 1997).

The area of the southern North Sea was land for much
of the Pleistocene and was drained by the 'Loburg River',
originating in Kent and leading to the extended
Rhine/Meuse river system (Bridgland & d'Olier, 1995).
The river Thames was a tributary of this river system and
contained several valleys which intersect the present coast-
line (Fig. 11.13). The maximum present day channel depth
of the Thames estuary is 40-50 m. However, buried
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Figure 11.13. Courses of river drainage into the North Sea and
late Pleistocene channels/deposits (after Bridgland & d'Olier,
1995).

channels may have incised further into the underlying
sediments.

Palacobathymetry and palacoshoreline reconstructions
for the Irish Sea indicate that a tenuous land bridge be-
tween Britain and Ireland developed only across the Celtic
Sea, between about 18 and 14 ka BP. No land connection
is predicted further north, although the Isle of Man is
connected to north-west England briefly from about 14 to
11 ka BP (Lambeck, 1996).

At the time of LGM the English Channel was aerially
exposed as far west as 6°W as was the broad shelf off-
shore from the present south-west coastline of France
(Lambeck, 1997). The effect of sea level lowering was to
create a drainage system centred on the English Channel
which was fed by extensions of the river systems from
England (e.g. the Solent River) and France (e.g. the
Somme) (Bellamy, 1995). This river system extended to
form the Hurd Deep (—100 to —130 m datum) lying some
70 km off the Cherbourg peninsula (Smith, 1985) (Fig.
11.14).

The effective base level controlling groundwater circu-
lation in the eastern English Channel (for example reacti-
vating flow in the Chalk aquifers in the area of Brighton)
is more likely to have been controlled by the depth to the
main channel lying some 20-25 km off the English coast
at a depth of ca 70 m (max.). The Chalk crops out at or
near the surface over much of the Eastern English Chan-
nel and is gently folded; the synclinal areas are infilled with
Tertiary confining strata (BGS 1:250 000 Sheet Wight).
There is good evidence from seismic profiles and cores of
the typical configuration of the valley systems (Fig. 11.15)
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Figure 11.14. The palacovalley system of the English Channel
and its relationship with the deeps, the depressions in the south-
ern North Sea, and the “pits” of the central North Sea (after
Smith, 1985).

and the development of supetficial sub-aerial sedimenta-
tion including peat during the late Pleistocene (Bellamy,
1995).

By 11.5 ka BP the English Channel was partly open to
the sea in the west, but while the exposed shelf area has
contracted substantially in most localities, the shorelines
would still be offshore from their present location and no
brackish- or salt-water deposits would be expected of this
age and older anywhere along the present coastline (Lam-
beck, 1997).

Some relative sea-level curves from western Europe
(Fig. 11.16) have been summatized by Pirazzoli (1998).
Among the others, curve B by Morner (1980), deduced
from about 40 shoreline sectors from the Kattegatt region
(west coast of Sweden) and checked and confirmed
against other north-western European records, has often
been used as a reference especially for north-western
Europe/north-eastern Atlantic regions. According to that
eustatic sea level in north-west Europe during the LGM
was between —85 and —90 m and it subsequently rose to -
60 m by about 15 ka BP. Thereafter, custatic sea-level
lowering took place until after 13 ka BP when there was a
rapid rise until about 11 ka BP when sea-level reached —45
m (Mérner, 1980). During the Younger Dryas between 11
and 10 ka BP sea-level fluctuated slightly (Fig. 11.9) and
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Figure 11.15. Cross-section of infilled valley beneath the English
Channel near Worthing, UK (after Bellamy, 1995).
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Figure 11.16. Deglacial relative sea-level changes in Europe
(from Pirazzoli, 1998). Curve A: Spitsbergen (after Forman ef al.,
1987); B: NW Europe (after Mérner, 1980); C: W of Belle Ile,
France (after Pinot, 1968); D: Roussillon, France (after Labeyrie
et al., 1976); E: SW France (after Aloisi e al., 1978); F: French
Riviera (after Dubar & Anthony, 1995).

thereafter it began to rise with the most rapid rise having
occurred between 9 and 7 ka BP.

11.4.3 Baltic area

Sea-level changes in Baltic area have been directly de-
pendent on evolution of Baltic Sea. The final ice recession
from the south-western Baltic basin occurred 13.5 to 13
ka BP (Berglund, 1979). As the deglaciation appears to
have been very rapid until at least 12 ka BP, large parts of
the southern Baltic became ice free relatively quickly
(Bjorck, 1995). The rapid deglaciation produced huge vol-
umes of meltwater and icebergs and this ice free region
might be termed the first proper Baltic Ice Lake (ie. the
first stage of Baltic Sea).

The Estonian territory became ice free during a time
span between 13 and 11 ka BP (Raukas, 1996). During the
last stages of ice sheet retreat (the Pandivere (Fig. 11.17)
and the Palivere stages ) practically the whole area in front
of the ice margin was covered with vast ice-dammed lakes
which, starting at least from the Palivere stage formed the
eastern part of Baltic Ice Lake.

Due to the stadial-oscillatory character of deglaciation,
the level of Baltic Ice Lake changed several times rapidly.
Thereby, the level of the lake was mainly controlled by the
presence or absence of glacial ice in the area of Mount
Billigen in Central Sweden (Fig. 11.18). The Mt Billigen is
a key point in the history of the deglaciation as well as the
Baltic basin. East of Mt Billigen, in the southern part of
the basin, the Baltic Ice Lake was ponded up by the reced-
ing ice margin in the north, the southern Swedish high-
land in the west and the European continent to the south
and east. The drainage from the lake passed through the
Danish Straits, at that time dry because of the eustatically
low North Sea level. The level of the Baltic Ice Lake at Mt
Billigen was about 150 m, while the corresponding sea-
level in that area was 125 m (Lundqvist, 1987). This pond-



Figure 11.17. The initial point of the formation of the Baltic Sea
after the retreat of the Fennoscandian ice sheet from the
Pandivere Upland. Legend: 1 - elevation of aqueoglacial forms
above the present sea level, m; 2 - elevation of coastal forms asl;
3 - ice margin; 4 - area occupied by ice-dammed lakes. Compiled
by J.Vassiljev on the basis of data published by H. Kessel, E. Ijoke, K.
Markov, K. Pdrna, A. Raukas & E. Réibni.

ing persisted as long as the ice margin was stationary at
the Younger Dryas line.

At the end of the Younger Dryas cold stage the rapid
amelioration of the climate caused rapid retreat of the ice
margin, and the Baltic Ice Lake drained catastrophically
into the North Sea via the Oresund Strait. Its surface was
lowered by 26-28 m within only a few years (Bjorck,
1995). An open sound north of Billingen provided direct
connection between the Baltic basin and the North Sea
(Stromberg, 1989). Recent investigations (Bjoérck& Diger-
feldt, 1986) have indicated that the catastrophic draining
of the Baltic Ice Lake was repeated once. According to
them a first drainage took place about 11.2 ka BP during
the Alleréd retreat of the ice margin. This was followed by
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a significant readvance between 11 and 10.5 ka BP, that is,
the main part of the cold Younger Dryas event. The final
drainage according to S. Bjorck & G. Digerfeldt (1980) is
dated at 10.5 to 10.4 ka BP. However, by several more
datings (Wohlfarth e a/, 1993) the age of the event has
been adjusted slightly to ca 10.3 ka BP (Bjorck, 1995). A
matine incursion into the Baltic, identified by marine
fauna, occurred briefly, from about 10.3 to 9.5 ka BP,
forming Yoldia Sea. According to those data, the devel-
opment of the Baltic Sea between 13 and 8 ka BP can be
divided into three main stages: the Baltic Ice Lake stage,
13 to 10.3 ka BP; the Yoldia Sea stage, 10.3 to 9.5 ka BP
and the Ancylus Lake stage, 9.5 to 8 ka BP.

During this very dynamic time period of the Baltic Sea
history the water level of the Baltic was dammed above
sea level during three periods, 12 to 11.2 ka BP, 10.8 to
10.3 ka BP and 9 to 8 ka BP (Bjorck, 1995). This up-
damming was caused by the damming of the ice sheet and
the isostatic uplift of the functioning threshold. The com-
plex threshold history combined with the fact that the
uplift centre of the Late Weichselian Fennoscandian Ice
Sheet is situated in the northern part of the Baltic basin
and the southernmost region of the Baltic is regarded as a
submergence region, means that the early Baltic Sea his-
tory was characterized by both regressions and transgres-
sions, often occurring at the same time in different parts
of the basin (Bjorck, 1995, Raukas, 1996).

In the context of the PALAEAUX project it is impor-
tant to stress that, in spite of several drastic changes in the
Baltic Sea level (Fig. 11.19) and the high glacioisostatic
uplift rate in north Estonia during and after the last degla-
ciation (13 mm a! in preboreal time and 2-3 mm a~! at the
present time in the north-west Estonia (Raukas & Miidel,
1995)), the main discharge area of the coastal aquifer into
the Gulf of Finland has been submerged during all stages
of the Baltic Sea.

For northern part of Denmark a sedimentologically
based revision of the classical relative sea-level curve has

Figure 11.18. A. The Baltic Ice Lake showing uplift isobases (in meters) and the location of the lake
drainage outlet near Mt. Billingen. B. The extent of the Yoldia Sea at ca 10 ka BP showing the shorelines

isobases (after Eronen, 1983).
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Figure 11.19. Water level changes of the Baltic Sea at Képu,
Island Of Hiiumaa in NW Estonia (1), W Latvia (2) and W
Lithuania (3) with two clear rapid regressions of the Baltic Ice
Lake, and of the Ancylus Lake (from Raukas, 1996).

been presented lately by N.Richardt (1996). According to
that, the highest Late Weichselian shorelines in northern
Jylland are found c. 60 m above the present sea level. The
high relative sea level persisted with possible minor fluc-
tuation until about 13.3 ka BP, and was followed by rapid
fall down to about 25 m asl at c. 12.5 ka BP (Richardt,
1996, p. 269, Fig. 10). From about 12.5 to 12 ka BP there
was a break in relative sea-level fall in this area and from
12 ka BP started a gradual but slow fall leading to about
the present sea level in early Holocene (Richard, 1996).

11.4.4 lberian Peninsula

As the slopes of the continental shelve of the Iberian Pen-
insula are in general steep and narrow, the eustatic move-
ments have not had much influence on the peninsulas
coast-line. As a consequence, even the Eemian high sea
level stand (+ 6 m asl) caused clear marine transgressions
only on the lowlands of the south-west and south-east
coasts of the peninsula (Guadalquivir mouth, Mar Menor,
Albufera de Valencia, Ebro and Llobregat deltas), while in
other coastal areas the invasion of the land by the sea had
a reduced extension.

During LGM the sea level lowered about 120 m. In
the north-east of the Iberian Peninsula the Mediterranean
deltas emerged, and the coastline migrated to the south-
east for 20 to 70 km. In the south-west of the peninsula,
the Gibraltar Strait became narrower, decreasing the water
exchange between the Atlantic Ocean and the Mediterra-
nean Sea. The Balearic Islands Mallorca and Menorca, as
well as Eivissa and Fomentera were united landmasses
(Mateu ez al., 1984). However, the change of the coastline
doe to the glacio-eustatic oscillations was in general small,
which caused also small effect of induced continentality of
a climate. On the other hand, due to the great vertical
variations and to the steep slopes of the continental
shelve, the erosive action of the rivers was strongly in-
creased.
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The most complete record of sea level oscillations be-
tween the LGM low stand and the Holocene maximum
for the Spanish peninsular margin presents five major
progressing units (Herndndez- Molina, 1993, Zazo, 1994).
Three of them are submerged along the south-west and
south coast (P1 between —140 m and —120 m; P2 between
-110 m and —100 m and P3 between —60 m and —45 m).
The remaining two are emerged in south and south-east.
The chronology of the P1, P2 and P3 units has been in-
ferred relative to the climatic changes recorded in Europe,
whilst the P4 and P5 units have been dated by means of
14C (Zazo et al., 1994). The P3 has been interpreted as
developed during the Younger Dryas event, and it is re-
corded both in the Atlantic margin, above 40°N, and in
the Mediterranean margin below this same latitude
(Hernandez-Molina ez al., 1994). Regarding the sea level
fluctuations, all these coastal-progressing P units are in-
terpreted roughly as stillstands.

The study of sea-level cycles defined by P units al-
lowed Hernandez-Molina ez al., (1994) to elaborate the set
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Figure 11.20. E: curves of relative sea level changes during the
last 20 ka derived from the positions and morphologies of the
associated sedimentatry bodies. These can be compared with the
curves A and B which show sea temperature changes based on
oxygen isotope data over the same time span (Duplessy, 1990).
Curve C is a histogram showing summer temperatures over the
last 10 ka based on *C data from an ancient beach crest in the
Almeria area, southern Spain (Somoza et al, 1991). Curve D
shows the different orders of shorter cycles which modulate the
main curve. Some labelled sectors of the curves are known to
have been modified by tectonic subsidence (after Hernandez-
Molina ez al., 1994).
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1996).

of sea level curves (Fig. 11.20). The P units are positioned
at their present depths and are chronologically correlated
with water-temperature variations over the last 20 ka in
the North Atlantic area (Duplessy, 1990), as well as with a
14C histogram of the last 10 ka on the south-west Spanish
coast.

One of the most important control of sea level
changes in the south-castern and eastern Iberian coasts
has been the so-called “Surficial Atlantic Water” (SAW),
because the rate of shorelines displacement is partly gov-
erned by the input of SAW into the Mediterranean Sea
(Zazo et al., 1994). At present, input of SAW dominates in
summer, under warm and very dry climatic conditions, but
it diminishes drastically during the winter (Garret ef al.,
1990). The SAW stream is accompanied by a Deep Medi-
terranean Water (DMW) stream going from east to west.
According to the sedimentary records in the Gulf of
Cadiz, the DMW stream was more intense during the
LGM than during the Holocene or than nowadays (Me-
lieres, 1974). On the contrary, the SAW decreased during
the pleniglacial.

Studies performed on the north-western margin of the
Portuguese continental shelf indicate that sea-level during
the LGM was lowered by about -130 to -140 m, rising to -
100 m during the first stage of deglaciation between 16
and 13 ka BP. The following period from 13 to 11 ka BP
is characterized by a fast raising of the sea-level to values
around -40 m. During the Younger Dryas the sea-level
was lowered to -60 m followed, at the beginning of the
Holocene, by a fast tise (in average about 2 cm/a) until
the present sea level which was reached at about 5 to 3 ka
BP (Dias, 1985, Rodrigues ¢ al., 1991).

The change on the sea-level during glacial times must
have imposed a much higher hydraulic gradient on the
coastal aquifers, leading to substantially higher flow ve-
locities of the groundwater, when compared to Holocene
conditions. The total length of the Aveiro Creatceus aqui-
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fer is not known, although studies performed at the conti-
nental shelf have found the Cretaceous layers spreading
out under the sea (Vanney & Mougnot, 1981). Up to now
it is not known if the permeable layer crops out at the
bottom of the ocean or if, on the contrary, they are pro-
tected by the aquitard and impermeable clay layer. Minera-
logical studies carried out on Pleistocene sediments allow
the identification of a transition from a margino-littoral
environment to a motre continental one (Rocha & Gomes,
1993/94). The data also indicates a climatic evolution
from a temperate climate with strong and irregular periods
of pluviosity to a warmer climate with an almost year-
round uniform pluviosity

Five morphologic units, generally of erosional charac-
ter, have been recorded in the Portuguese north-western
margin between —140 and 9 m. These units are associated
with still-stands or with gentle regressive periods, reflect-
ing the different steps of the retreating polar front.

Comparing the curves of the relative sea level changes
during the last 20 ka. for the Spanish and Portuguese litto-
rals (Fig. 11.21), very high degree of similarity can be ob-
served. However, the Younger Dryas sea level drop ob-
served in the Portuguese curve has not been recorded in
any studied coastal sites in Spain.

On the basis of the study of the evolution of spit bars
systems, estuaries, and deltas, two periods of coastline
progression have been identified in southern Iberia after
the Holocene maximum (ca. 7 ka BP). The first period
took place between 6.9 and 2.7 ka BP, and the second one
between 2.4 ka BP and the present. These two periods of
progression suggest that once the Holocene Maximum
was reached, sea level underwent at least two different
oscillations, a slight fall followed by a slight rise (resulting
in a sea transgression), but sea level was never higher than
its highest position reached ca. 7 ka BP.



11.4.5 Atlantic coasts

In the case of the Canary Islands, a few data from the
easternmost islands Fuerteventura and Lanzarote record
sea level oscillations during the last 250 ka (Zazo e al.,
1997). Records of sedimentary and faunal studies show
several sea level oscillations, both during the last intergla-
cial period (135-75 ka BP) and during the previous one
(240-180 ka BP). In both cases marine terraces formed
which are under the present sea level, but there are clear
evidences of volcano-tectonic activity affecting the islands
in the last 250 ka. The Holocene transgressive maximum
is recorded in Lanzarote coasts at around 6 ka BP.

In the Balearic islands there are only a few studies and
data available regarding sea level and climate changes dur-
ing the Holocene. In Mallorca the transgressive maximum
of the present interglacial took place around 7 ka BP (Goy
et al., 1997). Climate conditions were more humid than
present ones from 7.1 ka BP to 6 ka BP (Holocene opti-
mum). At this moment a regressive trend started which is
recorded as a littoral spit formation in S’Albufera, *C
dated as 5.5 ka BP. This general regressive tendency re-
verts in some periods, as shown by the existence of two
littoral spit systems in S’Albufera and the remains of ma-
rine terraces in other places of the island. These high-
stands on the generally regressive trend of sea level within
the last 6 ka reflect short periods of more humid climate
conditions and a relative sea level rise. The two littoral spit
systems reflect periods of coastline progression, which
means more arid climatic conditions and a stable or lower-
ing sea level (Goy ez al., 1997).

11.5 Isotopic composition of past precipitation
Isotopic composition and noble gas content in groundwa-
ter are the main tools for to investigate the extent to
which groundwater retains the signature of past recharge
conditions (Rozanski ez al., 1997, Stute & Schlosser, 1993).
However, the conversion from isotopic and noble gas
proxies into climate parameters requires certain assump-
tions. For example, in order to convert a gla-
cial/interglacial change in 8O wvalues, derived from an
aquifer, into a temperature change, transfer function relat-
ing isotope values and temperatures should be established.
Preservation rate of climate signals in groundwater sys-
tems over a time scale in order at least 10 ka has to be
estimated.

The isotopic composition of groundwater generally re-
flects the weighted mean isotopic composition of precipi-
tation in the recharge area. Today’s temporal and spatial
relationship between isotopic composition of precipitation
and temperature for global and regional scales have been
established on the base of data, gathered over the last
more than three decades mainly through the
TAEA/WMO Global Network “Isotopes in Precipitation”
(Rozanski et al, 1992, 1993). As a first approximation,
those data suggest that the temperature controls the iso-
topic composition of precipitation over high and mid-
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latitudes, whereas the amount of precipitation is a domi-
nant factor for tropical regions. However, atmospheric
circulation patterns, linking the vapour source regions
with precipitation sites, are of importance in all cases (Ro-
zanski et al., 1992, 1997).

According to those data the long-term 8O/T relation-
ship for mid- and high latitudes varies in a relatively wide
range from 0.5 to 0.9%o per °C (Rozanski e al., 1997). As
the isotopic composition of precipitation has been moni-
tored only for the past tens of years, consequently, the
long-term climatic sensitivity of the isotopic signature of
precipitation is known with a relatively high uncertainty.
For independent estimation of this parameter, archives
where both the isotopic composition of precipitation and
temperature are independently recorded, might be used.
By far the best archive for that kind of information seems
to be the Greenland ice sheet. Johnsen ef a/. (1989) have
established today’s relationship between mean annual 8O
of snow on Greenland and mean annual surface tempera-
ture to be about 0.67%o per °C. Long-term 80 data from
deep ice cores and corresponding borehole temperature
calibrations obtained from GRIP (Johnsen e al., 1995)
and GISP 2 (Cuffey ez al., 1995) establish that for the de-
glaciation period about 20 to 10 ka BP the apparent
180O/T relationship was around 0.33%o per °C, ie. very
different from today’s relationship (Rozanski ez al., 1997).

As another independent archive, the aquifer of Great
Hungarian Plain was extensively investigated for both its
stable isotope composition and its noble gas content of
groundwater. The apparent increase of 80 in groundwa-
ter of the region during the deglaciation period amounts
to about 2.5%o0 whereas a change of surface air tempera-
ture at the same time interval, derived from the noble gas
content of these waters was about 7°C (Stute & Deak,
1989). The resulting appatent ¥O/T value for deglaciation
petiod is about 0.36%o per °C. This value, if corrected for
the change of 80 of the ocean during the LGM-
Holocene transition (approximately 1.3%o, according to
Shackleton (1987)) is close to the long-term 8O/ T coeffi-
cient derived from the instrumental record of 8O in pre-
cipitation and surface air temperature in Europe, available
for the last three decades (Rozanski ez al., 1992).

In order to estimate the preservation rate of isotope
signal of palacorecharge in groundwater system, Stute &
Schlosser (1993) simulated the smoothing of high-
frequency climate signal through mixing processes and
leakage between aquifers. Their calculation show that
smoothing of the climate derived isotopic signal in an
aquifer increases with age. According to that, high-
frequency isotopic fluctuations occurring on a time scale
of less than about 1000 years have already completely
disappeared at the very beginning of the record, while the
main features of glacial/interglacial transitions ate still
preserved. Based on these results, Stute & Schlosser
(1993) expected that for the last 30 ka (the time scale ac-
cessible by *C dating) climate features related to the LGM
and the preceding interstadial may be resolved on the base
of isotopic composition of groundwater.



12 Isotopic methods and their hydrogeochemical context in the

investigation of palaeowaters

12.1 Introduction

Isotopic and geochemical methods are used in the PA-

LAEAUX work to

e determine the origin and the former recharge condi-
tions of groundwaters;

e dectermine the flow paths, the evolution of the water
and to understand the effects of water-rock interac-
tion;
determine mixing components and their age structure;
validate flow models.

Two aims can be realized by the combination of hy-
drogeological and isotopic methods in the investigations
of palacowaters. The first is mainly scientific: information
about climate signals can be found stored in palacowaters.
The other aim is a practical application: how to exploit
reservoirs of old groundwater in a sustainable way. Such
conclusions are possible, for example, from the observa-
tion of how fast anthropogenic influences are penetrating
into the reservoir (see Chapter 16) or how fast the inter-
face between palacowater and Holocene water is moving
(see Fig 1.1, Introduction).

In general, groundwater systems are complex. Palae-
owaters, however, are even more complicated because, for
example, permafrost and ice cover may have changed
infiltration conditions. It is also necessaty to consider that
atmospheric circulation and atmospheric composition
(especially pCO2) and therefore infiltration parameters
may have been different from present day conditions. The
weight of glaciers may have changed subsurface flow pa-
rameters, such as permeability and flow direction.

For all these reasons it is necessary wherever possible
to use a combination of techniques. Isotopic, geochemi-
cal, hydraulic and modelling data where these exist should
be interpreted together. They interact with each other; for
example, for conversion of isotope results into time in-
formation, the understanding of the geochemical system
and its evolution is necessary. Furthermore, isotopic ages
need to be compared with time information from hydrau-
lic modelling. It is often the case that isotopic and geo-
chemical data are the primary information available and
the palacohydrological indications pose further questions
for the hydraulic interpretation.

In this chapter, the present-day knowledge about iso-
topic and geochemical methods relevant to the investiga-
tion of old waters is presented. Most emphasis is placed
on those aquifers investigated and conclusions obtained
during the PALAEAUX programme.

12.2  Isotopes as residence time indicators

Time information is important in order to describe flow
systems in a quantitative way. In the PALAEAUX project,
for example, it is necessary to know how fast the two
main fronts are moving: (a) the interface separating waters
with man-made signals from older water, and (b) the in-
terface between palacowater (of Pleistocene or eatly
Holocene age) and younger water. The dating techniques
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for the first front are described in the chapter discussing
modern and pristine groundwater interfaces (Chapter 16);
recent applications of dating methods to young waters are
described also in Loosli e a/. (1999). This chapter concen-
trates on dating methods for waters older than about 100
years, essentially prior to human intervention. In Fig. 12.1
the dating ranges of different isotope methods ate sche-
matically shown.

From this figure it is clear that overlapping methods
exist for young waters. However, although it is highly
desirable always to combine methods (see below), for
older waters sometimes only a single method is available
to cover a dating range. The species “He and *Ar/30Ar
can at present only be used in a qualitative supporting
way; therefore their range is shown by an interrupted line.

12.2.1 7 Ar- and " C-methods

The frequently-used '*C method is practically the only
‘clock’ available for the transition from ice age to post-
glacial times. The range of #C-dating is limited to about
25 ka because water-rock interaction effects may pre-
dominate over simple *C decay in very old samples.

Since the problems of converting the measured '“C-
activity of the total dissolved inorganic carbon (TDIC)
into time information are well known and extensively de-
scribed (e. g. Fontes, 1992, Pearson ef al., 1991), only some
selected aspects are considered here, and mainly in con-
nection will the PALAEAUX studies. All models currently
in use requite an estimate of Ay, an initial “C-activity for
each sample to be used as basis for applying the radioac-
tive decay. Otherwise the models differ in their ap-
proaches: for example the Tamers model is mainly based
on mass balances, the Pearson model on 8!3C-balance,
while others combine mass- and isotope balance (the Fon-
tes-Garnier and Eichinger models). It must be realized
that only model-ages can be calculated, and the reliability
of these depends on how well the carbon system in indi-
vidual aquifers is understood. For example, whenever
measured 0!3C values are more enriched than about —6%o,
an extensive evolution of the system has to be assumed.

Possible Dating Ranges
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Figure 12.1. Isotopic tools potentially available for dating of
groundwaters in the range 10-! to 106 a



Table 12.1. Isotope data of PALAEAUX waters used to estimate initial 14C values

Name Lowest 39A L meas iN 14Ceas in O13C peas N Ay, calc 1Cheas 0ld  313C a6 0ld

3I9AL meas young water young water young water young water water water
% % pmc %o pmc pmc %0

Switzerland

Glattal 1 9t5

Glattal 3 12£3 92105 -11.0

Glattal 7 <18 1.9£0.2 -10.3

Glattal A 109 = 8 79 +1 ~15.1 58-61

Glattal D 92 £ 12 56 £ 0.5 -12.8 48-51

Spain

Donana S2 <10 7.3 —-11.0

Donana M-8-13 70+ 6 54.6 £1.3 ~115 46-54

England (Triassic)

Grove 1 < 4.6 18.7 —123

Rampton <33 <0.8 —-10.2

Newton I <3.2 1.9 —-10.6

Far Baulker 2 94t 4 58.9 —13.5 59-76

Ompton 3 573 40.6 -13.3 49-76

Halam 3 55+3 30.9 -10.3 31-54

The isotope exchange reactions between liquid and solid
phase may still affect the 4C activity, but will not greatly
alter 813C. The reliability of ages calculated for such sam-
ples will be low. A more effective approach could be to
use the St/Ca ratio of samples to determine chemical evo-
lution (Moulin e# a/, 1989). It is also highly desirable to
combine the *C-method with another isotopic indicator
with a different geochemical behaviour to understand
better the effects of water-rock interaction (e.g. 2>°Ra — see
next section).

The PALAEAUX project has made some progress in
the verification of Ay values for young water samples.
Table 12.1 gives isotope results from some of the aquifers
investigated in PALAEAUX projects. In each aquifer
some samples have low ¥Ar activities, showing that un-
derground production is low or negligible (cf. Loosli ¢7 al,
1999). The almost modern ¥Ar contents of other samples
must therefore be due to atmospheric equilibrium activity,
showing that these second sets of samples are young (up
to a few decades old). Therefore in these samples the
measured *C activities must reflect Ag values (except in
the sample Glattal A, in which some thermonuclear '“C is
included). These measured Ay values can be compared to
model-calculated Ao values (Fontes-Garnier, Pearson,
Eichinger). This comparison shows a general agreement in
14C activity values. However, it also shows that precise
conversions of “C-activities into young water ages is an
over-interpretation: for example, an attempted conversion
for Dofiana M-8-13 (*Kr and °H frec) of 54.6 pmc based
on a calculated A¢ of 46 pmc into a negative age shows
clearly the limit of *C-model ages. Such a comparison
may also indicate a young (possibly 3H-free) admixture,
which yields Ag measured values larger than Ao,cuc values.
The main conclusion from Table 12.1 however relates to
the *C-dating of old waters in the same aquifers, which
generally have a low ¥Ar-actvity. If the 83C values of
these old samples are similar to the 8'3C values of the
young waters (with reliable calculated Ay values), then a
conversion of the low C-activity value into old ages
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seems reliable. This is for example the case for the Glattal
and English Triassic aquifers, and one of the Dofiana
samples.

In dual porosity aquifers, such as the Chalk aquifer of
the UK and France, groundwater dating is made difficult
because of the mixing between the two components (ma-
trix and fissures) with water of different ages. Incongruent
reactions between the incoming water and the reactive
chalk sediment also lead to near-surface reactions such
that the Ao values are low, around 70% modern
(Kloppmann, 1998; Edmunds ¢f a/., 1992)

12.2.2 Radium 226

A method based on ??°Ra can assist with the validation of
14C ages. Recent developments in thermal ionization mass
spectrometry (TIMS) and in the chemical separation of Ra
and Ba through cation exchange chromatography now
permit the analysis of 22Ra and U-isotopes (3**U, 28U) in
smaller quantities than those required for conventional
counting techniques. Routine measurements can be ob-
tained with picogram (pg) (U) to sub-pg (Ra) quantities of
these elements (i.e. in water samples of a few mL for U-
isotopes, and < 200 ml for 22°Ra). Owing to a half-life
(1620 years) intermediate between those of short-lived
isotopes (e.g. *H) and of *C or 3°Cl, the use of ?>°Ra in
hydrogeological studies holds great promise.

The method focuses on early mineralization processes
and overall chemical and isotopic properties of surface
and sub-surface water. In carbonate-rich soils most U is
co-dissolved with the carbonate matrix, and therefore
there is no significant enrichment in 2**U of the dissolved
fraction, since it could only have been produced by recoil
effects. The evidence for co-precipitation of U are
20Th/?3*U ratios below the secular equilibrium value, and
a slight excess of 2>*U over 238U.

The variation of concentration of radium is derived
from the three sources: 1 — dissolution; 2 — recoil effect; 3
— production from absorbed ?**Th; and can be summa-
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Figure 12.2. Time dependence of processes (Dissolution, recoil
effect and absorbed 230Th).

rized as illustrated in Fig. 12.2. Nevertheless, the early Ra-
loading of natural waters, either in the unsaturated zone,
or in the saturated aquifer, correlates respectively with
total conductivity or St content. Through time, the decay
of this “initial” Ra will be progressively compensated by
the Ra “recoiled” from 23Th in the lattice of the outer
matrix grains, or produced by the 2Th adsorbed at grain
surfaces and produced by the uranium dissolved in pore
water.

The Ra production through processes (i) and (ii) can
be modelled using St concentration and in particular using
the St/Ca ratio which indicates the occurrence of calcite
dissolution or reprecipitation. The U contents in the solid
phase and the evolution of the 23U /23U radio are neces-
sary to monitor the production of Ra through process (ii).
In both cases the models assume:

e that the steady state between the solid and liquid
phases is not complete; and
e that the reaction rate is linear along the flow path.

The use of ?2°Ra as a time tracer must be compared
with the results of #C analysis, the purpose being to vali-
date the radiocarbon ages by using an isotopic tracer with
a different geochemistry to carbon.

During PALAEAUX two types of aquifer have been
studied with 226Ra and 'C. These, both in France, are the
Astien sandstone and the Chalk of the Paris Basin. The
agreement between radium and radiocarbon ages is better
for the calcareous sandstone than for the carbonate aqui-
fer. In the sandstone aquifer, the dissolution process is
three orders of magnitude more important than the other
sources. The ?*°Ra ages can be then obtained through a
“strontium model”. For the carbonate aquifer, Ra coming
from dissolution and recoil effects must be taken in ac-
count. In such a case the redox conditions in the aquifer
are very important with respect to the uranium solubility
and in reducing groundwaters there may be limits to the
application of the ??Ra approach.

For ?26Ra the measurement techniques give a theoreti-
cal range of use from 0.5 to 10 ka, but more frequently the
range of good agreement between radiocarbon and ra-
dium ages is from 0.5 to 6 ka, particularly in aquifers
where recoil effects and ?**Th production cannot be ne-
glected.

12.2.3 Krypton-81

For dating very old groundwater (>5x10* years), $1Kr is
an ideal isotope in terms of half-life and certain other
properties. Like 3Ar it is produced by cosmic rays and is
available in the atmosphere at its equilibrium activity. This
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was initially determined by counting (Loosli and Oesch-
ger, 1969) and recently confirmed by cyclotron measure-
ments (Collon ¢ al., 1999a) to be about 1.3x10¢ Bq/cc
Ktr. It can be assumed that bomb production in the at-
mosphere is negligible and also that subsurface produc-
tion does not contribute to the activity of this isotope,
shielded as it is by 8!Br (Collon ¢# al., 1999b). For 81K it is
also unnecessary to consider the effects of water-rock
interaction. However, the fundamental disadvantage of
this method is the low activity of 81 Kr; with only about 1
atom decaying every 300 years in one litre of recent water.
Therefore measurement by instrumental counting of dis-
integrations is impossible, especially since any small ad-
mixture of recent Kr would introduce a much higher 85Kr
activity. The only feasible way of detecting 8'Kr is there-
fore to count the numbers of 8'Kr atoms available in a
sample, i.e. to measure the atomic ratio 8! Kr/Kr. Accel-
erator mass spectrometry (AMS) is however not possible
because a noble gas does not form negative ions. The
recent attempt to measure 3'Kr contents was performed
using a cyclotron (Collon ¢ al, 1999, b). An amount of
about 0.5 cm? of pure krypton was needed for individual
measurements, which was obtained in a lengthy process
from about 16 m? of water for each sample. The aquifer
selected was patt of the Great Artesian Basin (GAB) in
Australia, because there it was hoped to find for the first
time 8 Kr concentrations below the atmospheric level.
Such low concentrations were indeed determined, yielding
81Kr-ages between about 220 and 400 ka (Collon e# al,
1999b). At present the interpretation of these results is in
progress, especially the comparisons with *He-, 3Cl, noble
gas- and other data.

12.2.4 Chlorine-36

The 3°Cl method covers a dating range similar to that of
81Kr. Its main disadvantage is the difficulty in distinguish-
ing cosmic ray-produced from underground-produced
36Cl-activity. If for example a small fraction of interstitial
fluids is admixed in a deep groundwater, the measured
36ClI content has little connection with the bulk age of the
groundwater, because the introduced Cl may contain a
3Cl/Cl ratio which has evolved by iz sitn production dut-
ing a very long period of residence in the matrix.

The main areas of application of 3°Cl have been the
aquifers of Milk River, Canada, the GAB, Australia and
the Triassic sandstone in the East Midlands, England. The
latter area is the only one where data is available in the
PALAEAUX study. The present state of knowledge has
given rise to some controversy. For the Milk River aquifer
a very high Cl concentration in the water near the re-
charge zone is not easy to explain (Andrews ef af., 1991).
However in some of the older waters, 36Cl/Cl ratios which
agree with the calculated 7z situ production were measured
(Hendry and Schwartz, 1988; Nolte ez al, 1991). These
waters therefore may represent high ages in which the
equilibrium ratio may be approached and conserved. For
the East Midlands Triassic aquifer the °Cl ‘clock’ seems
not to be applicable (Andrews ef al, 1994) whereas the
situation for the GAB remains uncertain (e.g. Bentley ez
al., 1986; Torgersen ez al., 1991 and Andrews and Fontes,
1993). However the *Cl/Cl ratios may be used to exam-
ine the recharge conditions during the late Pleisto-
cene/Holocene (Andrews ef al., 1994).



12.2.5 Helinm 4

In principle *He contents should increase linearly with
time as a result of the U- and Th-decay series. The pro-
duction rate in the rock therefore can easily be deter-
mined. It is also well known that the major part of *He
produced in minerals has escaped from the rock (e.g. Tol-
stikhin ¢z 4/, 1996) and should be found in the liquid
phase. However, if measured “He concentrations in mov-
ing water are compared with ‘known’ (e.g. '*C-model)
ages, a higher increase than that estimated from the in situ
production is usually observed. The “He accumulation rate
may also show large variations for different water compo-
nents (e.g. Purtschert ¢z al, 1999). For the UK East Mid-
lands Trias aquifer an increase of about 10" cc/cc water
per year has been measured compared with an estimated
in situ production rate of only half of this value (Lehmann
and Purtschert, 1997). In the GAB the measured rate is
about 6x10!" cc/cc per year and in the Milk River aquifer
about 1x101% cc/cc per year, both higher than the esti-
mated 7z sitn production rates (Lehmann ef al, 1996). It
has to be assumed that “He is admixed with that derived
from aquicludes above and especially below. Therefore at
present a *He-increase, e.g. with distance from the re-
charge area, can only be used as a relative and qualitative
time indicator. It is however an important tracer for un-
derstanding rock water interaction and underground proc-
esses. Recently, lower age limits of the order of 106 years
were calculated (together with assumed diffusion parame-
ters and scale lengths involved) from *He-measurements
in porewater (Lippmann e a/., 1998).

Lehmann ef a/. (1996) have pointed to an averaged lin-
ear relation between He-accumulation and Cl—-increase
observed for a wide range of groundwaters. Increasing CI,
derived from internal sources, such as residual saline fluids
within the aquifer and diffusion from more stagnant
zones, seems to be accompanied by He-accumulation, as a
result of in-situ production. The authors have indicated a
difference for Cl-/He ratios between groundwaters de-
rived from sedimentary and crystalline rocks; this could be
due to the fact that CI- is more readily leached from sedi-
ments than from crystalline rocks. They have found that it
is possible to explain the observed He and Cl- concentra-
tions as being derived from local sources, under the as-
sumption that neither He nor CI- was lost from the sys-
tem and that the water, therefore, was more or less stag-
nant over millions of years.

12.3  Stable isotopes and noble gases as indicators
of recharge conditions

The stable isotopic and noble gas contents of groundwa-
ters are fundamentally controlled by the ambient tempera-
ture at the time of recharge. In addition to providing im-
portant information about palacoclimatic conditions, they
can also function as qualitative indicators of age where
climatic conditions in the past were sufficiently different
from those of the present day. The noble gases are abso-
lute indicators of temperature while stable isotopes,
though easier to sample and measure, give relative infor-
mation requiring local calibration for maximum benefit.

12.3.1 Stable isotopes

All natural waters contain a proportion of the heavy stable
isotopes 18O and ?H as well as the majority isotopes 1°O
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and 'H. The 80/1°O and 2H/'H ratios are commonly
expressed in terms of delta notation, where 8'%0 and §*H
denote the difference in parts per thousand (%) between
a particular water and the seawater reference, Vienna
Standard Mean Ocean Water (VSMOW), according to the
expression:

6 = [(Rsamp]c/chf)‘1] X 103
whete R is the 80/1°0 or 2H/'H ratio of the sample or
reference watet.

The 880 and 8?H compositions of groundwaters are
governed by a variety of physical processes acting mainly
during the evaporation-precipitation part of the hydro-
logical cycle. Changes in climatic conditions have tended
to modify the stable isotope signatures of recharge waters,
thereby providing an important qualitative tool for the
identification of palacowaters. However, the magnitude of
any ratio change with time is affected by essentially local
factors, and therefore isotopic “shifts” in waters of the
same age may not be identical from atea to area. This will
be demonstrated below (1.3.3) by consideration of exam-
ples from the European continent.

Stable isotopic composition of rainfall

Recharge to aquifers occurs predominantly via the infiltra-
tion of rainfall. Most rainfall is ultimately derived from
evaporation of seawater, mainly from subtropical ocean
areas. Evaporation and subsequent condensation of the
water vapour thus formed takes place under a variety of
temperature and humidity conditions (ie. changing
weather patterns), and therefore even though any marine
source area will have a basically similar composition
(atound 0%o for both 8O and &°H) there may be
changes in rainfall isotopic ratios at any particular location
from event to event. Large changes can be seen on a daily
and even monthly basis for many collection stations, but
tend to even out between years providing rainfall does not
occur in a few strongly seasonal events (see data in IAEA,
1992). As a rain-bearing system moves away from its source
area, preferential rainout of the minor heavy isotopes causes
the d-values of the remaining moisture to become progtes-
sively more negative, ie. ‘depleted’ in the heavy isotopes.
Since these systems tend to move from their subtropical
source areas towards higher latitudes, a basic latitude effect is
noted for rainfall whetreby tropical values of %0 in the
range 0 to —2%o change to values more depleted than —50%o
in the Antarctic. These changes tend to be most pronounced
over the oceans at higher latitudes (e.g. Clark and Fritz,
1997).

Latitude effects, however, may be considerably dis-
torted by physiographic factors. The main effect is a de-
pletion in both 880 and &°H caused by trainout as air
masses move over high ground. This generally gives rise
to progtessively more negative 8-values with change in
altitude, typically from -0.1 to -0.5%o 8180 per 100 m in-
crease in altitude (data from sources attributed in Clark
and Fritz, 1997). However, rain-shadow or seasonal
changes in air mass movements may distort this pattern in
certain cases.

A further isotope-related property of rainfall is the so-
called ‘deuterium excess’ or d-factor (Dansgaard, 1964).
The definition of this is:

d = &°H - 88180
Deuterium excess has a worldwide average of about 10%eo,
but can vary quite considerably areally and temporally
because of changes in humidity, sea temperature and other



factors in the rainfall source areas. Variations in d-factor
are less easy to interpret on a local level than many of the
other parameters measured during PALAEAUX studies,
and therefore have received relatively little attention.

Effects of air temperature on rainfall isotopic composition

When long-term weighted averages are considered, there
is a reasonable degree of correlation between air tempera-
ture and the isotopic composition of rainfall for different
sites, first identified by Dansgaard (1964). With the acqui-
sition of further data, it has been possible to produce dif-
ferent temperature-isotope correlations for different
groups of stations, i.e. matine, continental-coastal, conti-
nental interior and polar regions. For §'80, temperature
effects range from 0.17%o per °C for matine stations to
0.90%o per °C for the Antarctic Peninsula (Clatk and
Fritz, 1997). For the continental category, which would
apply at present to much of Europe, an average of 0.58%o
pet °C was noted by these authors.

Identifying palaeo-groundwaters from stable isotopic content

In principle it should be easy to identify palacowaters. For
example, various lines of proxy evidence (floral and fau-
nal) point to decreases in average annual temperature of
several degrees in periglacial areas of the Northern Hemi-
sphere. Using the data analysed by Clark and Fritz (1997)
mentioned above, this would translate into an easily-
identifiable depletion in 880 of the order of 2 to 3%o
(measurement precision is around * 0.1%o). However,
even on the assumption that palacowaters remain un-
mixed with modern waters, assessment of the period
when recharge occurred on the basis of stable isotopes is
not necessarily straightforward for the following reasons:

(xii) the temperatutre-isotope relationship appropriate
for the present day may not apply: a modern coastal area
may have been situated some distance inland during peri-
ods when sea levels were much lower owing to extensive
glaciation.

(xili) changes in ocean circulation may have had pro-
found effects on the circulation of air masses.

(xiv) ice-cover or permafrost may have distorted the
isotopic composition of recharge or prevented it alto-
gether.

(xv) tectonic processes (principally mountain uplift)

can have profound effects on isotopic contents for a vari-
ety of reasons, although they are unlikely to have been of
great importance in the late Pleistocene and Holocene in
Europe.
Because of these factors, waters with the same recharge
age may have different stable isotope shifts in different
geographical areas. To a considerable extent these prob-
lems can be overcome by measuring noble gas concentra-
tions, which yield a temperature for recharge within cer-
tain limits (see next section). Once this has been done for
a local area, a noble gas — stable isotope calibration can be
used to interpret further isotopic data.

12.3.2 Noble gases

In most parts of the wotld, temperatures in the unsatu-
rated zone below a few metres from ground surface re-
flect the average air temperature for the region concerned.
When meteoric waters percolate through the unsaturated
zone and enter a body of groundwater, they bring gases
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into solution. The actual amounts depend on individual
gas partial pressures and partitioning behaviour at the
temperature of solution, which is presumed to be equiva-
lent to average air temperature. Partial pressures of the
'reactive’ gases (Oz, Nz, CO; and CHy) in the unsaturated
zone are modified from their atmospheric values by proc-
esses such as oxidation and reduction. Additionally, once
in solution further changes can take place. The reactive
gases therefore cannot be used to infer recharge tempera-
tures. Noble gases on the other hand are unreactive and
should (at least in theory) maintain concentrations related
to their temperature of solution all the way from recharge
to discharge, irrespective of their residence time in
groundwater.

Like most other gases, the aqueous solubilities of ar-
gon (Ar), krypton (Kr) and xenon (Xe) change with tem-
perature (Mazor, 1977), with the result that a particular set
of concentrations of Ar, Kr and Xe can be interpreted to
give a recharge temperature (RT) with a precision of (ide-
ally) about £ 2°C. However, in certain circumstances ‘ex-
cess” “*Ar may be produced by radioelement decay. If the
ratio #'Ar/%Ar is measured, any increase over the atmos-
pheric ratio of 296 can be used to correct back to obtain
the ‘true’ Ar recharge temperature.

Other complicating factors exist in addition to sub-
surface *'Ar production. The phenomenon of 'excess ait'
is commonly encountered. This can result from the en-
trapment of gas bubbles at the point of solution, which
may then be carried down to a point in the aquifer where
hydrostatic pressure causes them to dissolve. Under simi-
lar climatic conditions, the magnitude of the problem ap-
pears to increase going from granites via sandstones to
limestones. In addition or alternatively, air may enter at
the sampling stage due to faulty borehole wellhead con-
struction or spring sampling conditions, etc. This excess
air can have a profound effect on calculated RT values,
and must therefore be corrected for, usually by subtracting
theoretical increments of air from the analysed composi-
tions until the best agreement between the Ar, Kr and Xe
temperatures is obtained. In some cases, however, further
correction based on the ‘neon index’ (Stute ez al., 1995) is
required. Since the solubility of neon is not so much tem-
perature-dependent, excess Ne can be used to estimate
excess air. Another factor is groundwater mineralization,
because high salinities can have a significant 'salting out’
effect on the noble gases which will perturb the original
concentrations present at recharge. Such effects can be
corrected for by use of curves based on salinity-solubility
data tables. A further complication is introduced if the
elevation of the recharge area is significantly higher than
that of the discharge area: unless the former is accurately
known it is difficult to know what the concentrations at
recharge would have been (though the ratios between Ar,
Kr and Xe should remain the same).

12.3.3 Chemical indicators of groundwater age

Sequential hydrogeochemical changes may occur in con-
fined groundwater flow systems which may be interpreted
in terms of residence time, or to give an indication of
former climatic or environmental conditions. This infor-
mation may provide additional insight into relationships
that have been established using isotopic methods de-
scribed above, since a chemical model is usually required
in order to interpret “C and other indicators. The integra-
tion of geochemical and isotopic indicators is needed to



verify numerical hydrogeological models and in turn can
provide challenges to their interpretation. At the very least
the sequential processes that are observed in many aqui-
fers can be used to provide relative age estimates.
Two types of chemical evolution are illustrated in the
PALAEAUX studies:
e cvolution as freshening of a formerly saline aquifer
takes place, and
e downgradient changes in a freshwater system,

Freshening aguifers are those in which a marine-derived wa-
ter (whether truly connate or not) is being replaced by
freshwater. This situation applies to many of the aquifers
studied during PALAEAUX. In the typical case of a
freshening aquifer, two end members are concerned: a
saline NaCl-type marine water initially filling the aquifer,
and a fresh CaHCOs-type recharge water resulting from
rainfall in which CaCOj3 has been dissolved.

After the fresh recharge water has started to infiltrate
into the aquifer, the first process consists of the gradual
dilution of the original marine porewater. This will result
in the development of a salt/fresh-water interface, which
will be more or less sharp according to the extent of hy-
drodynamic dispersion. The interface will move in the
direction of groundwater flow. Downgradient from it, the
initial seawater will persist. Upgtradient of the salt/fresh-
water interface, evidence appears of the different stages of
cation exchange, resulting in a chromatographic pattern,
when a sequence of Nat-, K*-, Mg?*- and finally Ca?*-rich
waters is developed. Cation exchange processes take place
after the marine porewater has been replaced by fresh
recharge water, causing a disequilibrium between the new
porewater and the marine cations that are still adsorbed
on the exchange sites of (mainly) the clay minerals. The
marine cations Na*, K* and Mg?* will be desorbed and
exchanged for Ca?* of the new porewater, in the order as
mentioned, according to the affinity sequence. This leads
sequentially to an increase in Na*, followed by a K*-peak,
and finally a Mg?*-peak, in the upflow direction. The Na*-
increase is not distinguished as a separate peak, because
Na* continues to increase toward the salt/fresh-water
interface. In addition, immediately upflow of the
salt/fresh-water interface, the first exchange reaction con-
sists of Na*-release in exchange for Mg?*-uptake by the
clay, as a result of charge effects (Appelo, 1994).

Downgradient changes. In this case (in the absence of pollu-
tion) the geochemical changes observed in the groundwa-
ter result either from atmospheric inputs or, from water-
rock interaction. An example is given below (see Fig. 12.0)
where the chemical evolution is calibrated using radiocar-
bon ages obtained in just a few samples. This relationship
has then been applied to new chemical data alone and may
be used to extend the timescale given by the radiocarbon
(Edmunds and Smedley, in press).

In the freshwater aquifer, where it can be demon-
strated that inert tracers are derived predominantly from
atmospheric inputs, it may be possible to infer palaeocli-
matic information and therefore independently another
indicator of age. This approach has been used in the East
Midlands aquifer (Andrews ez al, 1995; Edmunds and
Smedley in press) where the Cl concentrations are atmos-
pherically detived and the Bt/Cl ratio and the *Cl/Cl
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atomic ratios can possibly provide information on past
recharge rates and the changes in source areas of precipi-
tation.

12.4  Applications of stable isotopes and noble
gases at the European scale

12.4.1 Stable isotopes

Because of a wide diversity in climate, relief and geology,
the European continent has a variety of groundwater en-
vironments/habitats. Many of these have received close
attention over the past 30 years in terms of their stable
isotope systematics, and provide a good illustration of the
ways of interpreting isotopes in terms of change (or in
some areas lack of change) during the transition from past
to present climates.

Consideration of published data from the main
groundwater supply aquifers of England provides an ex-
ample of the amount of information that stable isotopes
are able to provide by themselves or in conjunction with
other data. Figure 12.3 shows plots of 8180 vs *C activity,
from which several points emerge:

(i) There is less of a stable isotope offset between present
and past conditions in the waters of the carbonate aquifers
(Lincolnshire Limestone and Chalk) than in the sandstone
aquifers (East Midlands Trias and Lower Greensand).
This is presumed to be largely due to the greater opportu-
nity for mixing between modern and palacowaters pro-
vided by the extensive fissuring in the carbonates. The
implication is that in carbonate aquifers any signal of pa-
laco-conditions is likely to have been smoothed out.
However, both kinds of aquifer show evidence of the
hiatus in recharge (‘infiltration gap’) that seems to have
occurred in Europe at around the end of the Pleistocene.

(i) In the sandstone aquifers, 8'80 in the palacowaters is
shifted by a maximum of —2%o. Using the ‘continental’
precipitation relationship of 0.58%o per °C (in fact, likely
to be somewhat lower for a maritime area such as Eng-
land), this would indicate a drop in annual average tem-
perature of perhaps 3.5°C, but other ‘absolute’ indicators
such as noble gases and fauna indicate a drop of 5°C or
more over the same period. The apparent discrepancy is
to a large extent tesolved by changes in oceanic 8180 over
the interval: owing to a greater amount of isotopically-
light water sequestered in the ice-caps of the late Pleisto-
cene, the 880 of ocean water is likely to have been raised
by around 1%o above present-day values (Schrag ez al.,
1996). Thus the ‘real’ shift would have been around dou-
ble that observed, with the implication of a correspond-
ingly greater temperature drop.

(iif) Thete is an offset in 880 between the two sandstone
aquifers. This is presumed to be a latitude effect; the re-
charge area for the East Midlands Trias lies to the north
of the recharge area of the Lower Greensand, and there-
fore receives a somewhat more isotopically-depleted rain-
fall as a result of rainout from the predominantly south-
westetly source of moisture. The *C data show that this
offset is maintained into the past, implying that there was
no fundamental change in air-mass movement.
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Figure 12.3. Plots of 4C activity versus 3180 for groundwaters in the four main sedimentaty aquifers of
England (from data summarized in Darling e a/., 1997). Aquifers (a) and (b) are sandstones, while (c) and
(d) are carbonates. There is evidence of an ‘infiltration gap’ between older and younger groundwaters in
each aquifer, although this is better developed in the sandstones.

The 8'80 data thus reflect a lower annual average rainfall
temperature, possibly supplemented by an element of
latitude effect resulting from a somewhat greater distance
between the recharge areas and the ocean due to the fall in
sea level that accompanied the growth of the ice-caps.
While the above gives an indication of the amount of in-
formation that stable isotopes can provide about individ-
ual areas, a Furope-wide perspective requires the com-
parison of data from different areas. Fig 12.4 shows the
way in which the 8'*0 of groundwatets has changed be-
tween the present and late Pleistocene across Europe,
based on data from the PALAEAUX investigations and
other studies. The figure represents a transect from SW
(Portugal) to NE (Estonia), using data projected from
coastal or near-coastal aquifers in which the maximum
8180 shifts for the given area appear to have been pre-
served. Data from more continentally-influenced aquifers
from Switzerland to Hungary are also shown on a separate
transect. For the coastal aquifers, it is clear that at the pre-
sent day there is a progressive depletion from SW to NE,
related to continental effects acting on a south-westerly
source of moisture. It is equally apparent that in the late
Pleistocene, a SW-NE depletion was also occurring. How-
ever, this seems to have had three separate elements:

(i) an isotopic enrichment in Portugal. This is likely to have
been the result of a relatively small temperature drop at
this latitude(owing to ocean buffering) coupled with the
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raising of oceanic 880 value (owing to the sequestration
of isotopically-depleted waters in the ice caps). Addition-
ally there was little change in the Portuguese coastline
during the late Pleistocene, so that depletion effects re-
lated to rainout over the ‘extra’ land would not have oc-
curred. Thus it would have been possible for 6'80 to in-
crease slightly.

(i) a western-to-eastern European trend, terminating in
Lithuania, that gives a depletion gradient similar to to-
day’s, confirming the interpretation of the data from Eng-
land (see above) that there have been no large-scale
changes in air mass circulation between the late Pleisto-
cene and the present.

(iii) a considerably greater change in Estonia than can be
explained by continental effects alone. It is considered
that late-Pleistocene recharge in this area was the result of
the recharge of isotopically-depleted glacial meltwater,
either in the outwash plain of the ice cap, or as the result
of sub-glacial melting. Recharge of this depleted water
may have affected other parts of the present Baltic littoral:
for example, waters with 880 values some 3%o lighter
than the palacowaters generally encountered in northern
Poland (see Fig 12.4) were sampled from the Hel penin-
sula in the extreme north-east of the country (Zuber ef al.,
1990). However Estonia is the only location where such
isotopically light water has so far been encountered.
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Figure 12.4. Differences in European groundwater 880 values
between the present day and the late Pleistocene, following an
approximately SW-NE transect from Portugal to Estonia. Data
from: Portugal - Carreira ez al., (1996); France - Le Gal La Salle
(1996); England - Datling et al, (1997); Poland - Rozanski
(1985); Lithuania - Mazeika and Petrosius (1998); Estonia - Pun-
ning et al., (1987); Switzerland — Beyerle ¢f al., (1998); Germany —
Bertleff ez al., (1993); Austria — Andrews ez al., (1985); Hungary —
Stute and Deak (1989).

By contrast, the continental transect in Fig 12.4 is almost
flat. It might perhaps have been expected that the moun-
tainous centre of Europe would have had a mote pro-
found effect on isotopic compositions between Switzer-
land and Hungary, particularly in late-Pleistocene times,
but clearly air-mass trajectories were, and remain, such
that latitudinal effects are minimized.

12.4.2 Noble gases

The measurement of noble gases to derive RT values is a
relatively specialized technique and comparatively few
data exist for Europe. One of the main aims of the PA-
LAEAUX project has been to extend knowledge of noble
gas-derived RTs to Estonia, Belgium and the Iberian Pen-
insula, in order to gain a wider perspective on conditions
of recharge for Europe as a whole.

The importance of obtaining RT data from these areas
is illustrated by the plot in Fig 12.5, which shows gradients
of RT versus 880 for some European aquifers. While
countries from Belgium to Hungary have gradients with
sub-parallel trends showing roughly similar amounts of
isotopic depletion for a given drop in RT between the
present and late-Pleistocene, those from Portugal and
Estonia are completely different, from both the general
trend and each other. As before, three elements emerge:
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Figure 12.5. Plot of 8180 versus RT (techarge temperature)
showing the gradients between the present day and the late Pleis-
tocene for various European countries. Data sources as for Fig
12.4 plus Chapters 2, 4 and 8 of this report. The trend for Esto-
nia is subject to some uncertainty (see text).

(i) the negative gradient in Portugal shows that despite the
small positive palaco-shift in §'80, conditions were actu-
ally cooler in the late Pleistocene, in line with other parts
of Europe although smaller in magnitude.

(ii) the generally similar (RT) temperature gradients in
north-western and central Europe lead to averaged out
shifts in stable isotopes of about -0.35%o per °C drop in
temperature, less than the —0.58%o figure for present-day
rainfall mainly because of the rise in oceanic 8'*O. How-
ever since the etrors of the determined '*O/RT-slopes
are still rather large, this difference is not yet established.

(iii) the extreme gradient in Estonia is very preliminary at
present. Whereas the data points for present day recharge
are reliable (around —12%o in 880 and about +4°C in
RT), the RT values for the Pleistocene points are very
uncertain. The reasons for this are the extreme oversatura-
tion of the water with gas and the uncontrolled degassing
during sampling (Chapter 2). Therefore preliminary values
for RT show variations between —7°C and +7°C. As-
sumed subglacial recharge in the late Pleistocene would
explain the large amounts of excess air; the negative 880
values would correspond to the conditions during snow-
fall in the north and at high altitudes of the glacier. Three
explanations of temperature would then be possible: (a) if
the recharge under a melting glacier happened under
closed conditions, the noble gas concentrations in the
water would be dominated by the amount of trapped air



in snow and ice. “Recharge temperatures” from measured
noble gas contents could only be calculated after large
corrections for excess air and negative values would be
expected for the remaining gas component; (b) if before
infiltration some gas exchange took place, e.g. through
fissures in the tongue of the glacier or through the unsatu-
rated zone, temperatures of around 0°C would be ex-
pected; and (c) time and space variations of infiltration
may have contributed and a combination of solutions a)
and b) seem possible.

In none of the above cases can the gradient for Esto-
nia be directly compared to the slopes for the other areas,
because the measured points of the Pleistocene waters do
not reflect an undisturbed climate signal: in case (a) 8'%0
and temperature reflect conditions during snow accumula-
tion and in case (b) the temperature has nothing to do
with a climate signal.

It is apparent from the various points considered in
this section that stable O and H isotopes ate only qualita-
tive indicators of palacowater recharge temperature, and it
is therefore important that they are calibrated locally by
measurements of noble gas recharge temperatures. How-
evet, it is also clear that the stable isotopes have a major
role to play in establishing the climatic context of past
recharge, as has been amply demonstrated by the cases of
Portugal and Estonia.

12.5 Identification of palacowaters using isotopic
methods: examples from PALAEAUX

In this section a palaeowater is defined as a groundwater
that infiltrated during the Pleistocene or early Holocene.
Therefore the identification contains both a time and a
climate component. The tools to be combined for these
two components of the identification are summarized in
Table 12.2 in a systematic way. Short-lived isotopes like
3H, 8Kr and 3Ar are omitted as age indicators, since for
the following we assume that admixtures of young water
components are determined by these isotopes and taken
into account. The question whether a water is a ‘palacowa-
ter’ or not should be only decided for the components
older than about 1 ka.

In an ideal situation several age indicators are com-
bined with several climate indicators. As discussed below
this ideal situation is reached in only a few cases of the
aquifers studied during the PALAEAUX programme.
This is primarily due to the fact that for age determination
usually only (corrected) *C-ages are available. All other
dating methods (except 8!Kr in Australia) cannot be used
(at present) as quantitative tools. In many cases even the
corrected #C ages are questionable. For example, radio-
carbon “ages” are doubtful when the 8°C value is more
positive than about —6%o, because an extensive evolution
of the carbonate system has to be assumed to have oc-
curred. Radiocarbon ages have to be interpreted carefully
when considerable amounts of CHy are dissolved in the
watet, because methanogenesis may have shifted 8'°C in
DIC to more positive values, or if large amounts of CO»
with unknown origin are admixed.

In the case of the climate indicators a combination of
different signals is desirable but not necessarily straight-
forward; for example, the detection of the typical late
Pleistocene— early Holocene temperature jump of about
5°C or more requires a high frequency of sampling and
the infiltration gap naturally is restricted to areas of ice
cover or permafrost. However the argument is very con-
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vincing, if the tempetature jump and/or infiltration gap
are detected at the expected *C ages. In general, agree-
ment between an age signal and a climate signal is re-
quired; a "“C-RT-plot or a “C - §'8O-plot demonstrates
obviously how reliable the identification of a palacowater
is (see e.g. Fig. 12.3). Naturally the influence of the dis-
tance from the ocean on the 8'8O shift has to be taken
into account (see 12.3.1 above).

In 12.3.2 it was mentioned that the recharge tempera-
tures (RT) calculated from noble gas contents allows a
more straightforward calculation of a temperature than by
using 880 and 8D. The values of the stable isotopes ate
determined by the temperature during precipitation and
other factors (e. g. continental and altitude effects, circula-
tion of air masses). The shift to more positive values of
the water of the oceans during Pleistocene however
should be taken into account. Here again a combination
of methods seems favourable: most convincing is a con-
sistent correlation between RTs and (adjusted) stable iso-
tope data.

An assessment follows of palacowater identification
during the PALAEAUX studies, based on a traverse from
Estonia through the coastal regions of Europe as far as
the South of France, and terminating with the Glattal aq-
uifer of Switzetland. The most convincing cases ate based
on the results obtained for the Cambro-Vendian aquifer
(Estonia), the Ledo-Paniselian aquifer (Belgium), East
Midlands Triassic aquifer (England), the Aveiro aquifer
(Portugal) and the Glatt Valley aquifer (Switzerland). More
difficult to interpret are results which indicate only an
admixed (and possibly small) old water component, be-
cause then only diluted and mixed age and climate signals
are available. For some aquifers investigated in the project
PALEAUX we summarize the methods which have been
used () and by a symbol ©O® the reliability for identifi-
cation of a palacowater. The observations made below are
based on the references cited and the individual PA-
LAEAUX partners’ reports (see Chapters 2-10).

12.5.1 Cambrian-V endian aquifer, N Estonia

Palacowaters are identified by their extremely negative
8180 wvalues (around —20%o). Some RTSs are reliable and
are around 0°C. Radiocarbon values are difficult to con-
vert into ages because the 8'3C values below —9%o ate
hard to understand if infiltration happened below a gla-
cier. This sub-glacial recharge mechanism appears to have
been involved from the evidence of measured high gas
oversaturation (up to a factor of about 4 compared to air
saturated water).

12.5.2 Ribe Formation aquifer, Denmark

Very old groundwaters are suggested by low radiocarbon
activities (£1 pmc) and 8'3C values similar to young watets
(around —13%o), which imply that the low '#C is due to
long residence time rather than exchange with ‘dead’ rock
carbonate. Howevet, the 8'%0 shift is only small.

12.5.3 Ledo-Paniselian aquifer, Belgium

Samples show an increasing “He content in the direction
of flow; the corresponding noble gas recharge tempera-
tures decrease from present day infiltration values (about
9°C) to cooler climatic values of about 2°C. However the
8180 wvalues decrease only from about —6.5%o to —7.1%o



Table 12.2 Indicators of recharge conditions and residence time used in the different PALAEAUX stud-

ies, with overall ‘palacowater’ rating.

Aquifer Noble §18OQ AT= 313C uC 3IAr 36C1 4He 534S U se- Chem DPalae-
gas RT g2 5°C ries evol owater

&S &S &S © @ ® ® O ? ® #O ?
Estonia
Cambro-Vendian o) o) o) o) o) o) ©
Denmark
Ribe o) o] o) o) ®
Belginm
Ledo-Paniselian e} o] o) o) o] ©
England
S Chalk o) o) o) o) ©
EM Triassic o) o) o) o) o) o) o) o) o) o) o) ©
France
Dogger o) e} e} e} o) ®
Astian o) o) o) o) o) ®
Portugal
Aveiro o) o) o) o) o) o) ©
Sado-Tagus o) o) o) o) ®
Spain
Donana o) o) o) o) o) o) ®
Switzerland
Glatt Valley o) o) o) o) o) o) o) ©

Paleaowater rating:  © Strong indications ES Climate indicator
® Some indications ® Residence time indicator
® Few indications

(Walraevens, 1990). Some #C values are difficult to con-
vert into age information because of elevated 8'3C values
(—4%o to +2%o); but several convertible low “C-values
exist (e. g. 0.5 pmc and —9.2%o0) and demonstrate a Pleis-
tocene age for these waters. An infiltration gap is ob-
served based on *C ages with Ip= 70 pmc (Walraevens,
1990).

12.5.4 East Midlands Trias aquifer, E England

The identification of palacowaters is mainly based on an
infiltration gap between 10 and 20 ka BP (corrected *C
ages) and on the cotresponding step in 880 and noble
gas temperature (Bath ez al, 1979, Andrews et al., 1984).
Qualitative support of palacoclimatic conditions is given
by chemical components and S- and Sr- isotopes (An-
drews ¢ al, 1994 and Edmunds ef 4/, 1996). While *He
increases along the flow direction, 7#-situ production can-
not account for the total amount measured; the inferred
addition of *He from the adjacent strata prevents its use as
dating tool (Andrews ¢ al., 1984).

12.5.5 Dogger aguifers, N and W France

Groundwater in the highly fissured carbonate aquifer in
the Caen area is slightly saline and has so far given a
maximum corrected age of about 7.5 ka, i.e. Holocene. A
8180-shift of approximately —0.7%o has been noted com-
pated to modern waters in the vicinity. Despite the salin-
ity, the groundwaters have no apparent connection with
the sea, and '"C activities are independent of salinity.
Therefore this aquifer is not currently undergoing a fresh-
ening process.

In the Dogger of the Marais Poitevin, a less-fissured
but still calcareous aquifer, chemistry suggests a simple
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mixing series between fresh groundwater and seawater,
but isotopic evidence is less clear. The minimum observed
14C activity is 12.1 pmc and therefore a Holocene age is
indicated.

12.5.6 Aveiro aguifer, N Portugal

Palacowaters ate identified by their apparent “C ages in
combination with their techarge temperatures. A 5°C
drop from the present day infiltration temperatures was
observed for waters with modelled '*C-ages of around 18
ka BP. Stable isotopes show more positive values for old
waters than for shallow recent waters. This is likely to be
reflecting the isotopic enrichment of the world oceans
during glacial times.

12.5.7 Miocene Lower Tagus-Sado aquifer, SW Portugal

Modelled radiocarbon ages of up to 25 ka were noted for
the morte saline waters. No 8180 shifting was observed

12.5.8 Doiiana aquifer, SW Spain

Few indications of palacowater were found although such
a component cannot be excluded . The lowest #C activi-
ties are around 7 pmc, converted by Pearson’s model
(Pearson ez al., 1991) to 11-15 ka. However, one recharge
temperature determined for such an old water does not
show any difference to present day precipitation. This is in
agreement with a pollen record for the Dofiana area cov-
ering the last 18 ka, suggesting no major climatic changes
since the last glacial maximum (Zazo ef al., 1990).



12.5.9 Astian aquifer, South of France

The Astian in this area is a micaceous sand. Mean resi-
dence times based on '*C range from modern in the re-
charge zone to 6 ka (earlier Holocene) near the coast. In
the eastern part of the aquifer the effects of contamina-
tion by ‘dead’ volcanic CO; have been corrected for by
the use of 22Ra. A small (0.15%o) depletion in 880 is
shown by the oldest waters.

12.5.10Gatt V alley aquifer, Switzerland

Admixtures of younger but tritium-free water components
were detected by *Ar. The old component is identified as
a palacowater by corrected 4C ages, a corresponding tem-
perature shift of 5°C determined from noble gas contents,
a cortesponding 8180 shift and by an infiltration gap be-
tween about 28 and 15 ka BP (Beyerle ez 4., 1998).

12.6 Hydrochemical examples from PALAEAUX

Illustrations of the hydrogeochemical approach are con-
sidered here: one from a freshwater aquifer (The East
Midlands) and one from a ‘freshening’ aquifer where old
marine waters is being replaced by freshwater (Ledo-
Paniselian), for both of which *C calibration is available.
The other examples are then briefly reviewed

12.6.1 East Midlands Agquifer, UK

The East Midlands Triassic aquifer of England consists of
a typical red-bed sandstone thought to be mainly of fluvi-
atile origin (Edmunds & Smedley, in press). The ground-
water chemistry tends to be strongly influenced by the
presence of two carbonate cements: an early post-
depositional dolomite, and secondary calcites, resulting
from dedolomitization by successive groundwater fluxes.
Decalcification of the sandstones may have taken place
near to outcrop (Edmunds ez 4/, 1982; Bath ¢z al., 1987).

For this aquifer, a number of potential residence time
indicators have been proposed (Edmunds & Smedley, in
press). Conservative indicators comprise noble gas ratios,
chloride and the other halides. They have been shown to
be entirely atmospherically derived for this aquifer, and
can thus provide information on climatic and palaco-
geographic (e.g. continentality, urban pollution) condi-
tions. The second group are reactive indicators of time-
dependent hydrogeochemical reactions. Within this group
of reactive tracers are several trace elements (Li, Rb, Cs,
Mn, Mo, St as well as 13C), which show near-linear in-
crease with increasing groundwater temperature (as proxy
for distance) across the flow length of the aquifer (Ed-
munds & Smedley, in press). Examples for Li, Sr and
O13C are shown in Fig. 12.6. The increase in Li results
from weathering of silicates, the Sr and 8'3C increases
result from progressive reaction of dolomite. Once cali-
brated with the available radiocarbon data, selected results
have been used to construct a separate timescale (see Fig.
5.12), enabling dating to be extended beyond the limits of
the 14C timescale.

12.6.2  Ledo Paniselian Aquifer Belginm

In Fig. 12.6 the modelled concentrations of Cl-, Na*, K*,
Mg?* and Ca?* are shown for the Ledo-Paniselian aquifer,
as a function of increasing distance from the recharge area
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Figure 12.6. Downgradient plots of Li, Sr and O13C from the
East Midlands Triassic sandstone aquifer (groundwater tempera-
ture serves as a proxy for distance). These linear increases have
been calibrated in terms of age, e.g. as shown in Fig. 5.12.

(a proxy for groundwater age). Also shown, for the same
cross section are the *C and “C data taken form Wal-
raevens (1990). The full lines correspond to the piston-
flow model, according to which flow velocities are con-
stant throughout the aquifer (Walracvens & Cardenal, in
press). In reality, the Bartonian Clay overlying the aquifer
is semi-permeable, allowing a gradual escape of groundwa-
ter from the aquifer and thereby reducing the flow veloci-
ties. When this is neglected, it is seen that the whole mod-
elled section (20 km from recharge area) is completely
flushed (the original seawater has disappeared: almost no
CI- remains, and Na'-concentrations between 15 and 20
km have only increased owing to cation exchange), which
is not consistent with observations. Substituting the ob-
served lower flow velocities after 12 km from the recharge
area results in keeping the salt/fresh-water interface
within the modelled section (of 25 km), corresponding to
the observations (dotted continuation of lines in Fig 12.7 -
Walraevens & Cardenal, submitted). The fresh/salt-water
interface can be clearly observed in Fig. 12.7 by the ClI-
increase, associated by an equivalently strong increase in
Na*. Upflow from the interface, a smaller Na*-increase is
caused by Na*-desorption (first in exchange for Mg?*,
then to a very large extent in exchange for Ca??).
Na*/Ca%*-exchange is followed by K*/Ca?"-exchange,
expressed by the K*-peak at around 10 km from the re-
chatge zone, followed by Mg?"/Ca*"-exchange shown by
the Mg?*-peak spreading around 5 km from the recharge
zone. Towards the recharge zone, Ca?* is gradually in-
creasing with decreasing extent of cation exchange. At the
limit of the recharge area, no evidence of cation exchange
persists, and Ca®* appears at full concentration, resulting
from CaCOj dissolution at infiltration.

The decrease in #C activity and the parallel enrich-
ment in 813C indicate a degree of water—rock exchange



(with carbonate minerals). However this clearly demon-
strates an ageing trend in the aquifer and that the ex-
change reactions sequence provide a relative indication of
groundwater age.

The Ledo-Paniselian aquifer comprises several re-
charge areas in which the time scales of recharge are dif-
ferent, and it is emphasized that the inferred relation only
refers to the considered flow path. For a different re-
charge area, the hydrogeochemical evolution may need to
be calibrated separately, by establishing a relation between
the chemical parameters and age information obtained in
the specific part of the aquifer.

12.6.3 Other examples from PALAEAUX

Being predominantly coastal, most other aquifers studied
within the framework of PALAEAUX are freshening
aquifers. Several of them are of marine origin, and con-
nate seawater may still be an end member contributing to
the groundwater chemistry, e.g. the Chalk of the English
South Coast. Other aquifers have a continental origin, but
were intruded by salt water as a result of later marine
transgression, e.g. the Dofiana aquifer in Southern Spain
and the Cambro-Vendian aquifer in Estonia. In all of
these cases, freshening started after regression of the sea,
allowing fresh water, derived from rainfall in the recharge
areas, to enter the aquifer.

From the radiocarbon activity and the chloride con-
tent in groundwater of the Dogger aquifer in Western
France, three end members have been inferred: seawater
intruded during the Flandrian transgression, and two fresh
waters - a fresh water older than Flandrian, which was
recharged into the aquifer before the marine transgression,
and a modern fresh water.

The chromatographic pattern may be obscured by
flow conditions in the aquifer (e.g. mixing of water of
different flow lines: hydrodynamic dispersion). In general,
the most important cation exchange process, i.ec.
Na*/Ca%*-exchange, will be most readily detected, result-
ing in the NaHCOs-water type — as in the Aveiro aquifer
in Portugal, and the Ribe Formation in Denmark.

In several aquifers studied in PALAEAUX, over-
exploitation is locally leading to a salinity increase, mostly
due to up-coning of saline groundwater from larger
depths, or to direct seawater intrusion. This local saliniza-
tion is disturbing the regional freshening of the aquifer,
e.g. in the Landenian aquifer in Southern France, and the
Cambro-Vendian aquifer in Estonia.

12.7  Overall conclusions

It is concluded that isotope methods are most powerful if
applied in combination. This is not only the case for the
detection of younger water components. For dating of an
old component, e.g. *C should for example be combined
more often with 2?Ra. The interpretation of isotope data
also requires knowledge about the hydrochemical proc-
esses and their temporal evolution, e.g. by investigating its
St/Ca ratios system. Which methods should be combined
may depend on the investigated aquifer; a combination is
certainly necessaty if only a few water samples ate avail-
able from the flow system. Further development and addi-
tional efforts are required to better understand the “He
contents, the He/*He ratios and the 3*Cl and possibly '*1
results of an groundwater system.
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Figure 12.7. Chemical parameters in the groundwater of the
Ledo-Paniselian aquifer along the flow path. Symbols are field
data; solid lines represent calculated concentrations for a homo-
geneous flow velocity throughout the aquifer;. for calculation the
flow velocity in the downflow part (after 12 km) has been sub-
stantially reduced. Carbon isotope data from Walraevens (1990).



The most effective way to confirm a palacowater of
known age is the combination of noble gas recharge tem-
peratures with stable isotope results. The PALAEAUX
project has allowed progress on the identification of the
front between Palacowaters and younger components;
however the former continental distribution mainly of the
stable isotopes needs further work. Climatic effects on
continental atmospheric circulation patterns are not yet
fully established. Such information is especially important
for the calibration of numerical flow models which are
useful for sustainable water management.

From the viewpoint of aquifer management it is desir-
able to have easily accessible indicators of groundwater
age, which may be used to extend the interpretation of
relatively costly isotopic investigations. In the present
investigations it has been possible, with the field examples
chosen, to investigate how chemical parameters may be
combined with isotopic parameters to provide informa-
tion on relative groundwater age. This may be possible in
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both freshwater aquifers where a clear sequence of geo-
chemical reactions is seen, and in marine aquifers being
freshened by meteoric waters. Relationships between spe-
cific hydrochemical parameters and residence times are
valid only for the flow path for which it was derived and
require calibration for each aquifer being considered.

The isotope and chemical interpretation should be
strengthened where possible using hydrogeochemical
modelling of the system, which may then help to validate
hydrodynamic models The need to interpret the various
data in a consistent way will improve the understanding of
aquifer systems, by increasing constraints, avoiding the use
of ‘black box’ models, and questioning concepts that have
usually been taken for granted. The combined use of iso-
topic techniques, hydrochemical methods and a knowl-
edge of the overall hydrogeological context forms a pow-
erful tool for applied investigations, which are essential for
the good management of aquifers.



13 Modelling scenarios for the emplacement of palaeowaters in

aquifer systems

13.1 Introduction

This chapter contains a discussion of the physical proc-
esses which affect fluid flow in basins, concentrating on
those which have a significant effect on a timescale of 10s
of thousands of years. The emphasis is on the use of ge-
neric models which give insight into the possible behav-
iour of typical aquifer systems. This approach provides
results that can be applied to many of the aquifers studied
in detail in this project as well as others which might be
investigated in the future.

The major question that has been considered during
this work is: How does changing climate (recharge rates,
base level, permafrost and glaciation) affect the distribu-
tion of groundwater ages and the location of the
fresh/saltwater interface in coastal aquifer systems?

13.1.1 Literature review

Few studies exist that have investigated factors controlling
the emplacement of palacowaters in coastal aquifers sys-
tems. Fresh to brackish water has been identified beneath
the Atlantic continental shelf of the United States. The age
of these waters is not known. Two conceptual models
have been proposed for the origin of that freshwater: 1)
offshore discharge from mainland aquifers and 2) em-
placement of Pleistocene waters during the last glacial
maximum and subsequent entrapment in offshore sedi-
ments (Hathaway e¢# al., 1979). Meisler, ¢t al., (1984) con-
cluded that the location of the saltwater-freshwater transi-
tion zone within the North Atlantic Coastal Plain and
Continental Shelf is not consistent with equilibrium condi-
tions given the current sea level, but rather reflects the
influence of low custatic sea levels during the Quaternary.
Furthermore, the low sea levels promoted the deep circu-
lation of freshwater offshore and variations in sea level
have resulted in the development of a broad transition
zone which is moving landward in response to present sea
level at a rate of about 0.2 miles per 10 000 years. Coastal
systems consisting of low-permeability sediments may
take hundreds of thousands of years for groundwater flow
and chemical profiles to achieve equilibrium (Konikow
and Arevalo, 1993).

13.1.2 Methodology

Analytical and numerical models have been used to simu-
late the response of groundwater flow systems to histori-
cal climatic changes in order to better our understanding
of the factors controlling the distribution of palacowaters
in Buropean coastal aquifers.

The distribution of palacowaters in coastal aquifers
largely reflects the hydraulic characteristics of regional
groundwater flow systems and the response of these sys-
tems to changes in climate. This includes changes in sea
level, precipitation and evapotranspiration, glaciation and
the presence of permafrost. An understanding of the evo-
lution of the physical flow systems provides a basis for the
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interpretation of geochemical and isotopic characteristics

of aquifers. The chapter is based on the following prem-

ises:

e The transient movement of groundwater is controlled
by physical characteristics of the aquifer system (ge-
ometry and distribution of flow properties) and cli-
mate.

e An understanding of contemporary regional flow sys-
tems provides the framework for the evaluation of the
transient behaviour of groundwater flow paths and
fluxes from the late Pleistocene through the Holocene.
This is accomplished by changing the boundary condi-
tions or driving forces of flow models of contempo-
rary systems in accordance with conceptual models of
historic sea and base levels, recharge rates and extent
of glaciers and permafrost.

The response of coastal aquifers to changes in climate was

evaluated by:

(xvi) developing conceptual models of representative
aquifer types

(xvii) developing conceptual models of driving forces
over the past 20 000 years, and

(xviii) applying analytical and numerical mod-
els to simulate groundwater flow and residence times

13.2  Conceptual models of aquifer systems

The majority of the coastal aquifer systems studied in the
PALAEAUX project consist of a regionally extensive,
high permeability zone within a thick sequence of clastic
and/or carbonate sediments ranging in age from Paleo-
zoic to Cenozoic. The regional dip of the aquifer systems
is typically towards the coast and high-angle faults are
present in some of the basins. The aquifers are overlain by
low-permeability layers, which are generally thin to absent
in the upland recharge areas. The aquifers and overlying
low-permeability layers are continuous offshore. The aqui-
fers and semi-confining units generally consist of porous
media, however the confining units may also contain sig-
nificant fracture permeability. Quaternary and Holocene
deposits ovetlie the regional aquifer systems and typically
form local- and intermediate-scale groundwater flow sys-
tems. In northern Europe, deep Quaternary valleys may
locally breach the confining units providing direct hydrau-
lic connection between deep and shallow aquifers.

Conceptual models of two generic coastal aquifer sys-
tems were developed based upon a review of the hydraulic
properties, flow characteristics and degree of hydraulic
connectivity of the individual aquifer systems being stud-
ied within the PALAEAUX project. The conceptual mod-
els need to represent the major features that control
groundwater flow within the majority of the aquifer sys-
tems studied. The features considered were the aquifer
geometry, hydraulic properties, flow characteristics and
degree of hydraulic connectivity between the aquifers and
marine waters. The aquifers are shown schematically in
Figs 13.1 and 13.2.



Present day sea-level

Figure 13.1. ‘Atlantic’ type aquifer system

Present day sea-level

Figure 13.2. ‘North Sea’ type aquifer system

The major difference between the coastal aquifers
studied in this project is the degree of hydraulic connec-
tivity between the aquifers and marine waters. This con-
nectivity is important in controlling the base level history,
groundwater flow paths and rates, the position of the
freshwater-saltwater interface and groundwater age distri-
butions within the coastal aquifers. Ocean bathymetry and
the permeability and thickness of sediments overlying the
aquifers controls the degree of the hydraulic connectivity.
The aquifers are considered to have ‘direct’ hydraulic con-
nectivity where the aquifers are in contact with marine
waters and have 'indirect' hydraulic connectivity where
low-permeability sediments separate the aquifers and ma-
rine waters.

Regional aquifers extending out under the Atlantic
Ocean and the Mediterranean Sea have both indirect and
direct hydraulic connectivity with marine waters. These
aquifers are overlain by low-permeability sediments on the
continental shelf and are in direct contact with marine
waters where they subcrop along the continental slope.
The exchange of freshwater and saltwater between the
aquifers and marine waters can occur as leakage through
overlying low-permeability layers on the continental shelf
and as direct flow where the aquifers subcrop along the
continental slope.

In contrast, regional aquifers extending out under the
North Sea, the Baltic Sea and the English Channel have
only indirect hydraulic connectivity with marine waters.
These shallow inland seas are constrained to the continen-
tal shelf and lack a continental slope. The exchange of
freshwater and saltwater between the aquifers and marine
waters can occur only as leakage through the low-
permeability layers on the continental shelf.

For much of the work described in this chapter the
distinction is made between a ‘North Sea’ type aquifer
system and an ‘Atlantic’ type aquifer system. This naming
convention is for convenience and it is recognized that
these ‘types’ of aquifers exist in many coastal areas.

13.3 Controls on groundwater flow

Groundwater flows through an aquifer system in response
to hydraulic gradients and the addition or loss of water
through sources and sinks. The driving forces that have
affected the hydraulic gradients and source/sink terms in
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the aquifer systems being studied include recharge, sea
level and the extent of glaciation and permafrost. Glaciers
and permafrost can also act as barriers to flow and may
thus have a profound influence. Variations in controls due
to climatic change from the late Pleistocene through to
the present day have influenced the transient behaviour of
groundwater flow paths and fluxes through coastal aquifer
systems. The geochemical characteristics and age distribu-
tion of groundwater reflect processes of water/rock inter-
action and variations in groundwater flow paths and
fluxes. Understanding how groundwater flow paths and
fluxes were affected by historical variations in controls
assists in the interpretation of watet/rock interaction and
the evolution of the geochemical characteristics and
groundwater age distributions.

13.3.1 Recharge

Recharge is defined as the volume of water per unit area
that is accreted to the water table and becomes part of the
groundwater flow system. Recharge controls the volume
of water available to flow through aquifer systems. Re-
charge to present aquifer systems includes the infiltration
of precipitation and surface water. Effective recharge to
deep-seated, regional aquifers may be less than the total
recharge to the groundwater system because of the pres-
ence of shallow flow systems that discharge to streams,
lakes and wetlands. For example, recharge rates in western
Denmark are estimated to be approximately 250 mm a-l.
However, most of this water discharges from shallow,
local- and intermediate-scale flow systems in the form of
base flow to streams. Recharge rates to the regional, deep-
seated flow system are estimated from mass balance and
modelling studies to be approximately 50 mm a-! (Harrar
et al., 1996). Recharge to the confined sections of regional
aquifers included in the PALAEAUX study range from
approximately 40 to 100 mm a1,

Precipitation and evapotranspiration rates have varied
significantly during the past 20 000 years. During glacial
periods recharge and evapotranspiration rates are both
relatively low. Present precipitation in the Netherlands is
between 600 to 900 mm a~!, while during glacial periods it
has been estimated to be only 200 to 500 mm a~! (Zagwijn
et al., 1992). During periods of glaciation, aquifers underly-
ing ice sheets were recharged by meltwater produced at
the base of glaciers due to frictional heating and the geo-
thermal heat flux (Boulton e 4/, 1995). Basal melt rates
have been estimated to be between 1 to 100 mm a~! and
most likely were between 2 to 50 mm a-! for the Fenno-
scandian ice sheet (Boulton e7 al., 1995). These estimates
indicate that recharge to flow systems during the last gla-
ciation by melt water production at the base of ice sheets
was less than or about the same as present recharge rates
to the regional, deep-seated aquifers being studied in this
project in Northern Europe.

Glaciers also produce meltwater due to surface melt in
the ablation zone. Surface meltwater production is up to
four orders of magnitude greater than that of basal melt
and is estimated to be between 1000 to 10 000 mm a™! for
the Fennoscandian ice sheet (Boulton ez a/., 1995). Studies
have indicated that surface melt water does not penetrate
to depth within ice sheets and therefore does not contrib-
ute to basal recharge (Echelmayer and Harrison, 1990 and
Gow et al., 1979). Surface water melt potentially could
have recharged groundwater systems peripheral to the
Fennoscandian ice sheet. However, the presence of re-



gionally extensive permafrost would serve to inhibit sur-
face water infiltration. It is assumed that surface water
melt from glaciers did not recharge the regional, deep-
seated aquifers.

13.3.2 Base Level

Base level represents the ultimate level or elevation that
groundwater within a given flow system wants to achieve.
This is not the same as the depth to which water might
flow on its way to a discharge zone. Rather, base level
defines the hydraulic head in the discharge zone and this
level controls the length of regional flow paths from re-
charge to discharge zones. Thus, base level is important
with respect to both regional hydraulic gradients and resi-
dence times within a flow system.

The present base level for the coastal aquifers being
studied is sea level. Base level for coastal aquifers has
changed during the past 20 000 years in response to global
sea level changes. Global sea levels were at a minimum for
the past 100 000 years at time of last glacial maximum
(LGM). Low sea levels cause the active freshwater flow
system to be deeper and extend further offshore (Meisler
et al., 1984).

The coastal aquifers studied in this project have not all
responded in the same manner to global sea level change.
Atlantic type aquifers which sub-crop along the continen-
tal slope have maintained hydraulic contact with marine
waters since the last glacial maximum. The base level his-
tory of Atlantic type aquifers is defined by the sea level
history. In contrast, North Sea type aquifers, which are
present under shallow inland seas on the continental shelf
and do not extend to the continental slope and as such
have not been in constant hydraulic contact with marine
waters since the last glacial maximum. At the time of the
last glacial maximum, sea level was below the land surface
elevation of these basins and base level was defined by the
elevation of river and lake systems. The base level history
of these aquifers remained fairly constant through the
early Holocene. Rising sea levels inundated the river and
lake systems about 10 000 to 8000 years BP at which time
the base level for the aquifers was defined by the sea level.
It was at this time that the aquifers became the coastal
aquifers recognized at the present day.

13.3.3 Glaciation and Permafrost

The extent of glaciation and permafrost in the PA-
LAEAUX region has been described in Chapter 11. It is
evident that these two features will have a significant im-
pact on groundwater flow patterns within aquifers but it is
not immediately clear whether these effects are the same
in all affected aquifers.

It is clear that permafrost affects the amount of water
able to recharge to aquifers. However it may also affect
discharges from aquifers as natural discharge areas be-
come frozen. This effect has been examined for the case
of the Ledo-Panesalian aquifer in Belgium.

Permafrost may also have the effect of reducing the
bulk transmissivity of the groundwater flow system by
reducing its thickness. Also the water which is frozen in
permafrost is unable to flow which may lead to disparities
in groundwater age within a vertical section of aquifer.

As described in Chapter 11, cutrent literature (Boulton
et al., 1995) suggests that glaciers may have the effect of
increasing significantly the amount of water which re-
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charges aquifers by imposing very high hydraulic heads on
the aquifer under the glacier. The effect of these postu-
lated high heads on three aquifer systems has been inves-
tigated by use of numerical models which have given in-
sight into the significance of this effect on a smaller scale
than that discussed by Boulton and his co-workers.

13.4 Modelling approaches

Groundwater models are commonly used for prediction
and management. In such cases the approach is normally
to make the models specific to an aquifer and include as
many of the features and properties of the aquifer as are
thought to be significant. This leads to numerical com-
puter models of some complexity.

However, modelling serves several other purposes in-
cluding that of providing insight into probable or possible
behaviour. In those circumstances simpler (generic) mod-
els tend to be more useful. It is best to keep the number
of parameters as small as possible and, where appropriate,
work with dimensionless groups of parameters. Often
simplifications lead to analytical solutions although the
solutions may require computer evaluation. Sometimes it
is still necessary to use discretized numerical models (e.g.,
finite difference models) or even complex models but
with simple boundaries and homogeneous aquifer condi-
tions.

In the context of the PALAEAUX project, the types
of question that are best attacked with simple generic
models are:

e Is the current head distribution in an aquifer essen-
tially in steady-state or are heads still adjusting to long-
term changes in sea level or recharge.

e How does the age distribution through an aquifer re-
late to historical boundary conditions.

Analytical and numerical models were applied to evaluate

the response of aquifer systems to changes in sea level,

impact of glaciation and presence of permafrost.

13.4.1 Characteristic times

Groundwater flow systems respond to changes in driving
forces through changes in hydraulic heads, flow paths and
flow rates in an effort to establish equilibrium. The rate at
which flow systems respond to changes in driving forces
is governed by the hydraulic properties of the flow system
and the distance over which the changes propagate.

Flow systems within aquifers can be described by a
number of ‘characteristic’ times. The absolute and, more
particularly, the relative values of these times provide an
immediate indication of the general flow and/or transport
behaviour.

Flow

The characteristic time for flow over distance L in an aq-
uifer of hydraulic conductivity K is given by:
Tr = Lo / Ki

where ny is the kinematic (or effective) porosity and i is
the head gradient. This is the simplest characteristic time
for an aquifer but it must be used with caution for aquifer
‘systems’ (as opposed to a short path through a part of an
aquifer. For an aquifer system the hydraulic conductivity
should be an average over the entire pathway from re-
charge zone to the point of interest.
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Figure 13.3. Characteristic times for pressure changes to propagate through aquifers of different proper-

ties and dimensions.

Pressure change

The characteristic time for pressure changes to propagate
a given distance through an aquifer is well described in
hydrogeological literature and is known as the aquifer
hydraulic diffusion time. (This term relates to the process
of chemical diffusion in that both processes are described
by the 'diffusion’ equation, which is known as Fick’s sec-
ond law within the context of chemical diffusion.)

Hydraulic diffusivity, Dy, is defined in terms of the
transmissivity, T, and the storage coefficient, S, of the
aquifer through Dy = T/S; equivalently, in terms of the
hydraulic conductivity, K, and the specific storage, S, we
have Dy = K/S.. The characteristic time for diffusion
over distance L is given by:

Tp=12/Dy=L12S/ T=12S,/ K

Figure 13.3 shows the range of diffusion times for a
variety of aquifers. As can be seen the characteristic time
for an aquifer with a transmissivity of 500 m? d-! a storage
coefficient of 104 and a length of 100 km is about 5 years.
This is a very short time in the context of palaco-
hydrogeology and indicates that pressures in the systems
in which we are interested will equilibrate relatively quickly
after, for example, a change in sea level or recharge rate.

This analysis does not represent cases where there ex-
ist pressure differences due to density variations. Such
pressure differences can take much longer to come to
equilibrium. Those situations are considered below under
the heading of 'interface movement'.

Quasi-steady-state conditions

The relative values of Tr and Tp determine whether the
pressure (or head) distribution in a system can be ap-
proximated as quasi-steady-state: if Tr is much larger than
Tp, pressure transients can be ignored in determining flow
times and hence ages. From the above expressions, in
terms of hydraulic conductivity, the condition Tr >> Tp
becomes
LSd / ne << 1
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Taking as upper limits the values of L=10° m, S,;=10-> m-!,
i=10" and as a lower limit n,=102 makes the expression
on the left of this inequality equal to unity. This strongly
suggests that quasi-steady-state conditions can normally
be assumed for regional-scale flow and transport in pa-
laco-aquifers.

Interface movement

Another characteristic time, which is of great relevance to
this project, is the time taken for a saline interface to
move towards a new steady state position as a result of a
change in hydraulic conditions (normally a change in sea
level, recharge rate or pumping). Such a time is not evi-
dent in the hydrogeological or hydrogeochemical literature
and is worthy of some consideration.

The position of the interface is controlled by the hydraulic
properties of the aquifer (T and S) and the recharge rate as
well as the aquifer geometry. The combination of these
parameters defines the head gradients etc in the aquifer
which then defines the flow rates etc for the interface
position.

Atlantic type aquifer

Lowering of sea-level: The movement of the coastline
caused by the reduction in sea-level will drive the interface
out towards the sub-crop. As the interface moves, the
saline water which is to be replaced by fresh will flow out
through the sub-crop area and into the sea. The control-
ling feature of this flow is the availability of fresh water to
drive out the saline water. Thus the time for this to occur
will depend on recharge rate and the aquifer porosity and
the distance which the interface will move. For a recharge
rate of 40 mm a~!, porosity of 0.1 the interface can move
at a2 maximum rate of 0.4 m a-'. The distance that the in-
terface will move can be approximated as the distance that
the coastline moves. So for a change in coastline of 10 km
the characteristic time for the interface movement is
25000 years. (Time = distance coastline moves/ (recharge
rate/porosity)).



Elevation of sea-level: After a rise in sea-level and conse-
quent movement of the coastline the saline interface will
move inland, following the coastline. The saline water
requited for this movement will come from the sea
through the sub-crop of the aquifer. For the interface to
move the freshwater must be displaced and this water will
either go up through the semi-confining layers above or
be expelled at the land-side subcrop. The pressure gradi-
ent driving this flow is difficult to define but is generated
by the density difference between the fresh and saline
water and as such is very small (a head difference of <1 m
can be envisaged). The flow rate through the semi-
confining layer depends on its thickness and hydraulic
conductivity. Using representative values for these pa-
rameters of 100 m and 104 m/d and a head difference of
1 m gives a flow rate of 10 m/d. An aquifer porosity of
0.1 and a thickness of 100 m (as assumed above) will give
a rate of interface movement of about 0.004 m a-! which
is 100 times slower that the speed at which the interface
moves after a lowering of sea-level. It should be empha-
sized that this rate is calculated using a driving head dif-
ference of 1m. As it is unclear whether this value is realis-
tic some numerical modelling of this situation has been
carried out. This is described in more detail below.

North-Sea type

Lowering of sea-level: The movement of the interface will
be controlled by the rate at which the saline water can be
moved. This will have to discharge through the overlying
layers and so the rate of movement will be similar to that
described above for the Atlantic-type when the sea level
rises.

Raising of sea-level: In this case both the saline water and
the freshwater must move through the overlying layers.
Thus the problems described above are relevant. The rates
of movement calculated above are the best that can be
done in a simplistic manner and so a numerical model
(described below) is used to further understand the rele-
vant timescales.

Summary

Consideration of the timescales involved in different as-

pects of the groundwater flow systems indicates that:

e The relevant timescale for the equilibration of the
heads in the aquifers is the hydraulic diffusion time.
This gives timescale of the order of 1-100 years for
the aquifers considered in this project.

e The timescale for the movement of the saline interface
is more complicated and depends on the aquifer ge-
ometry.

e The rate of movement is controlled by the availability
of water to replace the existing fresh or saline water.

e The properties of the overlying semi-confining layers
are very important.

e The timecales for these processes are often in excess
of 10 000 years.

e Numerical modelling is required to understand the
head differences generated by density differences.

13.4.2 Saltwater-freshwater interface

Coastal aquifers are characterized by a freshwater flow
system that discharges to the sea by upward seepage
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through overlying semi-confining layers. The freshwater
flow system is bounded seaward by saltwater. The two
fluids are separated by a mixing or transition zone (Coo-
per e/ al., 1964). In this zone saltwater and freshwater mix
and move seaward resulting in flow of saltwater towards
the transition zone. The shape and position of the transi-
tion zone is dependent upon the volume of water dis-
charging from the aquifer and the offshore distance over
which the discharge occurs.

Across the transition zone, the concentration and den-
sity of the water varies between that of freshwater and
saltwater. If the flow system is in steady-state, the width of
the transition zone is controlled by diffusion and the dis-
persive characteristics of the aquifer system (Freeze and
Cherry, 1979, p. 377). The thickness and width of the
transition zone may increase in response to variations in
recharge and tidal fluctuations (Kohout, 1964, Cooper,
1964 and Henry, 1964). A transition zone that is about
500 metres thick and 16 to 24 kilometres wide is present
off of the north-east coast of the United States (Meisler,
1984). The broad width of this zone is attributed to large-
scale global sea level fluctuations resulting in the circula-
tion of saltwater due to the transient movement of the
shoreline. Connate water in low-permeability sediments
deposited under marine conditions can also contaminate
offshore freshwater (Das Gupta and Yapa, 1982). The
mixing of connate saltwater with offshore freshwater can
complicate the delineation of processes controlling the
width of the freshwater-saltwater transition zone.

In this study, analytical and numerical simulations
were conducted in order to investigate the hydrogeologic
and climatic controls on the steady-state and transient
location of the saltwater-freshwater transition zone. It is
assumed that the freshwater and saltwater do not mix and
are separated by a sharp interface. The sharp interface is
located where the pressure from a column of freshwater is
balanced by the pressure exerted by a column of sea water
(Hubbert, 1940). The sharp interface has been shown to
coincide with a concentration that is 40% of seawater and
thus tends to underestimate the seaward extent of the
saltwater-freshwater interface seawater (Henry, 1964). The
sharp interface approach is appropriate for use in simulat-
ing the position of the freshwater-saltwater interface in
regional flow systems dominated by advection (Reilly and
Goodman, 1985).

Steady-state location of saltwater-freshwater interface

A simple steady-state model has been developed in the
form of an Excel spreadsheet to simulate flow through a
semi-confined coastal aquifer. The main objectives of the
modelling are to determine the sensitivity of steady-state
position of the saltwater-freshwater interface and resi-
dence times within the flow system to hydraulic properties
of the aquifer system, changes in sea level and onshore
hydraulic gradients.

The flow system is conceptualized as consisting of a
regionally extensive aquifer overlain by a continuous semi-
confining layer (aquitard). The aquifer is exposed at the
land surface in the recharge zone and the flow system dips
uniformly offshore (Fig 13.4). The aquifer and aquitard
are both assigned a constant thickness of 100 metres. This
allows the model results to be presented in terms of the
ratio of the horizontal permeability of the aquifer to the
vertical permeability of the aquitard.
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Figure 13.4. Schematic representation of semi-confined aquifer system used to determine the position of

the saline interface.

Assumptions:

(i) Flow is steady-state.

(i) The aquifer is homogeneous and of uniform thickness.

(iii) The flow is parallel to the base of the aquifer (Dupuit
assumption).

(iv) Upward leakage occurs through a homogeneous aqui-
tard (semi-confining layer) of constant thickness in a
direction normal to the aquifer.

(v) To the landward side of the coast the upper surface of
the aquitard is a seepage face.

(vi) To the seaward side of the coast the upper surface of
the aquitard is in direct contact with the sea.

(vii) The aquitard is full of fresh water out to the interface
in the aquifer with seawater.

(vii) There is a sharp interface between saltwater and
freshwater.

(ix) The saltwater is static, so the Ghyben-Herzberg condi-
tions apply at the interface.

A series of simulations were first performed to deter-
mine the sensitivity of the location of the steady-state
interface to the vertical hydraulic conductivity of the aqui-
tard. The aquifer hydraulic conductivity was specified as
104 m s7! and a thickness of 100 m was assigned to the
aquifer and the aquitard. A constant head value of 100 m
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Figure 13.5. Relationship between interface position and aquifer
or aquitard permeability.
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was assigned to the recharge zone at a location of 50 km
from the coast. The results are presented in Fig 13.5 and
show, for a given regional hydraulic gradient (as defined
by the head in the recharge zone and distance to the
coast), the sensitivity of the interface location to the ratio
of the aquifer (horizontal) to aquitard (vertical) hydraulic
conductivity. The interface is located at about the coast-
line for hydraulic conductivity ratios of 100:1 and moves
offshore as the ratio increases and is located 86 km from
the coast for hydraulic conductivity ratios of 100 000:1.

This result is explained as follows: The volume of
groundwater flowing through the aquifer at the coast must
discharge to the sea through the semi-confining layer. For
a given hydraulic gradient, this volume of water increases
as the aquifer transmissivity becomes larger. Thus, for a
given semi-confining layer hydraulic conductivity, the
offshore distance to the interface must increase because a
greater length of the semi-confining layer is needed to
discharge the increased volume of water.

A series of simulations were also performed to deter-
mine the sensitivity of the location of the steady-state
interface to the regional onshore gradient as defined by
the head in the recharge zone and the distance from the
recharge zone to the coast. Simulations were performed
for a range of hydraulic gradients and ratios of aquifer to
aquitard hydraulic conductivity. Results are presented in
Fig 13.6 and show how the steady-state interface position
is sensitive to both the regional hydraulic gradient and the
aquitard permeability

Time to reach steady-state interface position

Much modelling of saline interface problems use the
steady-state position of the interface as a starting condi-
tion. This is done for computational simplicity and also
because this is the way that most other groundwater mod-
elling is carried out. A steady state model is first developed
to ensure that the boundary conditions etc. are reasonable
and consistent and then transients are imposed e.g. in-
creased pumping, changed recharge.

To find out whether this a sensible approach to coastal
aquifer modelling and in order to get a feel for how the
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saline interface moves when there is a large change in sea-
level a numerical model was developed. The model was
based on the Aveiro aquifer described in the Portugal
section of this report. The modelling package used for this
work is the USGS code SHARP (Essaid, 1990) which
simulates fresh and saltwater flow in layered aquifers using
the sharp-interface assumption. The model accommodates
multiple layers but in this case a single aquifer covered by
a leaky confining layer was simulated.

The situation modelled is shown in Fig. 13.7. This is a
very simplified version of a section through the Aveiro
aquifer perpendicular to the coast which extends to the
edge of the continental shelf where the aquifer is thought
to outcrop. This position is below both the present and
historical sea-level. The main features of the model which
affect the position and movement of the interface are: the
aquifer permeability, the recharge rate and the vertical
permeability of the confining aquitard as well as the physi-
cal dimensions of the modelled region.

The model was set-up so that it gave a steady-state in-
terface position near the present day coast line. This re-
quired the imposition of quite a small recharge rate and a
low aquitard permeability. The effect of increasing the
aquitard permeability is to make the interface much
steeper, which makes the movement more difficult see.

With the sea-level lowered by 130 m, the same re-
charge and physical properties are used to give a new
steady-state head and interface distribution. This resulted
in an aquifer which was flushed completely by freshwater,
which is as expected as the aquifer outcrop is quite close
to the coast.

The head distribution calculated for this steady state
condition was used as a starting condition for a transient
model run in which the sea-level was returned to its pre-
sent day position. This simulates an instantaneous rise in
sea-level. The position of the interface is plotted in Fig
13.8 for various different times. As can be seen the inter-
face does not move very fast and after 30 000 years has
not yet reached the steady-state position. The speed of

Table 13.1. Parameters used for the SHARP model as shown in
Figs. 1.7 and 1.8.

Property Value used
Aquifer permeability 104 ms!
Aquitard permeability 10 ms-!
Aquifer porosity 0.2
Recharge rate 15 mm a!
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Figure 13.7. Schematic cross-section of modelled Aveiro aquifer
showing the position of sea-level and the coast.
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Figure 13.8. Movement of saline interface after instantaneous
increase in sea-level

movement of the interface is affected by the porosity of
the aquifer and by the permeability of the aquitard.

13.4.3 Impact of glaciers on regional groundwater flow systems

The effect of glaciation on three of the aquifers studied in
the PALAEAUX project has been examined by using
numerical models to consider the effect of the Boulton
hypothesis (Boulton, 1995, see also Chapter 11). The three
aquifers differ in their geometry in relation to the advanc-
ing glacier

Nortly Belginm

Northern Belgium was ice-free during the Weichselian
period but during the previous glacial period, the Saalian,
the European ice sheet had its southernmost extension,
reaching the central part of the Netherlands. Because the
Ledo-Paniselian aquifer in North Belgium is located on
the south edge of the large sedimentary North Sea basin
and dips to the north, it is possible that during the Saalian
period the ice sheet changed the groundwater flow in the
aquifer system below it, including the ILedo-Paniselian
layer. This possibility was investigated with a cross-
sectional flow model simulating the impact of a 250 m
thick ice cover in the North Nethetlands.

The model simulates flow in a long and deep profile,
starting from the Central Netherlands in the north and
reaching the outcrop of the Ledo-Paniselian in the south.
Only groundwater flow is simulated, no changes in the
fresh/salt water interface are calculated. Because the layers
dip to the north, they occur at large depth near the north
side of the profile, where available data are scarce. The
depth and thickness of the layers is therefore derived from
extrapolating data from the south half of the section. The
hydraulic characteristics used are based on values found in
the Belgian part of the profile.

Two physical conditions were incorporated in the
model, to include the effects of the glacial conditions.

e The boundary conditions under the ice sheet. This is
done by imposing a high piezometric level at the bot-



tom of the ice sheet, which is equal to estimated
height of the ice cover (Boulton, 1995).

e The occurrence of a permafrost layer at the surface in
the rest of the section. This is done by introducing a
low-permeability layer under the surface. The land sur-
face is considered at a constant piezometric level a lit-
tle under the estimated topographic elevation at that
time.

The estimated thickness of the ice sheet is up to 250 m

(Zagwijn, 1975). Three calculations have been done with

50, 100 and 250 m of ice-sheet thickness. All three gave

similar results in terms of direction of groundwater flow,

although the velocities of the flows were different. The
results indicate that the high pressures under the ice sheet
penetrate very deeply in the whole aquifer system. Much
water is drained in the upper part of the reservoir from
under the ice sheet southwards. Here the groundwater
under the permafrost layer was under pressure and could
have been drained by cracks in the permafrost layer or
where rivers formed ‘thermal boundaries’ under which the
permafrost layer was absent or reduced. In the deep part
of the aquifer system the propagation of the high-pressure
front caused a pushing up of the deeper waters, towards
the south and the upper parts of the layers. Distribution
of fresh and salt water in this part of the reservoir may
have been influenced by the ice sheet as freshwater is in-
jected into the system from the glacier. However, the flow

vectors indicate that the water displacement during a

thousand year time interval is small. Significant changes in

salinity require a thick ice sheet (at least a few hundreds of
metres) during a sufficiently long time (a least several ten
thousands of years).

East Midlands aguifer

The sandstone aquifer of the East Midlands is recharged
at the outcrop area which is a linear feature running N-S.
The aquifer dips in an W-E direction towards the North
Sea. To the east of the outcrop area the aquifer is con-
fined under a thick layer of low-permeability Mercia Mud-
stone. Under present conditions the water which re-
charges the aquifer flows towards the east into the con-
fined layer. There is no obvious discharge point for this
aquifer as it continues to dip eastwards reaching a depth
of over 800 m below the coast. The groundwater circula-
tion is therefore controlled by slow seepage up through
the confining layers.

During the last Ice Age glaciers spread from the north
to cover both the recharge area of the aquifer and the
confining layers to the east. The effect of this glaciation
on flow in the aquifer was investigated using a numerical
flow model by assuming that the Boulton hypothesis is
correct. The glacier was modelled as travelling southwards
preceded by zone of permafrost which was assumed to
behave as a barrier to flow. Basal melting rate from the
glacier was applied under the glacier with the head con-
strained to 80% of the presumed glacier thickness. The
movement of water in the aquifer was examined using
particle tracking.

The permeability of the confining layer is such that it
is not able to transmit all the water melting at the base of
the glacier, which leads to a build up of hydrostatic pres-
sure. This pressure is transmitted rapidly (see section on
characteristic times) through the confining layers to the aqui-
fer where it changes the flow direction. In front of the
glacier front the flow direction is now predominantly
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from north to south. The only variation to this flow direc-
tion is under the outcrop area where the permeability al-
lows more water to move. In this area the flow is out of
the aquifer.

It can be concluded that the overall effect of the glaci-
ation is to push water from north to south within the ag-
uifer. There is no evidence from the modelling that water
will be pushed deeper into the aquifer than the present
flow system. This conclusion is specific to the geometry
of this aquifer.

Danish coastal aquifer

The geology of south-western Jylland, Denmark consists
of 20 to 40 m of Quaternary sediments overlying a west-
ward dipping sequence of Tertiary clastic sediments. Lo-
cally, deep valleys filled with Quaternary sediments are
present in castern and western Jylland. Regional ground-
water flow patterns are controlled by the hydraulic proper-
ties of the Tertiary sediments that are characterized by
low-permeability clays in the eastern, high permeability
sands in central and a mix of low-permeability clays and
high permeability sand in western Jylland. Weischselian
glaciers occupied the area underlain by low-permeability
Tertiary clays and the maximum extent of glaciation coin-
cides with the eastern extent of the high permeability Ter-
tiary sediments.

Numerical simulations of regional groundwater flow
beneath the Weischselian ice margin in western Denmark
show that the basal meltwater infiltration rates and the
subglacial hydraulic heads are sensitive to the regional
aquifer hydraulic conductivity and the vertical hydraulic
conductivity of the till underlying the glacier. Base melt-
water infiltration rates are low, yet subglacial hydraulic
heads are high when the ratio of the aquifer hydraulic
conductivity to till vertical hydraulic conductivity is 1000:1
or less. Ratios of 10 000:1 or greater promote increased
basal meltwater infiltration and low subglacial pore water
pressures. The average hydraulic conductivity of the re-
gional Tertiary aquifer system in western Denmark is
7.0x104 m/s (Chapter 3) and the vertical hydraulic con-
ductivity of shallow till deposits in western Denmark
ranges from 1.0x108 to 1.0x10° m s! (Jorgensen e al.,
1998). Modelling results using these values suggest that
the hydraulic conductivity of the regional aquifer was high
enough to transmit the basal meltwater produced by the
Fenno-Scandian ice without the development of high hy-
draulic heads beneath and peripheral to the glacier. These
results contradict those of Boulton ez a/. (1995) where it is
concluded that high hydraulic heads beneath Pleistocene
ice sheets resulted in the propagation of major pressure
pulses through groundwater flow systems beneath and
peripheral to the glaciers and that flow systems were
completely reorganized.

Summary

This modelling, assuming the Boulton hypothesis (as de-
scribed in more detail in Chapter 11), has shown that the
effect of glaciation is aquifer specific. If the glaciers can
provide reasonable recharge rates at high heads then the
flow system in underlying aquifers will be affected in a
way dependent on the relative geometries of the aquifer
and the glacier.
e Belgium: the Saalian ice sheet which reached central
part of Netherlands reversed flow patterns in Ledo-



Panesalian aquifer from normal south to north direc-
tion to north to south direction.

e UK: During the glaciation little ‘extra’ recharge oc-
cutred to the aquifer and the change in groundwater
flow directions meant that freshwater was not pushed
further into the confined part of the aquifer than
would have occurred without the glaciation.

e Denmark: The combination of till and aquifer perme-
abilities is such that the glaciation did not result in
‘pulses’ of pressure being transmitted through the aqg-
uifet.

13.4.4 Impact of permafrost conditions on groundwater flow

As mentioned in Chapter 11, permafrost can have a sig-

nificant effect on the regional hydrology of affected aqui-

fer systems. Here the Ledo-Paniselain aquifer of Northern

Belgium is used as an example. The effect which is of

most interest is the reduction in recharge which occurs as

the surface is frozen

The Ledo-Paniselian aquifer lies in a region which
was never covered by an ice sheet, but which has seen, at
least during the Last Glacial Maximum (LGM), periglacial
conditions. Surface temperatures must have been low
enough for the development of a permafrost layer. The
occurrence of the permafrost has severely influenced the
flow in the aquifer system, in the first place by reducing or
suspending the recharge of the water table. The model
described in Section 11.3 gives some indications about the
expected thickness of the permafrost layer given certain
surface conditions. In this section the impact of this per-
mafrost layer on the piezometric levels in the aquifer sys-
tem below are considered.

A schematic four layer hydrodynamic model was con-
structed using the MODFLOW code, to simulate the im-
pact of the suspension of the recharge of the water table
and prevention of discharge in a 40 km long north-south
profile. The simulation period was restricted to 10 000
years which is roughly the length of the last glacial maxi-
mum. This model simulates only groundwater flow and
doesn't account for the presence of the permafrost layer
itself, which can grow in the 10 000 year interval to a sig-
nificant thickness, freezing the top of the considered pro-
file and immobilizing the groundwater.

The main characteristics of the model simulations are
as follows:

e The simulation first calculates a steady state situation
during which the aquifer system is recharged over a 5
km long section (recharge rate 0.1 mm/day) near the
south end of the profile (present situation). During the
second part of the simulation the recharge and dis-
charge is halted and transient flow in the profile is cal-
culated.

e It is assumed that in the Ledo-Paniselian aquifer the
hydraulic head under the sea equals the sea level. Dur-
ing the LGM sea levels were around —150 m, and the
shoreline is taken at a distance of 500 km to the north.

e Near the south side where the Ledo-Paniselian layer
outcrops, a constant head boundary is imposed during
the steady state calculation, representing drainage to
surface waters. This constant head boundary is re-
moved as a permafrost layer prevents groundwater
flow to the surface.
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Table 13.2. Calculated piezometric levels in the simulated pro-

file
TIME (a) Point 1 Point2  Point 3 Point 4
before perma- 28.99 13.44 —0.05 10.00
frost
1 28.66 13.81 1.13 11.07
10 26.17 16.26 1.52 15.77
100 15.50 12.71 3.52 12.93
1000 4.49 4.33 3.09 4.35
10000 —24.89 —25.03 —26.02 —25.00

The results are considered as calculated hydraulic heads in

function of time for four selected observation points in

the profile

e Point 1 gives the water table in the recharge area

e Point 2 gives the hydraulic level in the Ledo-Paniselian
aquifer under the recharge area

e Point 3 gives the hydraulic head in the Ledo-Paniselian
aquifer near the north side of the profile

e Point 4 gives the water table elevation in the outcrop
area of the Ledo-Paniselian aquifer

The calculated values after 1, 10, 100, 1000 and 10 000

years are given in Table 13.2.

The main conclusions that can be drawn from the simula-

tions are:

e The water table in the recharge area (Point 1) starts
lowering from the moment that recharge is suspended.

e In the Ledo-Paniselian aquifer the piezometric levels
increase initially (Point 2). This is due to the fact that
the permafrost layer in the outcrop area prevents
groundwater drainage to surface waters.

e In the outcrop area water levels will also rise initially
and the water under the permafrost layer is overpres-
sured.

e After more than 10 years the piezometric levels in the
Ledo-Paniselian become higher in the outcrop area
than under the recharge area.

e As the water levels in the Ledo-Paniselian are lower-
ing, the horizontal flow velocity decreases. After
around 300 years the difference in water level between
the recharge area and at the downstream side of the
profile (Points 2 and 3) is small and hence the hydrau-
lic gradient becomes small and so goundwater flow
becomes less significant. Further lowering of the heads
under influence of the low sea levels will slow down
the flow even more.

e After around 100 years the piezometric levels in the
Ledo-Paniselian aquifer near the north end of the pro-
file start increasing. This continues for several centu-
ries until they finally drop to much lower values.

e After 10 000 years the piezometric levels in the whole
profile are between —20 and —30 m, which is between
30 and 40 m lower than today. By that time, the per-
mafrost layer may have grown so thick that the upper
section of the simulated profile (or even maybe the
whole profile) was completely frozen and water
movement nearly impossible.

As a main conclusion it can be stated that at least for the

Ledo-Paniselian aquifer in North Belgium a permafrost

layer can have caused a severe lowering of piezomettic

levels and a consequently slowing down of the groundwa-



ter flow in the northward direction. It requited a few
thousands of years to reach levels which were much lower
than today.

13.5 Conclusions

Saltwater Interface

The steady-state position of the saltwater-freshwater inter-
face is sensitive to the ratio of the aquifer to aquitard hy-
draulic conductivity (regional anisotropy), the hydraulic
gradient from the recharge zone to the coast and the hy-
draulic head at the coast. The steady-state interface moves
further offshore for increasing values of the regional ani-
sotropy, onshore hydraulic gradients and hydraulic head in
the aquifer at the coast. A critical value of 1000:1 for the
ratio of aquifer to aquitard hydraulic conductivity exists
for the range of aquifer hydraulic conductivity and on-
shore hydraulic gradients evaluated. The interface was
located offshore for ratios of the aquifer to aquitard hy-
draulic conductivity greater than 1000:1

Atlantic-type aquifer

e Direct hydraulic connectivity to sea where aquifer sub-

crops along continental slope.

Base level history defined by sea level history.

Changes in sea level propagate through system at rates
dominated by aquifer hydraulic conductivity and stor-
age, hydraulic heads stabilize relatively quickly, charac-
teristic times for pressure changes to propagate
through system order of 10s to 100 years,

e Flow responds less quickly than pressure, controlled
by aquifer hydraulic conductivity and porosity, re-
gional gradients

e Encroachment of saltwater interface associated with
sea level rise takes a long time (order of 10 000 years)
controlled by aquifer properties (K,ny) and offshore
gradients
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e Offshore horizontal gradients become very low, salt-
water encroachment controlled by hydrodynamic dis-
persion (advection associated with density gradients
and diffusion)

e Hydraulic heads and freshwater flow systems probably
close to steady-state

e Saltwater interface not at steady-state

North Sea type aguifer

e No direct hydraulic connectivity between aquifers and
sea, connectivity controlled by thickness and bulk ver-
tical permeability of semi-confining layers

e Base level history defined by location and elevation of
rivers and lakes in offshore North Sea during the Late
Quaternary through early Holocene, base level defined
by sea level when rivers and lakes inundated by rising
North Sea, aquifers did not become coastal aquifers
until some time during the Holocene

e Changes in sea level propagate through system at rates
dominated by properties (K and S) of semi-confining
layers overlying aquifer, hydraulic heads stabilize not
so quickly, characteristic times for pressure changes to
propagate through the system are of the order of 100s
to 1000 years

e Tresh water flow system controlled by hydraulic prop-
erties of semi-confining layer

e Saltwater encroachment into aquifer controlled by
competing upward hydraulic gradients in flow system
and downward chemical gradients

e Hydraulic head probably not at steady-state, in re-
sponse to rising sea level changes in hydraulic head
must propagate first through semi-confining layer and
then through aquifer.

e Saltwater interface not at steady-state, time to steady-
state unknown, governed by different processes than
Atlantic type aquifers,

e North Sea type aquifers may never develop a true in-
terface, but instead have very broad and deep transi-
tion zone.



14 Hydrochemical modelling as a tool for understanding

palaeowaters

14.1  Introduction

The rapidly increasing power of computers, combined
with the development of increasingly sophisticated ana-
lytical models for geochemical systems have made hydro-
geochemical modelling a valuable tool in understanding
the formation processes and evolution of hydrogeological
systems. This chapter first discusses the recent develop-
ments and approaches to modelling groundwater chemis-
try. Then three case studies are described in which the
application of hydrogeochemical modelling to aquifers
studied in the PALAEAUX project is illustrated.

Groundwater quality is the result of a complex inter-
play of several physical and chemical processes. In gen-
eral, groundwater quality may be traced along a flowpath
from the sampling point back to the source area. Along
the flowpath a number of physical and chemical processes
take place, 7. there is a residence time related to small
flow velocities of the order of 1 m a!, there is mixing
with other waters due to dispersion and diffusion, and all
the time there is chemical interaction between water and
sediment in response to variations in flow velocities and
paths and water qualities. The correct interpretation of #C
ages is of particular interest in the framework of PA-
LAEAUX. Carbon-14 allows an age to be estimated for
waters in many of the studied aquifers. However, carbon
is affected by geochemical reactions, and #C ages must be
corrected. Carbonate reactions, ion exchange and redox
reactions, and their interplay, are definitely important reac-
tions to be considered.

Two types of models are currently used for describing
hydrogeochemical reactions (Plummer, 1992; Parkhurst
and Plummer, 1993). One type of model balances the reac-
tions that have occurred between two sampling points.
The analyzed water qualities are entered together with a
set of feasible reactions, and the computer program calcu-
lates mass transfers for the indicated reactions. The an-
swer will always be a description of the observed water
qualities, although analysis inaccuracies may prevent a
solution being found. This type of modelling is also
termed znverse modelling.

The other type of model calculates the evolution of
water qualities during #ransport, based on a set of reactions,
and given initial and boundary water qualities. The results
can be compared with observed water qualities, and may
be completely wrong. The comparison will show how well
we understand the chemical and physical processes that
are active in the subsoil. This type of modelling is also
called forward modelling.

14.1.1 Mass balance models

Mass balance models try to find reaction schemes for the
observed concentration changes between two sampling
points. The extent of each chemical reaction o, (mol/1),
multiplied by the stoichiometric coefficient 4,, for compo-
nent 7 adds a term 4,; X ., to the change in concentration
between two wells:
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Amj‘,,‘ = M7 (final) = 7727, (initial) = z, b, *xa,
where 7;; indicates the total concentration of component
i For example if gypsum (CaSO42H>0) and calcite
(CaCOs3) react, we have:

Am‘j‘,Ca =1x Olgypsum +1x Qlecalcite

Anrr50, = 1 X Olgypeum

A”/T,TIC4 =1x ac(ifitc
(TIC is total inorganic carbon). The extent of the reaction
o, may be positive (indicates dissolution) or negative (in-
dicates precipitation). The set of linear equations is solved
for the o,

Computer models that solve the mass balance equa-
tions are BALANCE (Parkhurst e a/., 1982), NETPATH
(Plummer ez 4., 1994) and PHREEQC (Parkhurst, 1995).
All three programs have specific features. The oldest pro-
gram, BALANCE, is still useful as it allows for an easy
definition of reactions or parameters which are not part of
the standard database. An input file can be constructed
with an interactive version (BALNINPT). NETPATH is
particularly useful as it contains reactions for isotopes of
C, N, O, St and S in the standard database. NETPATH
also contains an input processor which allows a database
of water samples to be maintained.

Both BALANCE and NETPATH require that the re-
actions exactly match. This means that in the above given
reaction set for calcite and gypsum, the change in Ca?*
concentration must be exactly equal to the sum of the
changes of SO4* and TIC. Analysis inaccuracies must be
polished away, otherwise these programs print out “no
model could be found”. PHREEQC adds another capa-
bility to mass balance modelling by allowing for analysis
inaccuracies. PHREEQC thus will find a “solution” for
any mass balance problem, provided that the uncertainty
for a parameter is stated to be large enough to allow for
adaptation of concentration differences to the reactions.

Mass balance models have been applied to a wide
range of problems: to spring water quality that is the result
of weathering in granite area (Garrels and Mackenzie,
1967), to evaporating lakes (examples in Plummer e a/.,
1994), and to reactions along flowlines in aquifers, espe-
cially for finding the extent of dedolomitization as result
of dissolution of gypsum (Plummer e# a/., 1990), carbonate
reactions and C isotope evolution (Plummer ef al., 1990,
1994; McMahon and Chapelle, 1991).

Several aspects of mass balance models require atten-
tion. One is that the models do not consider thermody-
namic constraints on mass balance calculations. The user
must check that the saturation state of the water is in
agreement with the calculated dissolution or precipitation
reaction. For example, that plagioclase is not precipitating
while the solution is subsaturated. Or, that calcite is not
dissolving while the water is supersaturated. Another as-
pect of the mass balance models is that they assume that
steady state exists; water samples along a flow path are
usually taken at the same time and differences in water
chemistry are assumed to be solely due to reactions with
minerals and not to temporal variations in the composi-
tion of water entering the system.



Still another aspect of these type of models is that they
give the net extent of the reactions between two points,
and assume a homogeneous reaction between the points
of analysis. No provision is made for reaction inversion,
meaning that o, is negative in part of the flowline, and
positive in other part(s). This option is not hypothetical.
Soils may contain a weathering profile with a sequence of
different minerals in different horizons. In the upper hori-
zons the primary minerals of the rock may have dissolved
completely, and only secondary minerals remain as weath-
ering residues. These dissolve in downward percolating
soil water. In the lower soil horizons the rock minerals
continue weathering, and again secondary minerals are
formed which possibly have dissolved in upper horizons.
Water sampled in a spring will thus have passed a stage of
dissolution of secondary minerals, and another stage
where the same minerals precipitated (or formed) while
primary minerals dissolved (weathered). Also for carbon-
ate reactions in freshening aquifers, a sequence of dissolu-
tion and precipitation stages may take place. Initially, cal-
cite will dissolve in soil water. When salt water is flushed
downstream in the aquifer, proton exchange occurs,
which leads to supersaturation with respect to calcite. On
the other hand, other parts of the same flowline may again
show dissolution of calcite in the aquifer due to cation
exchange.

14.1.2 Hydrogeochemical transport models

Hydrogeochemical transport models solve the advection-
reaction-dispersion (ARD) equation. For one dimension
the equation is:

where the left hand side gives the change in concentration
with time at a given position, while the three components
of the right hand side contain the terms advection, reac-
tion and dispersion respectively. C is the concentration in
solution (mol L), 4 the concentration in the solid also
expressed as porewater concentration (mol L), » is the
porewater flow velocity (m s~!), D is the dispersion coeffi-
cient (m? s7!), and 7 and X are time (s) and distance (m),
respectively. Classically, the equation is solved for three
dimensions and for relatively simple reactions (MOD-
FLOW, MOC and MICROFEM are popular programs
with modules for reaction calculations), or in one dimen-
sion and for more complicated reactions (PHREEQM).
In recent years a great progress is being made in incorpo-
rating the full spectre of hydrogeochemical reactions in 2
and 3D simulations (Yeh and Tripathi, 1989; Walter ¢ 4/,
1992; Engesgaard and Traberg, 1996; Wundetly e al,
1996).

The results of forward modelling depend completely
on the appropriateness of the reactions which are included
in the model. The first models had ion exchange as sole
reaction (Valocchi ef al., 1981), then calcite dissolution and
precipitation was incorporated as an equilibrium reaction
(Schulz and Reardon, 1983; Appelo and Willemsen, 1987),
and subsequently other, more complicated reactions were
included as the models evolved and computers were made
faster (Appelo and Postma, 1993; Parkhurst, 1995; Wun-
detly ez al., 1996). The most recent advances are inclusion
of surface complexation, which is essential for modelling
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of trace metal behavior, and of kinetics in a completely
free, user definable manner (Parkhurst and Appelo, 1997).

14.2  Application to the East Midlands aquifer
14.2.1 Introduction

The possibilities of using inverse geochemical modelling
with PHREEQC to interpret the evolution of some as-
pects of the groundwater chemistry of the East Midlands
aquifer are tested.

The geochemistry of the East Midlands aquifer is de-
scribed in (Edmunds and Smedley, in press; Edmunds e#
al., 1982, Bath et al., 1987). The aquifer is confined and
may be considered as one single hydraulic unit. The natu-
ral flow gradients are from the south-west to the north-
east. The sandstones range from coarse to very fine, but
mostly are of medium grain-size and moderately sorted.
Quartz and K-feldspar are the dominant detrital minerals,
but plagioclase, muscovite, biotite and lithic clasts may
also be present (Bath ez 4/, 1987). Late alterations of the
detrital K-feldspar to illite-chlorite is commonly obsetved,
especially in core material from the deeper part of the
aquifer and dedolomitization has taken place since deposi-
tion by successive groundwater fluxes. These secondary
calcites, in turn, may then have reacted near outcrop lead-
ing to decalcification of the sandstones. The groundwater
chemistry tends to be strongly influenced by the presence
of the trace quantities of these two carbonates (Edmunds
et al., 1982, Bath et al, 1987) Textural evidence is also
found for the former presence of anhydrite within the
sandstone, largely removed as a result of successive fluxes
of groundwater.

Modelling is carried out along flowlines. Initially it was
checked if the inverse model was able to reach a solution.
Earlier modelling with NETPATH already indicated that
variation in climatic and anthropogenic influences at dif-
ferent times throughout the recharge history of the aquifer
would have resulted in different input compositions and
thus render the waters down the hydraulic gradient not
strictly evolutionary. This reduces the reliability of the
inverse model and can lead to the absence of any solution.
In a second step the influence of ion exchange and feld-
spar dissolution processes on the capability of reaching a
solution with the inverse model was evaluated. Due to the
large amount of dissolution/precipitation processes in-
volved, it was not possible to formulate the problem in
such a way that a unique solution could be found. There-
fore in the third step the amount of solutions was reduced
by incorporating thermodynamic constraints. The accept-
able solutions are discussed.

14.2.2 PHREEQC inverse geochemical modelling

Inverse modelling attempts to account for the chemical
changes that occur as a water evolves along a flow path.
Assuming two water analyses represent start and ending
water compositions along a flow path, inverse modelling
is used to calculate the moles of minerals and gases that
must enter or leave the solution to account for differences
in composition. PHREEQC allows uncertainties in the
analytical data to be defined, such that inverse models are
constrained to satisfy mole balances for each element and
valence state and charge balance for the solution, but only
within the specified uncertainties. In PHREEQC 2.0 iso-



tope balance, but not isotope fractionation, can be in-
cluded in the calculations (Parkhurst, 1995).

14.2.3 Description of the modelled problem

Inverse modelling is catried out along a flowline. The
chemical processes determining the evolution of the
groundwater chemistry are estimated. Therefore precipita-
tion or dissolution of selected minerals is allowed to take
place. The following minerals were included; their selec-
tion is based on the mineralogy of the aquifer described in

Edmunds ez a/. (1982), Bath ¢ al. (1987) and Edmunds and

Smedley (in press):

e Quartz (as the main mineral);

e minerals of the carbonate system: Calcite, Dolomite,
COx(g);

Gypsum;
feldspars: Albite, Anorthite and also K-mica replacing
a representative of the K-feldspars;

e [llite and Chlorite;

e ion exchange system: NaX — CaXj,

A strong constraint to the inverse solution of the model

was the 13C-balance. The amount that the 13C in the sam-

ples increased or decreased with the amount added or
withdrawn caused by the dissolution or precipitation of
calcite, dolomite and CO,, should balance. The !3C-
content of dolomite is —2%o, for calcite —7.0%0 (Edmunds
and Smedley, in press) with an assumed uncertainty of
respectively 1.0%o0 and 0.5%o. For COx(g) in a confined
section of the aquifer a value of —16.0%0 was calculated

(Bath ez al., 1979) with an acceptable uncertainty of 2.0%o.

The modelled solutions should involve a minimal amount

of phases.

The evolution of the groundwater quality along three
flowlines (Fig. 14.1) is modelled.

e Flowpath 1: sampling points Ordsall 1 — Hayton 1 —
Peartree. Ordsall 1 is modern water, Hayton 1 is pre-
industrial (Holocene) water and Peartree is catalogued
as late Pleistocene watet.

e Tlowpath 2: sampling points Markham Clinton 1 —
Rampton — Cottam. Markham Clinton 1 is pre-
industrial water while both Rampton and Cottam are
late Pleistocene watet.

e TFlowpath 3: sampling points Markham Clinton 1 —
Grove 2 — Gainsborough 2. Markham Clinton 1 and
Grove 2 being pre-industrial (Holocene) water and
Gainsborough 2 being late Pleistocene water.

The composition of the groundwater samples is
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Figure 14.1. Location of the flowpaths and the sampling points
for the PHREEQC-inverse modelling.

shown in Table 14.1. An uncertainty of 0.05 (5%) was
defined, except for potassium and the alkalinity where
respective uncertainties of 0.15 and 0.5 were assumed.

For the initial part of each flow path it is assumed that
COx(g) is available and dissolution of COxz(g) is possible
during the inverse calculation. This was the case for the
inverse pairs Ordsall 1 — Hayton, Markham Clinton 1 —
Rampton and Markham Clinton 1 — Grove 2. For the
modelled couples further down the flowpath no COx(g)
was available.

14.2.4 Results

The ability of the model to produce solutions is tested
(Table 14.2). It is assumed that finding no solutions for
the posed problem would be caused by the fact that the

Table 14.1. Geochemical data input for the PHREEQC-model.

T pH Eh Ca2*  Mg2*+ Na* K+ HCO3; SO4* Cl- Si BC

°C mV mgl-! mgl-! mgl-! mgl-! mgl-! mgl-! mgl-! mgl- %o
Ordsall 1 10.9 7.87 266 479 19.5 10 2.7 143 38.8 35.4 3.4 —11.7
Hayton 119 7.74 396 415 36.1 6.4 9.0 219 90.3 6.1 3.3 —12.4
Peartree 143 7.72 39 53.6 20.7 9.4 5.1 195 74.5 9.7 3.4 -99
Markham Clinton 1 11.8 823 416  16.8 23.8 42 4.4 169 7.6 7.8 3.4 -11.6
Rampton 141 7.82 101 372 21.2 8.9 4.4 173 55.5 7.0 35 -8.8
Cottam 17.9 7.66 96 50.1 27.0 11.5 4.6 190 89.2 10.4 4.0 ~10.8
Grove 2 133 7.89 104 271 28.0 5.4 7.1 215 22.7 6.3 3.3 -11.8
Gainsborough 2 174 748 164 853 34.3 18.5 5.4 199 201 24.9 4.3 ~10.4

Isotope balance

13C calcite: —7.0%o (£ 0.5%0); 13C dolomite: —2.0%o ( 1.0%0); 13C CO2: =16.0%0 (£ 2.0%o)
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Table 14.2. Amount of solutions for the modelled inverse cou-
ples.

Amount of solution

Total  Excl. feldspar Excl. ion-
dissolution exchange
Flowpath 1
Ordsall 1- Hayton 51 0 14
Hayton- Peartree 22 0 15
Flowpath 2
Markham Clinton 1 — 10 0 3
Rampton
Rampton— Cottam 0 0 0
Flowpath 3
Markham Clinton 1 — 12 0 9
Grove 2
Grove 2 — 18 0 11

Gainsborough 2

flow line conditions are not met, that mixing of water in

depth occurred or that the water types are not evolution-

ary.

The model was not able to reach a solution for the
Rampton — Cottam couple while also for the Markham
Clinton 1 — Rampton couple few solutions were found.
For flowpath 1 an important amount of solutions were
found for both couples.

For the evaluation of the importance of feldspar disso-
lution and ion exchange both processes ate consecutively
taken out of the model. If feldspar dissolution is not al-
lowed to take place none of the inverse couples reaches a
solution. This indicates that feldspar dissolution is an im-
portant part of the geochemical processes along these
flowpaths. Eliminating ion exchange on the other hand
still allows the model to reach solutions.

The PHREEQC-model does not include thermody-
namic constraints on the mass balance equations. Some of
the solutions include mineral dissolution or precipitation,
which are highly unlikely in the given circumstances.
These solutions should be excluded. To reduce the
amount of solutions the following thermodynamic con-
straints wete taken into account:

e solutions including precipitation of Albite or Anorthite
are excluded since the conditions for stability in the
aquifer conditions are not likely to be met;

e ion exchange was only allowed if Ca?" was replacing
Na*; the access of Ca?* in the solution makes it a rea-
sonable constraint.

For two inverse couples two (neatly identical) solutions

were restrained, for another two inverse couples one solu-

tion was acceptable. For the couple Markham Clinton 1 —

Cottam there was no solution.

The resulting solutions are shown in Figs. 14.2 (a) and (b).

14.2.5 Discussion

Since for flowpath 2 no solutions are found, flowpath 2 is
excluded and the discussion is restricted to the invetse
couples of flowpath 1 and 3.

The carbonate system is in both flowpaths (1 and 3)
dominated by the dissolution of dolomite. Initially in both
flowpaths CO; dissolves, but further down along the
flowpath COyis not involved or precipitates. When dissolu-
tion of gypsum is quantitatively important access Ca?* forces
calcite to precipitate. This is very obvious for the couple
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Figure 14.2 (a). Solution of the PHREEQC-model along flow-
path 1 . Upper: inverse couple Ordsall 1 — Hayton. Lower: in-
verse couple Hayton — Peartree. (b). Solution of the PHRE-
EQC-model along flowpath 3. Upper: inverse couple Markham
Clinton 1 — Grove 2. Lower: inverse couple Grove 2 — Gains-
borough 2

Grove 2 — Gainsborough 2 where dissolution of gypsum
seems to be the dominating process.

Three out of four inverse couples indicate guarsz dis-
solving in important quantities. Since quartz has extremely
sluggish reaction kinetics it is unlikely that it is able to
control dissolved silica concentrations. The source of sil-
ica in these cases might be caused by the dissolution of
less stable forms of SiO; such as chalcedony or amor-
phous quartz, or it might be caused by supersaturation.

Ion exchange is in none of the four inverse couples
modelled. It can be concluded that this process, if occur-
ring at all, is likely to be of minor importance along these
flowpaths. Even when ion exchange is eliminated during
the modelling, several solutions for each inverse couple
are found. This was also indicated by the lack of solutions
when only ion exchange was allowed and feldspar dissolu-
tion was eliminated.

Feldspar dissolution and precipitation of illite is one of
the main processes occurring in three out of four cases. In
both flowpaths dissolution of K-mica (which replaces a
representative of the K-feldspars) is initially dominating,
while smaller amounts of albite/anorthite are dissolving
along the whole of the flowpaths. Evidence for the ongo-
ing feldspar dissolution and precipitation of illite was
found in cores from the Gamston borehole drilled near
the confined/unconfined boundary. SEM photographs
clearly indicate the overgrowth of illite-smectite over K-
feldspar (Fig. 14.3(a), in Fig. 14.3(b) the altering of biotite
to illite is also illustrated. The precipitation of halite be-
tween Otrdsall 1 and Hayton is not realistic and probably a
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Figure 14.3. SEM photographs of sample of the Sherwood
sandstone taken from Gamston borehole: (a)biotite altering to
illite (b) illite smectite overgrowth on quartz and K-feldspar.

consequence of the C/ contamination in recently infiltrated

groundwater occurring at Ordsall 1.

In conclusion the modelled examples are inevitably far
from representative for the geochemistry of the aquifer.
Major shortcomings are:

e the results from cach simulation only relate to two
samples, and not to the aquifer as a whole;

e not all minerals are included in the inverse model, only
the interaction with defined minerals and processes
can be modelled;

e thermodynamic as well as kinetic constraints are not
modelled.

However, the inverse modelling makes a mass balance of

the reactions in the aquifer possible and increases insight

in the occurring processes. The conclusions from the four
inverse couples along 2 flowpaths are:

e the geochemistry of the carbonate system dominated
by the dissolution of dolomite, and precipitation of
calcite in the case of important dissolution of gypsum,
as described eatlier is confirmed;

e feldspar dissolution was found as an important proc-
esses determining the geochemistry;

e in none of the modelled cases ion exchange was in-
volved.

The dissolution of feldspars leading to the precipitation of

illite is confirmed by SEM photographs of core samples

from the aquifer. Kaolinite, also observed as a major sec-
ondary phase, is not included in the model runs. Further
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evidence from this aquifer is given in Chapters 5, 11 and
12.

14.3  Application to the Ledo-Panisleian aquifer
14.3.1 Forward modelling with PHREEQM

The geochemical/mixing cell model PHREEQM (Appelo
& Postma, 1993) has been used to simulate the freshening
of the Bartonian clay and the subsequent recharge to the
underlying aquifer (Walraevens & Cardenal, in press). A
flow line has been selected, starting from the top of the
Bartonian clay in the westerly recharge area at Ursel, and
directed towards the NNE within the aquifer. Model re-
sults have been compared with groundwater quality ob-
servations of the aquifer. The modelling has allowed it to
be shown that the present groundwater quality distribu-
tion in the Ledo-Paniselian aquifer mainly corresponds to
cation exchange processes in the overlying Bartonian clay
and, to a smaller extent, also within the aquifer. Other
effects that have been considered in the model as well, are
related with the oxidizing conditions prevailing in the clay,
responsible for the observed presence of gypsum, and the
reducing conditions in the aquifer, causing sulphate reduc-
tion. Calcite precipitation/dissolution processes have also
been considered.

Groundwater flow conditions in the Bartonian clay
largely differ from those in the Ledo-Paniselian aquifer,
with respect to in flow velocity and length of flow path
(comparing the thickness of the clay, in the order of tens
of metres, to the length of the flow path within the aqui-
fer, which is tens of kilometres). Therefore, the modelling
was divided in two parts. First, the freshening of the clay
was simulated in a vertical column; subsequently, the dif-
ferent watertypes leaking out of the Bartonian clay were
flushed through a horizontal column of the Ledo-
Paniselian aquifer, simulating the subhorizontal flow in it.

An overview of the model boundaries is given in Ta-
ble 14.3. For both clay and aquifer, the initial pore water
quality was sea water, equilibrated with calcite and 0.75
mmol kg! HO of NHy4* production. This solution was
also equilibrated with the exchange complex in the clay
and in the sandy aquifer, respectively. For recharge, pure
water equilibrated with calcite and a Pcoz of 1020 atm,
was used. The flow velocities were deduced from the flow
model. The cation exchange parameters were computed
from obsetvations of CEC and adsorbed cations, on sam-
ples of a cored boring in the recharge area of Ursel.

The evolution of the distribution of exchangeable ca-
tions adsorbed to the Bartonian clay, and of the composi-
tion of the porewater leaking out of it during the flushing,
are shown in Fig 14.4. After the clay has been flushed 100
times, the distribution on the clay's adsorption complex is
similar to the one found in the boring at Ursel. At that
moment, the pore water solution leaving the clay contains
Mg?* and Ca?* as main cations, with no significant Na*
content. This water is strongly different from the one
found at present in the Ledo-Paniselian aquifer in the
recharge area of Ursel, in which Mg?* is almost absent.
The clay must be flushed near 400 times to obtain this
observed watertype. This indicates the existence of prefer-
ential pathways in the Bartonian clay, through which flow
is faster. The flow line in the analyzed boring must be part
of a slower pathway, where the freshening is still in pro-
gress.



Hydraulic and hydrochemical conditions for model-
ling the freshening of the Bartonian clay and Ledo-
Paniselian aquifer

Infiltration water
Ca2* =21 mML-!
HCO3 = 4.17 meq L1
pH = 7.3156
10gPC02 =-2.00

Initial pore water (sea water equilibrated with calcite and

0.75 mM NHy* production):
Ca?* =938 K+ =10.6 Cl = 566 (mM)
Mg?* = 55.1 SO2 =293 NH4* = 0.75
Na* = 486 HCOs =1.6 pH =7.86
BARTONIAN CLAY

- Column length: 20 m

- Number of cells: 4 (5 m each one)

- Flow velocity: 0.12 m a!

- Time step: 41.7 years

- Dispersivity: 1.5 m

- Diffusion coef.: 10 m?s-!

- Cation Exchange Capacity: 27 meq/100 g
- Gypsum dissolution: 0.45 mM/ cell

- Calcite equilibrium

Exchange parameters (calc from Walraevens, 1987)
logKnax = 20.0 (reference value)
logKkx = 20.5768
IOchaxz =41.1727
IOgKMgXZ = 40.8810
logKnnax = 20.6 (Appelo & Postma, 1993)
logKpux = 22.5 (C.A.J. Appelo, pers. comm.)

LEDO-PANISELIAN AQUIFER
- Column length: 20 km
- Number of cells: 20 (1 km each one)
- Flow velocity: 3.35 m a!
- Time step: 299 years
- Dispersivity: 1500 m
- Cation Exchange Capacity: 5.5 meq/100 g
- SO4?% reduction: 1.7 mM/cell in first 4 cells
- Calcite equilibrium

Exchange parameters (Std coefficients in PHREEQM)
logKNaX =20.0
IOchaxz =40.8
10gKng2 = 40.6
1OgKN[14X = 20.6
1OgK[V[X =225

Table 14.3. Model boundaries of Bartonian clay and Ledo-
Paniselian aquifer

When the different solutions leaking out from the Bar-
tonian clay, after flushing it 100 times, are used to flush
the Ledo-Paniselian aquifer, the modelled groundwater
quality distribution in the aquifer does not cotrespond at
all to the observations. The clay must be flushed near 400
times to obtain the present distribution in the aquifer (Fig.
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Figure 14.4 Evolution of exchangeable cation distribution and
the composition of the porewater leaking out of the Bartonian
clay during flushing

14.5). This is again confirming the previous conclusion.
The deviation between model results and observations,
which can be noticed in Fig 14.5 for the most northerly
part of the aquifer (most downstream 5 km), is resulting
from the lower velocities in the deeper parts of the aqui-
fer, which are not accounted for in the modelling results
presented here.

14.3.2 Inverse modelling with PHREEQC

It is crucial for inverse chemical modelling and subsequent
radiocarbon dating of groundwaters to correctly assess
dissolved total inorganic catbon (TIC) and 8C in the
water at the time of infiltration. The climatic conditions
during the late Pleistocene have varied significantly, giving
rise to a large possible range of soil carbon dioxide pres-
sutes and 3'3C values of soil CO; gas. This concomittant
variability of soil CO; pressure and 6'3C has, to the best
of our knowledge, never been taken into account in radio-
carbon dating of groundwatet.

Based on previous work by Cerling (1984), Cerling ef
al. (1991) and Hesterberg & Siegenthaler (1991), it can be
shown that §3C of soil CO; can be written as:

Can( "Cow 1) plewn cun) OC, 1)
C

13C

soil

soil

where ¢ is CO concentration in ppmV, «;, diffusive frac-
tionation factor (1.0044) and the subscripts atm and p
refer to atmospheric and produced CO». The influence of



the variability of 83C of soil CO on techarge TIC, for
various calcite dissolution regimes, is shown in Fig 14.15.
Details about derivations and modelling, which are not
described here, can be found in van der Kemp er 4l
(1998).

14.3.3 Method

Inverse chemical models wete calculated for 14 water
sample analyses (Walraevens, 1987, 1990) from the Ledo-
Paniselian aquifer, with the computer code PHREEQC
(Parkhurst & Appelo, 1998). Sample point locations are
shown in Fig 14.7. Three different evolution scenarios for
chemical and isotopic evolution of recharge TIC were
taken into account: chemically and isotopically open sys-
tem dissolution of calcite (co,io), chemically open but
isotopically closed system dissolution of calcite (co,ic) and
chemically closed system dissolution of calcite (cc), see Fig
14.6. Phases and constraints, used in the modelling, are
shown in Table 14.2. A water sample is considered to be a
mixture of infiltration water (0.1% seawater) and an old
seawater component plus the result of a number of
chemical reactions that occutred in the subsurface. In-
verse chemical modelling reveals the mixing fraction be-
tween fresh recharge water and seawater together with the
mole transfers for the various chemical reactions. Each
model found, is accompanied by a statistical criterion
(sum of residuals) which gives an indication about the

feasibility of the model. By vatying the soil CO; pressure
of the infiltration water, the models and the sum of re-
siduals change. Hence, the best model (with the lowest
sum of residuals) can be found. Sulphate reduction was
only considered for the old seawater component. Fre-
quently low sea levels during the Pleistocene make sul-
phate reduction in the younger waters (affected by pyrite
oxidation in Bartonian clay in the recharge area) not very
likely, because of frequent aeration of a large part of the
aquifer.

An example of how the sum of residuals changes with
the logarithm of soil CO; pressure of the infiltration water
is shown in Fig 14.8, for sample 31. These calculations
were done for all samples and the best CO; pressures
(lowest sum of residuals) are plotted as a function of 6'80
of the water (cotrected for seawater content with 3180 =
0%o) in Fig 14.9. Despite the scatter, higher CO; pressures
clearly cortelate with less negative 630, implying warmer
conditions. Relative cation exchange reactions for the
various water samples, in order of magnesium exchange, is
depicted in Fig 14.10. Older samples (less flushing), show
magnesium uptake whereas the younger samples (more
flushing) show release of magnesium from exchanger
sites. Proton exchange plays an important role in most of
the models. Large uptake of protons by exchanger sites is
seen in models of younger samples, as a result of vigorous
pyrite oxidation in the recharge area. Models of older
samples show release of protons by exchanger sites, due

To stick

Figure 14.5 Comparison of observed concentrations of main cations in Ledo-Paniselian aquifer, to mod-
elled concentrations after flushing Bartonian clay 400 times
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Figure 14.6. Influence of soil CO, concentration on §'3C of soil
CO; and TIC. Chemically open system dissolution of calcite and
isotopic equilibrium with soil CO2:(co,io); Chemically open sys-
tem dissolution of calcite, no isotopic exchange with soil CO;
(coic); chemically closed system dissolution of calcite (cc).
613Cp = —27%o. TIC in the fully open system is 9.5%o heavier
(at 11°C) than soil gas when CO; pressure is smaller than 0.01
atm, due to fractionation in the HCO3- species. At higher CO;
pressure the HoCOs* species contributes increasingly to TIC,
and 313C of TIC becomes lighter. In the isotopic closed sytem,
TIC originates half from soil CO; and half from calcite, with (for
figure 1) 813C = 1.67%o. 813C of TIC is therefore the average
of the two contributions, while at higher CO; pressure the larger
contribution of HyCOj3 lightens TIC again. Lastly, in the chemi-
cal and isotopic closed system, the 8'3C of TIC is grosso modo the
average of the isotopic open curve and of calcite, with again
some rounding due to increased importance of the HoCO3" spe-
cies at higher initial CO; pressure.

to calcite dissolution driven by cation exchange reactions,
see Appelo (1994).

Radiocarbon ages as calculated from chemical open
system dissolution of calcite during infiltration are shown

in Fig 14.11. The maximum ages correspond to full iso-
topic exchange of recharge TIC with soil CO,, while
minimum ages are without isotopic exchange with soil
CO;. Minimum ages were calculated with +0.8 pmc error
on the *C analyses, maximum ages with —0.8 pmc. Ages
derived from chemically closed system dissolution, which
are not shown here, are comparable to those obtained in
the chemical open case without isotopic exchange.

14.4  Application to the Aveiro Cretaceous aquifer

For this aquifer the calculations use the geochemical
mole-balance model, PHREEQC-2 (Parkhurst and Ap-
pelo, 1999) to evaluate the geochemical evolution of a
water sample in the Aveiro Cretaceous aquifer. This
model incorporates uncertainties in mole-balance model-
ling to evaluate geochemical reactions in the aquifer.

The natural hydrogeochemical evolution in the aquifer
trends from calcium bicarbonate waters with low pH
(~5.5) and temperature around 18°C in the unconfined
part of the aquifer to sodium bicarbonate or sodium chlo-
ride waters in the areas close to the coast, with pH in the
range from 7.5 to 8.5 and temperature higher than 21°C.
These groundwaters have their origin in part associated
with the infiltration of rainwater of Atlantic origin and the
flushing of older sea water.

The conceptual model for the geochemical evolution
of the water in the aquifer is that calcium bicarbonate
water originated from rain water infiltration and dissolu-
tion of soil CO; recharges the aquifer. This water flows
along the flow path reacting very slowly in a closed system
with the carbonate and silicate minerals and mixing with
old sea water trapped in the clay minerals, evolving to a
sodium bicarbonate type water in the areas close to the
coast.

According to this conceptual model it was selected
one initial water was selected, considered to be representa-
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Figure 14.7. Sample point locations.
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Figure 14.8. Sum of residuals as a function of log pcoz of the
infiltration water (water sample 31) for the three types of TIC
evolution at infiltration.
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Figure 14.9. Soil CO; pressure at infiltration derived from in-
verse chemical modelling (3 types of calcite / soil CO, equilibria)
as a function of 8180 of the water, corrected for seawater con-
tent with 3180 = 0%o.

Table 14.2 Mineral phases, exchange species and constraints
used in the modelling.
(+) enters the solution, (-) leaves the solution.

phases: calcite (+), goethite, pyrite, (FeS2)4(02)15(H20)2
(1), (CH20)106(NH3)16 (+)

exchange CaXy, MgXs, NaX, KX, NH4X, and HX

species:

constraints:  Na®, NHy*, KF, Ca2+, Mg?*, Fer, SO4%, S%, Cl,
TIC, alk

13C seawater 1.5 = 0.1%o,

infiltration water see Fig 14.15,
watersamples (Walraevens, 1987),
calcite 1.67 £ 0.5%o,

organic matter —25 + 2%o

tive of the local recharge water (solution 1) and sea water
was considered as an intermediate term (solution 2). Sea
water in this case is used as a source of chloride and so-
dium. This way there is no need to force halite dissolution
in the aquifer to account for the increase in chloride con-
centration along the flow path.

A Na-Cl water from a deep borehole on the coast was
considered as the final term (solution 3) of the chemical
evolution of the initial water sample along the flow path.
All the major and minor element data for solutions 1 and
3 are from Condesso de Melo ez a/. (1998, 1999), while the
isotopic data for the same solutions are from Carreira
(1999). Data for averaged sea water composition are from
Appelo and Postma (1996). All the chemical data used for
solutions 1, 2 and 3 are summarized in Table 14.5.

Mineralogical studies by Rocha (1993) show that the
principal mineral assemblage (<38 mm) in the aquifer is
calcite, dolomite, K-feldspar and plagioclase. Gypsum,
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areas are impossible or unlikely timespans for substantial infiltra-
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anhydrite, jarosite, melanterite, pyrite and goethite might
occur as accessory minerals. Kaolinite, smectite and illite
are the most abundant clay minerals. Cation exchange
determinations by Oliveira (1997) showed the importance
of cation exchange processes in the chemical evolution of
the aquifer.

Detailed hydrochemical studies by Condesso de Melo
et al. (1998, 1999) indicated an aquifer with very slow
chemical kinetics for the water-rock interactions resulting

Table 14.5. Chemical data for solutions 1, 2 and 3 in the Aveiro
Cretaceous aquifer (mg L1 unless otherwise shown).

Solution 1 Solution 2 Solution 3

AC9 S. M. Aveito Seawater AC4 S.M. flhavo

pH 6.82 8.22 8.18
T (°C) 18.4 16.0 23.7
Na 0.72 485.0 10.92
K 0.15 10.6 0.25
Ca 0.48 10.7 0.07
Mg 0.23 55.1 0.09
Si 0.22 0.002 0.17
Al 1.7x10~4 3.7x10-5 1.9x10~4
HCO:; 1.40 2.4 3.93
Cl 0.67 566.0 5.92
SO, 0.15 29.3 0.87
S13C (%o) —14.75%0.1 0.00£0.01 —9.87+0.1
14C (pmc) 43.6020.4 - 0.90+0.3




Table 14.6. Species and dissolution constraints for each reactant
in the Aveiro Cretaceous aquifer.

Reactants: Chemical Formula: Constraint:
Calcite CaCOs Dissolve
o13C=0.0%+1.0
Dolomite CaMg(COs)2 Dissolve
313C=-2.0%1.0
K-Feldspar  KAISi;Og Dissolve
SiO; (a) -
Gypsum CaSO4 2H,O -
Cation Exchange: -
NaX, KX, CaXy, MgX,, HX -
Kaolinite AbLS1,O5(OH)4 Precipitate
Tllite K()‘()I\/Ig()‘ﬁ Alz 3Si3A 50y ()(OH) 2 Precipitate

Table 14.7. Mole balance results calculated with 5% uncertainty
for chemical data.

Mole transfer (mmol kg-! H>O)

Min. Max.
Calcite 2.14 0.00 2.34
Dolomite 0.00 0.00 1.17
SiOx(a) -0.06 -0.12 -0.04
Gypsum 0.45 0.45 0.45
K-feldspar 0.24x10~  0.67x10-5 0.03
NaX 5.81 5.47 6.14
KX - - -
MgX, —0.65 -1.86 —0.60
CaX, -3.10 —3.32 -1.84
HX 1.68 1.20 1.96
Kaolinite 0.00 -0.01 0.00
Tllite 0.00 -0.01 0.00

from the mainly siliciclastic composition of the aquifer
sediments. Calcite dissolution and cation exchange are the
other processes responsible for the groundwater chemical
composition.

According to these previous studies a set of reactants
was selected for the inverse modelling exercise. The
chemical formulae for each reactant and the dissolution
constraints are summarized in Table 14.6. While calcite,
dolomite and K-feldspar were just allowed to dissolve, the
clay minerals were forced to precipitate.

The uncertainty assigned for the chemical data is 5%,
with the exception of alkalinity which was assigned an
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Figure 14.12. Mole transfer of reactant phases in the Aveiro
Cretaceous aquifer with 5% uncertainty.

uncertainty of 100% due to possible etrors of determina-
tion at the field site.

PHREEQC-2 inverse modelling results for the Aveiro
Cretaceous aquifer suggest a final mixture of 99% of ini-
tial solution (recharge water) with 1% of seawater. In addi-
tion, the dominant reactions determined by mole-balance
modelling are calcite and K-feldspar dissolution, silica
precipitation, gypsum dissolution and cation exchange.
According to the model dolomite dissolution, and kaolin-
ite and illite precipitation might also occur.

Modelling results for cation exchange process confirm
that sodium is being released into solution and replaced by
magnesium and calcium in the clay minerals.

Feldspar dissolution is slowly releasing some alumin-
ium and silica into solution but they will precipitate in
silica minerals, kaolinite and illite. Calcite and dolomite
dissolution are releasing calcium and magnesium into so-
lution.

The mole transfer between the initial and final solu-
tion are summarized in Table 14.7. The maximum range
of this mole transfer is plotted in Fig. 14.12.

Other models for the aquifer suggested very small dif-
ferences in the mole balance. Inverse modelling in the
Aveiro Cretaceous aquifer was a valuable way of confirm-
ing the principal processes that contribute to the geo-
chemical evolution of the aquifer.



15 Investigation of aquifer and groundwater stratification

15.1 Introduction

The question of vertical stratification both in age and in
quality was identified at the outset of the PALAEAUX
project as an important topic requiring separate considera-
tion. Not least, the conventional methods of sampling of
groundwaters, from pumped boreholes inevitably lead to
mixtures of waters and one of the objectives in the project
was to minimize misinterpretations of the results. This
chapter describes the application and interpretation of
geophysical logging in boreholes to provide information
for PALAEAUX project purposes. In particular the ef-
fects of vertical and lateral variation in lithology on the
development of aquifers and the stratification of ground-
water chemistry atising from geological layering are dis-
cussed. It also discusses groundwater flow systems and
how their hydraulic interaction with the rock mass devel-
ops aquifer permeability through both current, (present
day) and former groundwater circulations. It also shows
how the borehole is an observation point in the aquifer
flow system whose location, construction and hydraulics
influence the chemical composition of water pumped, and
where aquifer crossflow and wellbore fluid invasion of
aquifer horizons can take place with implications for sam-
pling waters from individual horizons. Geophysical for-
mation and fluid logging techniques that can be used to
examine aquifer and groundwater stratification and guide
water sampling are discussed. Examples of aquifer layer-
ing, wellbore flow, permeability variation, and the influ-
ence of aquifer lithology and geological structure on
groundwater movement and water sampling, are shown
from a selection of PALAEAUX studies.

15.2 Palaeowater and aquifer layering

Palacowater, has been defined ecatlier as water mainly
>10 000 years old with a distinctive isotopic signatute (see
Chapter 1), It remains in certain aquifers where it has not
totally flowed away or has been replaced by younger
groundwater. It is therefore to be found in aquifers that
are either large enough to accommodate groundwater flow
system transit times in excess of about 10 000 years, or
preserved in low permeability strata in smaller aquifers, or
in permeable strata where ‘trapped’ by geological structure
(e.g. synclines, closed basins, faulted contacts). This latter
environment is a particularly useful ASR (aquifer storage
and recovery) target. The palacowater entered the ground
as rainfall recharge >10000 years ago. Intergranular
groundwater flow in sandstone aquifers at depth may be
of the order of 1 m a! hence aquifer systems >10 km in
length could contain palacowaters.

Rock layering is a fundamental geological property. It
arises through normal crustal processes of sediment sup-
ply, transport and deposition. Generally the variation in
lithology and rock properties is much greater in the verti-
cal dimension than developed laterally. A sand body or a
limestone, for example, is usually deposited thinly over a
considerable atea and will be succeeded by a different
lithology. Furthermore the time scale represented in the
vertical dimension is normally much greater than that rep-
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resented horizontally along the layers, hence variations
recorded in the vertical sequence are normally much
greater than those observed laterally.

The layering (stratigraphy) controls subsequent water
movement through the rock mass because groundwater
will flow through the porous and permeable horizons
rather than through the impermeable layers. This is nor-
mally through the pore space between grains (intergranu-
lar porosity) as in a sandstone, or it may be through the
void volume of joints and fractures (fracture or secondary
porosity) as in hard rocks such as e.g. limestones, granites,
or it may be through a combination of the routes as in
fractured sandstones and the Chalk. In addition water will
move faster through higher permeability layers (e.g. coarse
sandstones, fractured and fissured limestones) than
through lower permeability layers (e.g. fine sandstones,
siltstones, mudstones). The water movement through the
particular layers develops the permeability of those routes
through physical and chemical interaction. Hence the
permeability distribution is controlled not only by the
lithology and solubility of the rock and available openings
but also by the groundwater circulation.

Water pumped from boreholes penetrating one or
more aquifers represents a mixture of waters from the
different layers at depth, each likely to have different cit-
culation histories and transit times. The water pumped
may for example be a mixture of modern recharged wa-
ters obtained from shallow depth and deeper circulating
groundwaters that are older, and possibly palacowaters.
The actual chemical composition of the mix relates to the
water composition of the individual layers penetrated, and
their relative contribution to the borehole when pumped.

15.3 Groundwater flow systems

Groundwater circulating through the rock mass is part of
the global water circulation between atmosphere, land and
ocean which is the subsurface flow part of the hydrologi-
cal cycle. Its movement is driven by gravitational and hy-
draulic forces. Hubbert (1940) and Toth (1962, 1963)
showed all groundwater flow systems contain 3 elements:
an intake or recharge region, usually at highest elevation, a
throughflow or transfer zone at intermediate elevation,
and a discharge or outlet region at lowest elevation.
Within the rock mass the overall groundwater flow direc-
tion is determined by the distribution of the fluid potential
which is normally related to the topography. Groundwater
flows from upland topographic highs to lowland coastal
regions, or beyond, where it may discharges, given suitable
outlets. The groundwater movement within any rock type
is influenced by this underlying regional hydraulic control,
but local flow directions and circulation routes depend
upon the hydrogeological properties of each layer and
system geometry (i.c. lithology and geological structure).

If the topography is complex and hilly, several local
flow systems will exist as part of the regional circula-
tion,(Freeze and Witherspoon, 1967, Freeze and Cherry,
1979), and a water level elevation difference of only a few
metres (well within the range of seasonal changes) can
determine whether water enters a local or a regional circu-



lation. Such flow systems ate evident from study of con-
tour maps of water level or piezometric surface. However
these maps are two dimensional whereas in reality
groundwater is flowing in three dimensions having a
component of downward flow in recharge zones, horizon-
tal flow in the throughflow zone and a component of
upward flow in discharge ateas.

15.4  Aquifer crossflow and vertical wellbore flow

Because of the hydraulic (elevation) control of groundwa-
ter movement, and the presence of different geological
layers, usually dipping according to the structure, the hy-
draulic head of different layers varies from place to place
and a hydraulic gradient often exists between different
water-bearing layers at depth. As a result, vertical flow,
both upward and downwards, tends to take place in the
aquifer across low permeability strata to equilibrate the
hydraulic head differences. The water movement from
higher head layers to lower in the rock mass is termed
aquifer crossflow. In porous rocks it takes place through pore
space and the result is that low head pore fluids become
replaced by fluids from higher potential layers. In frac-
tured rocks the fluid movement follows fracture- and
joint-openings. The invading water may have quite differ-
ent chemistry.

When boreholes are drilled into the rock mass and in-
terconnect different water-bearing layers having different
hydraulic heads, water flows strongly in the borehole, up-
wards or downwards to equalize the hydraulic head differ-
ences. The movement can be rapid and substantial and is
termed wellbore flow. Artesian boreholes are an obvious

visible example of upward wellbore flow where it over-
flows the sutface.

Most boreholes exhibit some wellbote flow that is not
evident at the surface but is nevertheless taking place in
the borehole and is evident when logged. Figure 15.1 is an
example of upward wellbore flow from a Permian sand-
stone and breccia sequence in the Dumfries Basin, Scot-
land. There are 3 borcholes at the site penetrating the
same units to a depth of 150 m. Borehole 1 is deeper than
the other holes and penetrates an additional sandstone
(Sandstone 1). The breccias have low intergranular hy-
draulic conductivity (1x10-¢ cm s~!) whilst the sandstones
have much higher values up to 6.6x10~* cm s

Gamma ray and resistivity logs resolved the layering
shown, and identified the breccias by a higher gamma ray
and lower resistivity on account of their high content of
Palacozoic mudstone, which was evidently exposed
nearby at the time of deposition. Fluid temperature, fluid
EC and flowmeter logs of the 3 boreholes are shown in
the figure. Borehole 1 revealed upflow from 148 m depth
with loss of flow into sandstone horizons at 128 m and
65 m. The heat-pulse flowmeter measurement (track 4)
shows the upflow which is ~25 m? hr! (24 m min™') at
148 m. The pumped logs in Fig. 15.1 represent profiles of
pumped fluid temperature (TEMPQ),pumped fluid EC
(ECQ), and impellor flowmeter recorded whilst pumping
in each borehole. The flowmeter log shows stepwise in-
creases in velocity (flowrate) at the sandstone/breccia
junctions and the biggest single contribution to the bore-
hole (~40% of total pumped) is from 65 m depth. Al-
though the pumped fluid ECQ is very similar at each
borehole the downhole fluid EC is quite different at dif-
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Figure 15.2. Borehole fluid salinity changes during the year in response to hydraulic head change; Chalk

aquifer, Western Lawns, near Brighton, UK

ferent depth confirming different circulations for the
separate sandstone horizons.

The upward wellbore flow in borehole 1 from the
deep sandstone layer is evident from its elevated fluid
temperature. The fluid temperature peaks at 65 m flanked
by cooler water, above and below in borehole 2 and 3
when pumped (indicated on the Fig. 15.1) reveal the inva-
sion of sandstone 3 by the warmer waters from sandstone
1 even though sandstone 1 is not penetrated in either of
these holes. Cleatly water samples collected from sand-
stone 3 will contain a proportion of older water derived
from sandstone 1 due to the wellbore flow in borehole 1.

The wellbore flow invasion of low hydraulic head ho-
rizons by waters of higher hydraulic head , on a time scale
that is quicker than is taking place through the rock mass
can lead to some exaggerated effects in boreholes pene-
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trating layers having strong salinity contrasts, as typically
occurs in coastal regions. Figure 15.2 shows an example
from an unconfined Chalk aquifer studied near Brighton,
UK where salinity changes in relation to water level are
significant. The freshwater head within the aquifer flow
system is highest in March when a “saline interface” (arbi-
trarily defined by electrical conductivity >1000 uS cm-) is
at 140 m depth. In October seasonal groundwater reces-
sion and inland pumping has reduced water level to a
minimum and the “saline interface” has risen in the bore-
hole to ~50 m depth. The exaggerated fluid EC changes
are observed because of the layering of the Chalk aquifer,
its fissuring and fracturing and because the borehole rep-
resents an open conduit of high permeability for wellbore
flow. The effects observed are due to the wellbore flow.
They are not taking place as such in the aquifer matrix,



but they do reveal the potential for such changes to take
place in the aquifer given suitable pathways. The logging
shows that water samples taken from the borehole will
vary with both time and depth of collection depending
upon the relative water head, and will not be representa-
tive of waters in the aquifer matrix at that depth.

The effect of aquifer crossflow and wellbore flow is
the production of a mixed groundwater. Such mixing may
not be recognized unless the chemical characteristics of
individual layers are determined and vertical flows taking
place in sampling boreholes are recognized. This is impor-
tant for PALAEAUX studies where the chemistry, iso-
topic character and age of groundwaters of individual
aquifers is examined, towards the end of aquifer flowlines,
near coastlines where groundwaters are more evolved and
vertical mixing is prevalent.

The circulation of groundwater through different rock
layers, and by different routes, some shallow, some deeper
means that the residence time of groundwater in different
parts of a flow system may be different. This introduces a
vertical and horizontal stratification of the chemistry and
isotopic character of the groundwater circulating due to
various water-rock interactions that take place. In addi-
tion, important chemical changes and groundwater evolu-
tion takes place as water moves along individual layers
down the flowlines The groundwater body thus evolves a
chemical stratification because of the geological layering and
the hydraulic circulation.

15.5 Vertical fluid movement in coastal aquifers
and boreholes

Upward wellbore flow and aquifer crossflow is particularly
prevalent in coastal situations because sea level imposes a
minimum head reference for the groundwater flow sys-
tems and groundwater flowing along the layers from in-
land is normally at higher potential. The natural upflow is
manifest as springs and seepages of freshwater at the
coastline or offshore, the temperature and salinity of
which is often anomalous relative to that of the adjacent
seawater.

In addition, the lateral movement of groundwater in
coastal regions is often slow because of low hydraulic
gradient. Differences in salinity, temperature, density and
viscosity then become increasingly significant factors in
controlling the direction and rate of water movement.
Custodio (1995) showed that decreasing groundwater
temperature in a 100 m borehole column by 1°C, within
the normal range of groundwater temperatures, (10-30°C)
decreased water head by 25 mm; and replacing the fresh-
water column by seawater depressed the water head by
2.5 m. Water levels of coastal boreholes are also strongly
influenced by tidal loading displaying semi-diurnal or di-
urnal changes of up to several metres in response to the
sea tide. The amplitude and time lag of the induced sinu-
soidal changes further promotes wellbore and aquifer
crossflow and the mixing of individual groundwaters of
coastal regions. Effects of earlier climate and circulation
history on aquifer permeability development

Groundwater flow systems are controlled by hydraulic
river- and sea base levels and in certain aquifers in coastal
situations the hydraulic interaction with the rock mass can
be observed by examining the distribution of permeability
by using geophysical logging techniques.

The principle effect of the glacial conditions which
have existed over most of the past 100 000 years was that
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global sea level fluctuated significantly being at times as
much as 130 m lower than at present. The effect of the
changing sea level was to alter base level for river system
development and groundwater circulations alike, with
groundwater flow routes and river drainage adjusting to
lowered base levels during cold periods, followed by sub-
sequent inundation, and associated conversion of river
valleys to estuaries, and then to coastline during sea level
rises as the glaciers melted. The precise effects recorded in
aquifers depend upon the location relative to the ice cover
and in areas close to and under the ice, estimated to be
>1000 m thick, (Boulton ef @/, 19906), the land was de-
pressed by the weight of ice, and subsequently rebounded
when the glaciers melted and the load was removed.

During melting large quantities of glacial meltwater
may have been injected into underlying and adjacent per-
meable materials and developed permeability under high
hydraulic heads (Boulton e# a/., 1996) Some of the injected
meltwater is preserved in aquifer systems today where it
has a characteristic isotopic cold climate composition
(Chapter 2). With the melting, ice-depressed areas re-
bounded and interacted with the rising sea level to provide
complex base levels for river system and groundwater
circulations.

In terms of water quality the effect of changing sea
level was significant and led to quality stratification. Rising
sea level salinated unconfined freshwater aquifers from
the coastline and advanced inland as sea level continued to
rise. Confining beds of confined aquifers slowed or pre-
vented direct salination so that freshwater was sometimes
presetved in confined aquifers offshore, sometimes for
considerable distances (Fetter, 1980; Kohout, 1977; Pet-
son, ¢t al., 1998) With falling sea level refreshening of sali-
nated aquifers commenced from the unconfined parts, but
seawaters trapped in low-permeability strata or in geologi-
cal fold structures may have been only partly flushed be-
fore being overlain by younger, better quality lower den-
sity waters produced by the freshwater flow from inland
which fluctuated according to the climate. Thus a complex
groundwater salinity and age distribution may exist with
depth in coastal regions. However it is stressed that lower
sea levels and a greater offshore extension of freshwater
bodies was the norm during most of the late Pleistocene.

Hence climate, sea level change, geological structure,
geological layering and the properties of the layers them-
selves combine to influence the origin and quality of wa-
ters resident in aquifers at the present day.

15.6 Former drainage and groundwater circulation

When the colder climate coastlines are drawn (see Chapter
17) it can be appreciated that the present river systems
and aquifers onshore represent only a part of the former
much larger catchments which developed to the remoter
coastlines. The offshore bathymetry is not a reliable guide
to the former drainage because of subsequent scouring,
infill and marine planation. Rather the former drainage
pattern is revealed by the shape and morphology of buried
and infilled channels, determined by offshore seismic sur-
veys and drilling. This demonstrates in some areas that the
present-day on shore catchments represent only perhaps
the top 30%—50% of the former drainage basins, depend-
ing upon the offshore slope, which existed when sea level
was at —130 m OD. Figure 15.3 is a comparison of on-
shore and offshore drainage of a part of N. Kent and un-
der the adjacent Thames Estuary, UK where it is evident
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Figure 15.3. Onshore and offshore drainage pattern, North Kent and Thames Estuary, UK

both are part of the same drainage system. Certain aqui-
fers (e.g. Chalk, limestones) retain the imprint of their
prior circulation history through the development of per-
meability at certain hotizons, because of the base level
hydraulic control of the groundwater flow systems. In the
example the offshore drainage channels suggest eatlier
base levels of =50 m OD and —100 m OD and these posi-
tions are reflected by the form of fluid logs of boreholes
onshore near the coast (see Fig. 15.4, Table 15.1).

15.7 'Tools for examining aquifer layering and iden-
tifying water-bearing horizons

There are several techniques that can be used to examine
the nature of aquifer layers, and to identify horizons of
water movement and detect wellbore flow in boreholes.
These include hydraulic testing, hydraulic head measure-
ments, water level and water quality monitoring and geo-
physical borehole logging.

One of the features of the PALAEAUX study has
been the recognition that geophysical logging techniques
(formation, fluid and flowmeter measurements, and water
depth-sampling) provide a useful tool to examine aquifer
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and groundwater layering, and water movements and in-
vestigate former groundwater circulations.

Geophysical log identification of fluid movement

The groundwaters of different layers display different fluid
EC and temperature characteristics because of their dif-
ferent circulation histories. Deeper circulations are usually
warmer and more mineralized on account of longer resi-
dence time than shallower more recently recharged
groundwaters. These differences are observed by fluid EC
(electrical conductivity) and fluid TEMP (fluid tempera-
ture) measurements.

It is important to appreciate that fluid EC/TEMP pro-
files atre transient, being shaped by the prevailing borehole
hydraulics and represent those obtained under the prevail-
ing hydraulic conditions when the measurements were
made. When the hydraulics are changed e.g. by pumping,
the profiles alter and water inflow positions can be deter-
mined by comparison and ovetlay plotting. When pumped
the fluid inflow proportions can be determined by bore-
hole flowmeter measurements Fluid logging techniques
and interpretations are not widely discussed in the litera-
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Figure 15.4. Fluid and formation logs, Reculver 1 borehole, N. Kent, UK

ture but examples are given by Tate ¢ al. (1970), Keys &
MacCary and Michalski (1989).

Groundwater temperatures initially relate to recharge
input temperatures and reflect mean air temperature, but
once in the ground become influenced by rock thermal
conductivity and the depth to which the groundwater flow
systems circulate. In the UK and Denmark typical north-
ern Europe groundwater temperature down to depths of
100 m ot so is normally 8-12°C, warmer in the south than
the north. In Spain and Portugal temperatures are 15—
25°C and in France are intermediate from north to south.

In uniform aquifers fluid temperature increases line-
arly with depth according to the geothermal gradient and

Table 15.1. Inflow horizons determined by flowmeter logging at
Reculver in the Chalk of North Kent: borehole 1 and 2.

Borehole 1 Borehole 2
Depth oD inflow Depth oD inflow
mbd % mbd %
36-38 -30 to =32 25 36 -32 20
44-51 —38 to —45 10 56 -52 40
58 —52 22
74 —68 15 59 -55 8
84 -78 14 65 —61 6
75 =71 7
102 -96 10 102 —98 18
128 —122 4
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according to the thermal conductivity of the rock layers.
Geothermal gradients, although variable, are generally 2.0
to 3.0°C/100 m. Where natural or induced wellbore flow
occurs, the geothermal gradient is disturbed and the flow
from one horizon to another is usually seen as a reduction
or elimination of the natural temperature gradient be-
tween the two horizons Hence straight, vertical sections
of TEMP (and EC) profiles usually signify wellbore flow,
which may be up or down. Borehole flowmeter or head
measurements can determine the direction of movement
and it can sometimes be inferred from the fluid log pro-
files themselves. Custodio (1995) showed that if the verti-
cal velocity is low (<10 m h-') distortion of the geother-
mal gradient was not be evident even though wellbore
flow is taking place. Inflow of water into the borehole is
usually seen as a change in temperature or EC on fluid
logs at the point of inflow (Figs. 15.1 and 15.4)

Fluid EC is rapid and convenient and reflects the con-
centration of mobile ions in the borehole fluid and ap-
proximates to the TDS or salinity. Shallow circulating
waters normally have low EC (unless polluted) and are
generally cooler. Lower EC waters at depth that are cooler
may be indicative of more rapidly moving groundwaters in
fracture or fissures which are by-passing matrix pore
routes.

The fluid EC profile is used to define freshwa-
ter/saline water interfaces in coastal boreholes. In some
aquifers the fluid EC/TEMP profile can be used to iden-
tify Pleistocene and Holocene waters directly. This is evi-
dent where they display both lower EC and warmer tem-
perature at depth showing the palacowater is emplaced in
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Figure 15.5. Heat-pulse flowmeter response to upward wellbore
flow.

low permeability strata overlain by more mobile higher
salinity waters, or they occupy aquifers some distance
down the flowlines and have younger waters upgradient.
In the Sherwood Sandstone aquifer of the East Midlands,
UK, Pleistocene and Holocene age waters are distin-
guished by low EC and warmer temperature (deep circula-
tion) relative to shallower circulating modern groundwa-
ters having higher EC on account of the present-day
closer proximity of current recharge to the coastline (sea
salt deposition) as well as anthropogenic and industrial
effects on the modern recharge.

Borehole flowmeter measurements

Borehole flowmeters provide a continuous record of the
velocity of the natural or induced vertical flow in bore-
holes or wellscreen, and provide a quantitative assessment
of the water inflows from particular layers at depth when
pumped. The inflow proportions relate directly to the
layer permeability.
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Figure 15.6. Wellbore downflow detected by saline tracer injec-
tion and fluid EC logging, from Custodio (1995).

Where inflows occur the vertical velocity increases and
this is identified by the flowmeter measurement (Figs. 15.1
and 15.4). When corrected for hole diameter changes the
measurements may show a gradual increase in velocity
profile signifying an intergranular contribution to flow
from e.g. granular material, or may show step-wise, incre-
mental changes in velocity where individual inflow is, for
example, concentrated at bedding plane fissures and frac-
tures in e.g. hard rocks (Fig. 15.1), or display a combina-
tion of both.

Very slow natural flow may be measured using tracers.
These may be thermal e.g. heat-pulse flowmeter (Fig. 15.5
showing upflow), or chemical e.g. salt or radio-isotope,
(Fig. 15.6 showing the slow downward flow of a salt tracer
injected into a borehole in Spain (Custodio ef al., 1995)

15.8 Implications for groundwater sampling and
interpretation

The existence of wellbore flow has important implications
for the representative sampling of groundwaters from
different layers and its existence is strongly influenced by
the borehole construction. Open and long-screen bore-
hole constructions penetrating layers of different hydraulic
head permit short-circuiting and allow wellbore fluid inva-
sion of the low head layers. This can also occur in short-
screen boreholes if the gravel pack extends up to near the
surface or crosses several aquifer layers without interven-
ing clay seals. Head differences of only a few centimetres
can generate substantial flow volumes in large diameter
boreholes.

In efforts to obtain water samples representative of
groundwater in the aquifer boreholes are usually purged
(pumped) for a period of time to remove typically several
well volumes of ‘stagnant water’. It is evident that this
may not always (if perhaps ever) remove invaded waters
(including drilling fluids) from horizons in open and long-
screened boreholes in which wellbore flow has and is tak-
ing place.



Often only pumping boreholes are selected for water
sampling on the basis that they provide samples more
representative of water in the aquifers than in observa-
tion-only boreholes. This might be true but as indicated
pumped samples only represent a mixture of waters from
all contributing horizons in proportion to their relative
permeabilities. Unless there is only one inflow horizon
they will not be fully representative, and are likely to be
biased towards the composition of groundwaters from the
highest permeability layers. Likewise samples taken from
intermittently pumped boreholes might contain waters
penetrated during the rest period. Schmidt (1977) drew
attention to the fact that water quality of pumped bore-
holes was not always constant with time. Bias in ground-
water sampling data caused by open boreholes and long-
screen boreholes is described by Tellam e al. (1992), Segar
(1993), and by Church and Gramato (1996).

A clear distinction between borehole fluid and aquifer
water should be made in water sampling programmes.
Aquifer pore fluids can be extracted by centrifugation
from core, and represent matrix waters which may or may
not have equilibrated with that in fissures (Edmunds and
Bath, 1976). Fluids obtained by centrifuging may not be
representative of waters in fissured and fractured porous
materials, but together with borehole fluid sampling pro-
vide a means of characterizing the groundwaters in dual-
porosity systems.

Change in quality of groundwater from pumping
boreholes with time is direct evidence of lateral and /or
vertical stratification of water quality, either in the pump-
ing borehole or within its capture zone. In such boreholes
fluid logging can help by determining the downhole layer-
ing, component inflows and contributions.

Samples of individual aquifer waters are therefore best
obtained by pumping from individual purpose-built pie-
zometers open to that layer and sealed above and below,
and these can also provide individual head measurements
for the layers. However these are not always available nor
can they be used for other purposes. Most often samples
have to be taken from openhole or multi-screened bore-
holes and in these geophysical fluid logging can help de-
termine the provenance of the sample by establishing the
downbhole layering and component inflows.

Several techniques for obtaining water samples from
specific horizons in boreholes are described in the litera-
ture, and precautions and protocols for sampling are de-
scribed by several authors including Mazor (1991).

15.9 Illustrative examples from PALAEAUX

15.9.1 Density-driven wellbore flow, confined Chalk aquifer, UK

Figure 15.4 is an example of density invasion of the lower
part of an open hole coastal borehole by more saline wa-
ters from a higher level. In this example formation logs
are shown in tracks 1-3 and fluid logs in tracks 4-6. The
borehole was drilled in May 1991 on the southern edge of
the Thames Estuary, UK and penetrated Palacocene strata
(32 m) which confined the Chalk aquifer. Spot cores were
taken in the Chalk and the pore fluid chloride profile
shown in track 6 (blue curve), revealed an upper zone of
brackish porewater (0 to =55 m OD) overlying a middle
zone of saline water (=55 to —100 m OD) overlying a
lower brackish water zone. The hole was acidized and the
effect of acidization on the caliper logs is shown by the
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yellow infill which emphasizes the change in borehole
shape.

The borehole has been logged on several occasions
and after clearance pumping resistivity showed a decreas-
ing formation resistivity with time. At the same time fluid
EC logging showed an increasing salinity which became
relatively constant below —60 m OD. The borehole was
then test pumped for a period of 204 days during which
time fluid EC logging showed the EC profile changed
again and restored the original tripartite zonation indicated
by the original pore fluid chloride measurements (track 6).
Relogging after the borehole had stood for 3 years (track 6
1996 curve) again showed invasion of the lower parts of
the borehole below —60 m OD by relatively constant high
EC fluid. The increased EC again representing density
downflow invasion of the lower brackish zone by waters
from the middle saline zone.

The fluid and flowmeter logging during the test pump-
ing was patticularly important at this site. It displayed
stepwise changes in fluid EC and TEMP and velocity
(tracks 4 and 5), indicating the water inflows were from
specific fissured horizons rather than from intergranular
contribution. The interpreted water inflows are repre-
sented in the diagram by horizontal blue lines. Analysis of
the flowmeter logging in this borehole, and also in bore-
hole 2, drilled 1.8 km to the east is summarized in Table
15.1 This revealed that 60% of the water movement was
taking place above —55 m OD, and the remaining 40%
was from above —105 m OD. These depths of higher
permeability development within the confined Chalk aqui-
fer relate closely to important base levels of the main
drainage channels recognized offshore by seismic study
and drilling evidence (Bridgland and d’Olier, 1995, see
Fig. 15.3). Borehole 2 was fluid logged and depth-sampled
immediately after drilling. Its fluid log salinity profile
matched that of the pore fluid extracted from core show-
ing that the fluid logging and sampling soon after drilling
is representative of the layering, but logging in 1998
showed the profile had changed.

15.9.2 Palacowater and saline intrusion, unconfined Chalk, UK

Figure 15.7 is an example of geophysical formation and
fluid logging in an unconfined Chalk aquifer that has been
compiled into a hydrogeophysical cross section It shows
layering within the Chalk identified by focused resistivity
measurements which relate to the presence of harder
(more cemented) and softer (matl) bands some of which
are named. It shows typical fluid salinity and temperature
changes with depth and salinity increasing approaching
the coast which is located at the right hand end of the
figure just to the south of East Street borehole

The temperature logs (shown in red) show the coolest
groundwater is found in the upper parts of the aquifer.
The temperature log in the Victoria Gardens borehole was
run whilst pumping and it shows sharper EC and TEMP
changes. Flowmeter logs run in the Victoria Gardens
borehole when pumping, shown alongside, indicate the
bulk of the groundwater movement is taking place above
—50 m OD with ~65% of the flow occurring above —30 m
OD. Below —110 m OD the relatively undisturbed geo-
thermal gradient indicates there is little groundwater
movement, and the borehole flowmeter reveals this is
<12% of the total.

The logs run in the East Street borehole closest to the
coastline show saline water (emphasized by blue infill) has
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Figure 15.7. N-S hydrogeophysical cross-section showing horizons of water movement and saline intru-

sion; unconfined Chalk aquifer, Brighton, UK.

entered fissured horizons. The more saline fluid entering
the borehole has influenced the electrical resistivity log
measurement so that it becomes difficult to identify the
named lithological horizons recognized in the two inland
boreholes by the resistivity log profile. The differential
TEMP log emphasizes small temperature changes and
reveals that the higher salinity water is cooler as is the
modern seawater. The back-up EC curve (1000-10 000
puS cm! scale) shows water in the borehole below —110 m
OD is relatively constant EC, revealing a density-driven
downward flow. The sharp increase in temperature at the
base of the cooler groundwater at =90 to —110 m OD is
taken to identify the base of more rapidly circulating
groundwater. The percentage modern carbon content of
depth-samples collected from the groundwater (>70%)
shown at the left hand side of the figure confirms this
more rapid movement of the younger waters.

In the St Peters Church borehole high EC water en-
ters at and below —154 m OD and represents water enter-
ing along a fissure or fracture associated with the Mel-
bourn Rock hard band. This higher EC log feature is not
always present and is a transient response to relative head
difference presumably caused by adjacent pumping. It is
never seen in the Victoria Gardens borehole which is
nearer the sea thus suggesting it is a discrete fluid move-
ment through fracturing and may not represent a general
diffuse movement of higher salinity water in the aquifer at
that depth, but an advance of more saline water along a
fissured or fractured horizon connected seaward. Bore-
hole imaging would identify the nature and orientation of
the feature responsible
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15.9.3 Groundwater stratification and sampling in an unconsoli-
dated granular aquifer, Denmarfk.

The Ribe Formation in Denmark was investigated at the
Skerbzk and Fjand sites. At Skarbak an irrigation well
for a large farm penetrates a thick sequence of sands, clays
and tills and is screened against a quartz sand aquifer from
192-232 m depth (Fig. 15.8). The gamma ray (total) log
and the spectral gamma (uranium) log curves relate to the
lithological layering. The borehole was pumped and the
flowmeter curve revealed a smooth intergranular inflow
contribution across the screened interval. It was intended
to sample waters of the screened interval using the packer
baffle technique but the pumping assembly could not be
installed due to a diameter constriction. Samples were
collected instead by placing a pump at shallow depth to
generate flow whilst a sampling pump was used to take
samples at 232, 212 and 192 m depth. The geochemistry
and isotope composition of the waters obtained showed
no significant difference between waters at the top and
bottom of the aquifer which is consistent with the uni-
form nature suggested by the gamma ray logs.

At the Fjand site (Fig. 15.9) a nested well 800 m from
the coastline, containing 6 individual piezometers, each
open to 3 m of aquifer, was used to monitor water quality
of different sand layers down to 175 m depth. The piezo-
meters are shown in the figure and the sand layers are
identified by the lower gamma ray mostly above 80 m
depth. From 80-170 m the gamma ray log shows a thick
fine-grained clay and silt lithology, but a deep sand layer is
present below 170 m depth. The piezometric head of all
six piezometers is above ground level in winter when
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samples can be collected simply by opening the valves.
The deepest piezometer (6) has however a high dissolved
organic carbon content and its water is brown. A wellfield
tapping this aquifer had to be abandoned due to the water
discoloration, and piezometer 6 is kept flowing to mini-
mize potential contamination of the overlying sand aqui-
fers.

The piezometric level of the top 4 piezometers is very
similar but decreases successively with depth showing a
downward hydraulic potential. Their piezometric level
falls to ~3.3 m below surface in July and ~3.5 m below
surface in October. The level in piezometer 5 lags behind
and is only 1.4 mbs in July and 2.1 mbs in October. The
piezometric level of deep sand layer 6 remains above sur-
face all year (+0.5 m in October) thus maintaining upward
flow. Downward flow of cool water from piezometer 1 to
piezometer 5 and upward flow of warmer water from
piezometer 6 and 5 is indicated by the fluid TEMP profile
which was run in piezometer 6. The fluid EC log, al-
though instrumentally noisy, shows the cooler water is
also lower EC.

All six piezometers were sampled and analysed for ma-
jor ions and CFC-gases and continuously monitored for
pH, O, Eh and SEC during sampling. The results showed
a low CFC concentration in piezometer well correspond-
ing to groundwater recharge in the 1960s. No CFC were
detected in piezometer 2, 3 and 4 yet low but significant
higher concentrations were measured in piezometer 5,
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screened from 74-77 m below surface. This suggested a
short-circuit between piezometer 1 and piezometer 5.

To investigate, two sampling pumps were used to
sample at different depths in piezometer 5. The lower
pump was placed at 69 m below surface, and the upper at
50 m depth. It was demonstrated that the two pumps
sampled significantly different waters. The lower pump
samples anoxic, high pH and high SEC waters, whilst the
upper one sampled oxic groundwater close to saturation
with the atmosphere and relatively low pH and SEC. The
results indicated the piezometer receives water from dif-
ferent levels and leakage was in fact detected visibly from
a pipe connection at 1.9 m below surface from the surfi-
cial aquifer during sampling The head in the sutficial aqui-
fer is higher than that of the aquifer at 70 m resulting in a
continuous flow of water down the piezometer. Heat-
pulse flowmeter measurements indicated that several
damaged or leaky pipe connections were in fact present.

The fluid temperature log (TEMP) run in the deep
piezometer suggests a further complication. The fluid
temperature gradient across the thick clay aquitard from
80-170 m is only 0.4°C/100 m which together with evi-
dence of upward hydraulic potential of the bottom sand
layer suggests upward movement of water from the bot-
tom sand layer either inside or outside piezometer 6 to the
sand layer of piezometer 4. No flow was detected inside
the piezometer by flowmeter logging and it is therefore
most likely the flow responsible for the temperature pro-
file, takes place in the annulus or in the developed zone
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around the well. If correct the water sampled in piezome-
ter 5 could represent a mixture of sand 5 waters and wa-
ters from the shallowest and deepest aquifers which are
separated by more than 150 m in space and >5000 years
in time. A further complicating factor is that the piezo-
metric head varies throughout the year in all aquifers, due
to abstraction and recharge, so that the rate of flow and
direction of flow inside the piezometer can change. Hence
the groundwater chemistry needs to be considered in rela-
tion to the groundwater flow systems and the particular
hydraulics of the well construction,. Information on which
is provided by the logging techniques and by the hydraulic
head measurements.

15.9.4 Saline interface and upflow associated with geological struc-
ture, 8’ Albufera ,Mallorca

Figure 7.20 shows a hydrogeophysical cross-section of the
S’Albufera area of Mallorca whete fluid EC and TEMP
logs were run in more than 30 boreholes penetrating
Holocene and Pleistocene sands overlying Palacogene
limestones. The fluid EC logs identified brackish to saline
waters present in the sands, and identify a saline interface
at =50 to —100m depth in the underlying carbonate aqui-
fer. Fluid temperature logging indicated areas of recent
recharging downflow but also revealed locally much
warmer water upflowing in the vicinity of a fault between
borehole S-21 and S-20 where in one borehole water en-
ters at —140 m depth at 27.4°C (2-6°C warmer than adja-
cent holes). This water is higher EC (>10 000 puS cm1)
than water below. The upflow is cooled at a further inflow
at —80 m which is a higher EC.

15.10 Summary and conclusions

Virtually all rocks show some form of layering and are
capable of becoming aquifers if the rock mass contains

openings through which groundwater may circulate.

Groundwater movement takes place selectively though
favourable lithology horizons (aquifers) and groundwater
flow systems become established by the groundwater cir-
culation from recharge regions at higher elevation to re-
gions of groundwater discharge at lower elevations. The
regional direction of water movement is controlled by the
topography but the depth of circulation and local direc-
tions of groundwater movement are influenced by the

lithology and geological structure.

The diverse flow routes and circulation histories pro-
duced by the layering and structure generate differences in
groundwater chemistry both vertically and laterally due to
different residence times for water-rock interaction to take
place. The groundwater circulating through the rock mass

thus becomes chemically stratified.

Individual groundwater circulations tend to have dif-
ferent hydraulic (head) potentials so that aquifer crossflow
takes place within the rock mass through available routes,

to equilibrate the head differences.

When boreholes are drilled into rock masses and
penetrate several water-bearing layers, vertical fluid
movement takes place in the borehole to similarly equili-
brate the head differences. This fluid movement is well-
bore flow and takes place on a more rapid time-scale than
crossflow within the rock mass. The effect of these

movements (up or down) is to mix the groundwaters.

Boreholes in coastal regions are especially susceptible
to the mixing effects of aquifer crossflow and wellbore
flow because they are located near the end of aquifer
flowlines, close to sea level, where hydraulic head is at a
minimum and flow from inland is at higher potential. In
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addition hydraulic gradients in coastal regions are often
flat and water levels are strongly influenced by tidal load-
ing which further promotes vertical flow.

The implication of aquifer crossflow and borehole
wellbore flow for water sampling is that groundwaters
tend to become mixed and there is a tendency for waters
of high hydraulic head to enter and mix with waters of
lower head horizons. These waters may be chemically
quite different, of different isotopic composition and dif-
ferent age.

Unless groundwaters of individual layers are examined
in boreholes and downhole log measurements made, the
existence of aquifer crossflow and wellbore invasion may
not be appreciated.

Geophysical logging provides information on the geo-
logical and aquifer layering.

Fluid logging EC\TEMP\FLOWMETER measure-
ments identify water inflows and distinguish waters of
different quality and temperature. These differences in
turn are indicative of different groundwater circulation
routes and provide information on the Groundwater Flow
System present

Interpretation of fluid logs and direct measurement
using borehole flowmeters can determine the hydraulic
influences affecting the borehole fluids

In some aquifers the fluid EC and TEMP logs them-
selves provide direct indication of Pleistocene or Holo-
cene waters in the rock mass by their profiles. This has
been shown to be the case in certain coastal situations
where present-day circulating groundwater is higher EC
and cooler and ovetlies typically lower EC (pre-industrial
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recharged) waters that are warmer because they are pre-
served at depth in low-permeability strata at depth.

For representative sampling of individual aquifer hori-
zons, purpose-built piezometers or single screened bore-
holes, sealed above and below and open only to the inter-
val of interest are best.

These are costly and where not available and sampling
has to be performed in open or long screened boreholes,
it should be considered that fluid invasion will probably
have occurred since construction. An indication of the
direction of wellbore flow can be gained by consideration
of the hydrogeological setting Geophysical formation and
fluid logging should be performed to determine the aqui-
fer layering and the distribution of water inflows. Individ-
ual water-bearing horizons can then be identified and their
groundwaters sampled accordingly to establish the sepa-
rate components of the mixture pumped. Water sampling
can then be targetted and samples collected by dynamic
depth-sampling, packer-pumping or by separation pump-
ing techniques to minimize wellbore flow influence. Water
returned from low head horizons might still however be
wholly or partly invaded water.

Comparison of fluid logs with formation logs and
well-to-well comparisons also provides information on the
permeability distribution within the aquifer. Such com-
parisons indicate that permeable routes were established
by groundwater circulation to lower river and sea base
levels in the past and ate now occupied and exploited by
present day groundwater circulation that is also develop-
ing permeable routes at shallower levels.



16 Modern groundwater advance in European coastal aquifers

16.1 Introduction

Latrge parts of the global groundwater resources partici-
pate in the hydrological cycle continuously discharging
groundwater to rivers, lakes and the sea, other parts are
mote or less isolated with no or very little exchange with
the active system. In the present study all selected coastal
European aquifers take part in the hydrological cycle, al-
though some waters deep in the aquifers entered the sub-
surface more than ten thousand years ago during the last
glaciation, and today mainly participate in the hydrological
cycle due to aquifer exploitation. In some areas high qual-
ity deep groundwaters are threatened by the advance of
modern contaminated groundwater, and overexploitation
may allow the quality of the deep resources to deteriorate.
Modern groundwater is defined as groundwater with a
significant human input i.e. groundwater that generally is
less than about fifty years old.

This chapter considers the advance of modern
groundwaters into European aquifers and how to recog-
nize the interfaces between modern water and older wa-
ters. The different environmental tracers, also contami-
nants, that may be used to fingerprint or date the modern
components are also considered.

16.2 Human influence on groundwater chemistry

Generally, human influence can be recognized in ground-
water recharged within the last fifty years (Plummer e/ o/,
1993), and at depths generally not exceeding 50-100 m
(e.g. Seiler & Lindner, 1995), while uncontaminated pris-
tine groundwaters are found at greater depths (e.g. Ed-
munds ez al., 1982). Pristine groundwaters in coastal areas
can be regarded very simply as diluted seawater or evapo-
rated rainwater only with addition of elements from the
dissolution of minerals and organic matter in soils and
rocks (Appelo & Postma, 1993). The chemical and iso-
topic composition of such waters define the baseline con-
ditions for the aquifers, serving as the basis on which the
human impact can be recognized (Edmunds e a/., 1987).
The deep groundwater resoutrces generally define the
baseline conditions as they are protected against contami-
nation from human activities at the ground surface (Her-
weijer e al., 1985; Edmunds e al., 1987). Deep groundwa-
ters in contrast to many near surface modern waters gen-
erally need little treatment to be used as drinking water.
During the last half of the nineteenth century human
activities have been so intense that the upper young
groundwater resources globally show the influence of
man. Not all these influences are harmful to man and the
environment, but some contaminants are very critical and
an increasing number of water supply wells are either shut
down, or the abstracted water has to receive extensive
treatment before the water can be sent to the consumer.
Should boreholes have to be abandoned new uncontami-
nated groundwaters have to be found. New water supply
wells are often drilled to greater depths to have better
protection against sutface pollution. These deeper systems
are, as already mentioned, often vulnerable to overexploi-
tation and mining, which if not carefully monitored and
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managed can lead to severe problems e.g. pollution by
younger waters from above (Custodio, 1992; Custodio e#
al., 1998; Chapter 18). Consequently, description of the
groundwater flow systems, and the location of contami-
nated and pristine waters are essential. During the delinea-
tion of the different water qualities and the description of
the flow systems the recognition of the human input and
the use of environmental tracers and dating tools are im-
portant. The objective of this paper is to describe how to
distinguish between modern contaminated groundwater
and old pristine waters by the help of some common con-
taminants and useful environmental tracers, and to esti-
mate the advance of modern groundwater into coastal
European aquifer systems.

Table 16.1. Examples of human impact indicators and contami-
nants found in young groundwater

Industrial impacts (including
landfills)

Agricultural impacts

Nitrate, sulphate, phosphate,
potassium, chloride, pesti-
cides, TOC, TDS, trace ele-
ments, pathogens

VOCs (Volatile Otganic Cat-
bons e.g. chlorinated solvents,
BTXs), surfactants, sulphate,
chloride, nitrate, TOC, trace
clements e.g. heavy metals,
NAPL’s, pathogens

16.3 Tools for recognition of modern groundwater
16.3.1 Human impact indicators

Although anthropogenic effects on the chemistry of the
atmosphere and precipitation have been significant for the
past approximately two hundred years, as recognized in
e.g. sediments and ice cores (Graedel & Crutzen, 1993),
this generally does not lead to recognizable changes in the
groundwater chemistry for most of this period. Significant
global changes in groundwater chemistry due to human
activities have occurred only during the past approxi-
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Figure 16.1. Atmosphere concentrations of CFC gases at Niwot
Ridge, Co, USA, (McCatthy, 1977, AFEAS, 1993, Elkins, 1993)
and #Kr (Loosli e al., 1991) and precipitation concentrations of
3H in Ottawa, Canada (Plummer ez al., 1993).



mately 40-50 years, exemplified by the presence of an-
thropogenic tracers with an atmospheric origin ie. 3H,
8Kr, and CFC-gases (Fig 16.1), and a large range of con-
taminants from agricultural and industrial activities e.g.
pesticides, nitrate, sulphate, chloride and chlorinated sol-
vents (e.g. Freeze & Cherry, 1979; Robertson e al., 1989;
Loosli ez al., 1991; Plummer e7 al., 1993; Wilson & Mackay,
1993; Ekwurzel et al., 1994; Bohlke & Denver, 1995; Ed-
munds, 1996; Cook & Solomon, 1997; Clark & Fritz,
1997; Busenberg & Plummer, 1997; Loosli, 1999; Plum-
mer & Busenberg, 1999). These tracers and the age-range
of the past 40-50 years are therefore used here as the
definition of modern (or young) groundwater.

Tracer Approximate Range of Dating

Log Years Before present

Passive 0 1 2 3 4 5 6
Environment | | | | | | |
Tracer
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Figure 16.2. Approximate range of absolute and relative dating
applications of selected environmental tracers and event markers
(in years). Modified after Plummer e a/. (1993).
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16.3.2 Dating tools, environmental tracers and event markers

Some environmental tracers found in groundwater can
provide absolute ages whereas other tracers only provide
relative ages i.e. determine whether the main part of the
water sample is recharged before or after a known event.

Plummer ez al. (1993) divides dating techniques for
dating of young (modern) groundwater into environ-
mental tracers, which yield a continuous record of water
age with distance along a flow path (e.g. Kr, CFCs,
3H/3He), and event markers which assign an age to only
the specific point in the flow system, where the result of
the event is located (e.g. the 1963 *H bomb peak), or indi-
cate relative ages (e.g. nitrate and pesticides, Fig 16.2).

The most important and widely used dating tool to
date has been 3H. The value of this method though to
some extent decreases with the decreasing atmospheric
input (Fig 16.1). However, a low level *H background
(around 2 TU) in the southern hemisphere enables low
level *H measurements (detection limit down to 0.03-0.04
TU, Taylor e al., 1998), making H an important and rele-
vant tool even at the low present day *H levels. As sup-
plements to the H technique a number of studies in re-
cent years have shown the strong potentials of alternative
environmental tracers such as 3H/3He, 8°Kr, CFCs and
“He (c.g. Loosli e al., 1991; Busenberg & Plummer, 1992;
Ekwurzel et al., 1994; Cook et al., 1995; Solomon et al.,
1996; Cook & Solomon, 1997; Loosli et al., 1999; Plum-
mer & Busenberg, 1999).

The concentrations in air (¥Kr, CFC-11, 12 and 113)
and precipitation (*H) of the most important dating tools
in young groundwater are shown in Fig 16.1 for compari-
son. The steady increasing concentrations of the CFC
gases and 8Kr give these tracers some advantages com-
pared to *H because first of all they can be used for abso-
lute age dating and secondly they are not as sensitive to
dispersion in the aquifers as the very pronounced 3H peak
(Plummer e al., 1993). For the last four decades it has not
been possible to use the *H concentration in groundwater
in itself for absolute dating due to the varying input func-
tion. Only when combining 3H and *He (the “daughter
product” of *H) can absolute ages be obtained. However,
if the *H input function stabilizes around a fixed value e.g.
the estimated pre-bomb value of 5-10 TU, 3H values in
themselves can be used in the future for absolute dating
of groundwater.

As shown in Fig 16.1 the fast increase of the CFC-
concentrations in the atmosphere changed abruptly about
ten years ago as a result of the Montreal protocol limiting
the use of CFC-gases. The CFC-11 and CFC-113 concen-
trations in the atmosphere have been neatly constant dur-
ing the nineties, and for CFC-11 even a slow decrease has
been observed. This of course makes it difficult to use
CFC-11 and CFC-113 as absolute dating tools. CFC-12
concentrations in the atmosphere still increase slowly.
CFC-12 concentrations are also expected to level off and
slowly decrease for the next several decades. This ex-
pected development of the CFC concentrations will com-
plicate and limit the use of the CFC gases as absolute age
dating tools in the future, due to increasing uncertainties,
however the CFC gases will continue to be a valuable
tracer and modern water indicator for several decades,
because of their long life-time in the atmosphere.

In contrast to °H and the CFC gases the significant in-
crease in the atmospheric 85Kr concentrations since about
1955 are expected to continue in the future. This is due to



the continuous release from nuclear installations (Loosli e#
al., 1991, 1999). This makes the 85Kr tracer a potentially
very strong and widely applicable tool in the future for
absolute dating of young groundwater if sampling and
analysis procedures can be simplified and sample volumes
can be decreased (Thonnard e al, 1997, Loosli et al.,
1999). Today only a few research laboratories ate able to
perform 85Kr analyses on water samples, and groundwater
studies on 3Kr are still relatively few (e.g. Rozanski &
Florkowski, 1978; Loosli e al., 1989, 1991, 1999; Smethie
et al., 1992; Ekwurzel et al., 1994).

In the PALAEAUX study 3H has been the most
widely used tracer and dating tool for modern groundwa-
ter, while 8Kt and CFC gases have been used only at a
few sites.

16.4 Contaminants in aquifers and aquitards

Several compounds introduced by man may also be used
to distinguish modern impacts (e.g. Back & Baedecker,
1989; Alley, 1993). These are mainly contaminants from
agriculture, sewage or industry (e.g. Plummer ef al., 1993;
Edmunds, 1996). Such “tracers” are not globally applica-
ble but depend on e.g. industry, land use and agricultural
practices. However, many of these components are often
found in groundwater below farm lands, landfills or indus-
trial areas and leave significant imprints on the groundwa-
ter chemistry (Christensen ef al., 1994; Lesage ef al., 1997,
Mackay & Smith, 1993, and they are present in a large
proportion of modern groundwaters.

The contaminants found in aquifers can be considered
in three main groups although only the first group (the
most mobile) are of use in the PALAEAUX context:

16.4.1 Solutes

Solutes are contaminants which easily dissolve in water
(they include inorganic and organic species and species
adsorbed on colloids). Pesticides and nitrate are typical
examples (e.g. Rao & Alley, 1993; Hallberg & Keeney,
1993), which locally can be recognized in groundwater
infiltrated during the past 40-50 years (e.g. Plummer e/ al.,
1993; Bohlke & Denver, 1995). In an illustrative study
Bohlke & Denver (1995) established a 40 year record of
the recharge rates of nitrate by the use of a combination
of CFCs and 3H age-dating in an Atlantic coastal plain,
Maryland, USA.

Solutes move with the water in which they are dis-
solved but are more or less dispersed and delayed by
physical and chemical processes in the aquifers depending
on the aquifer characteristics and the reactivity of the sol-
ute. In fractured/fissured rocks the solutes are strongly
delayed due to diffusion of the solutes from the flow
zones into the matrix. Soluble contaminants (especially
nitrate) are the only group commonly observed in the
PALAEAUX project and they are described together with
the general hydrochemistry in the different country con-
tributions, therefore they will not be described in more
detail here.

16.4.2 Non Aqueous Phase Liguids (NAPLs)

These are contaminants where only a minor fraction can
be dissolved in water, the main part is a separate phase
immiscible with water. The Non Aqueous Phase Liquids
is further divided into LNAPLs and DNAPLs i.e. light
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and dense liquids respectively. Typical examples ate oil
(LNAPL) and the chlorinated solvent TCE (DNAPL),
Pankow & Cherry (1996). The density of the LNAPL:s is
less than the water density and they therefore float on the
water table. The density of the DNAPLs are higher than
for water and they sink to the impermeable bottom of the
aquifer. Although the main part of the NAPLs are immis-
cible with water they slowly release a small part to be dis-
solved in water, where severe deterioration of the water
quality it may result. DNAPLs especially often result in
serious contamination problems (Pankow & Cherry,
1996). The DNAPLs are able to penetrate fractures with
apertures of a few microns relatively easy (Kueper &
McWhortter, 1991; Hinsby e al., 1996; Pankow & Cherry,
1996) and furthermore due to their large density they are
able to sink relatively deep into the aquifers, where they
may contaminate old groundwaters (Bishop e# al, 1993;
Lawrence et al, 1996; Pankow & Cherry, 1996). Such
DNAPL source zones are capable of contaminating very
large amounts of groundwater with highly toxic compo-
nents to concentrations far above the drinking water stan-
dards. Thousands of plumes from such DNAPL source
zones have been identified in North America (Conant &
Cherry, 1997) and they can be found in nearly all parts of
the world, e.g. the chlorinated solvents like TCE (Tti-
chloroethylene) are widely distributed and used. Aquifers
that have been polluted with DNAPLs are virtually im-
possible to clean-up and the aquifers will be contaminated
for decades or even centuries.

16.4.3 Microbial contaminants and populations

Pathogens are an obvious indicator of modern groundwa-
ter but their mobility rapidly decreases with depth and are
not of importance in the present context where the first
arrival times of human impacts are relevant.

While there has been a considerable amount of work
done on the native microbial populations in shallow aqui-
fers and e.g. their effect on degradation of organic pollut-
ants (Ghiorse & Wilson, 1988), the microbiology of the
deep subsurface is a relatively new research area and little
is known about the microbiology of deep aquifers (Ghi-
orse, 1989). However, a pioneering interdisciplinary base-
line study of deep aquifers (up to 300 m below surface)
shows that active diverse microbial populations different
from those in shallow aquifers indeed are present in deep
aquifer systems (Ghiorse, 1989). Generally, problems with
microbial contaminants in deep aquifers are not common
and they are not considered as a problem in the aquifers
studied in PALAEAUX. However, mismanagement could
introduce pathogens into even deep aquifer systems, and
they should be considered in the planning of deep aquifer
exploitation and development.

16.5 Modern groundwater advance in European
aquifers

The advance of modern shallow groundwaters has impor-
tant implications for the management and exploitation of
the European groundwater resources, due to the risk of
severe contamination and deterioration of pristine high
quality groundwaters in deeper parts of the aquifers. This
section provides a short overview of the advance of mod-
ern groundwaters in the European aquifers studied in
PALAEAUX.



Table 16.2. Selected information and advance of modern waters in PALAEAUX aquifers.

, Period & type of Aquifer  Porosity Aquifer thick- Aquifer depth  DcPth of Human
Aquifer name sediment/rock type type ness (m) (m bsl) advance impact
P P (m bs) indicators
Ledo-Paninselian ~ Tertiary Sand S P/S 50-80 0-150 <20%* 3H
Glattal Quaternary Gravel U P/S 10 100 100 3H, 3H/?He,
85K, VAr
Ribe Formation Tertiary Sand S P/S <10-40 170-230 70 3H, (4C, 13C)
[100-205] NO;, TDS,
CFCs
Amurga Tertiary Basalt S/D
Doflana Plio-Quat. Sand S P/S 50-150 0-50 20-40 3H, NOs, 14C,
Inca-Sa Pobla Mioc.+ Quat. Lst & Sand S S/D 100-300 20-50 10-40 13C
Tarragona Trias-Quat. Lst & Sand P/S and
S/D
Cambrian-Vendian Cambrian & Precambrian C S/D 6-20
Sand & Siltstone
Dogget Jurassic Lst S/D
Dogger (Atl.) Jurassic Lst S S/D 40 0->200 25-35 3H, NOs3, 14C
Landenian Tertiary Sand P/S [20->200]
Chalk (South) Cret.aceous Chalk S/D NOs, TOC, Cl,
Chalk (East) Cretaceous Chalk S S/D >200 ? 0->800 ? 100 ? 36Cl, 3H
East Midlands Permian/Triassic Sst S/D Trace elem.
Aveiro Cretaceous Sst S P/S 100-200 20->100 50-60 3H,14C,
Lower Tagus & Tertiaty Sst/Lst S/D NO3,TDS
Sado S/D Trace elem.
Aquifer type:  C - confined, U - unconfined, S - semiconfined
Porosity: P/S - primary/single, S/D - secondary/dual

* Located in the leaking confining clay layer above the aquifer.

The advance of modern groundwaters depends pri-
marily on the climate, the geological setting and the degree
of exploitation. The spatial distribution and variability of
the hydraulic conductivity and porosity in granular aqui-
fers and the fissure distribution in fissured aquifers are key
parameters that control the groundwater flow. Other im-
portant parameters ate the presence and type of confining
layers and the depth to the main aquifer.

The contaminants found in many modern groundwa-
ters behave in different ways and give rise to a variety of
problems depending on the type of contaminant and the
geochemical and geophysical characteristics of the aqui-
fers. Therefore a sound and relatively detailed knowledge
of the regional geology and the physical and chemical
aquifer characteristics is needed in order to understand
and describe the groundwater flow systems and the con-
taminant transport.

The 18 aquifers selected for the PALAEAUX study
include a considerable vatiation of aquifer types and pro-
vide a good representation of different aquifers in Europe.
They include granular and fissured, single and dual poros-
ity, marine and terrestrial sediments, as well as metamor-
phic and volcanic rocks. Mesozoic and Tertiary carbonates
and sand(stones) are the most common and important
aquifers. The study includes confined, semi-confined and
unconfined aquifers at depths of between only a few tens
of metres up to several hundred metres. This provide a
good basis for a general assessment and comparison of
the advance of the modern groundwaters into the sedi-
mentary basins and the human impact on the aquifer sys-
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tems in different aquifer types of Europe. Table 16.2
summarizes selected basic data on the aquifers studied
under PALAEAUX and the modern groundwater ad-
vance in these aquifers. It should be noted however that
some generalizations have had to be made.

Generally, the advance of modern groundwaters atre
easiest to predict and describe in granular aquifers with a
primary porosity (Fig 16.3) although more difficult granu-
lar aquifers e.g. where glaciotectonic processes disturbed
the sediments to a considerable extent (Hinsby es al,
19994,0). The problem of predicting modern groundwater
advance is more pronounced in aquifers with a dual (frac-
ture and matrix) porosity. The situation is illustrated dia-
gramatically in Fig. 16.4. where different rates of move-
ment and concentration gradients are implied between the
matrix and fissures. It should be noted, however, that
nature may be more complex and that several of the aqui-
fer systems in the PALAEAUX study in reality may be
more complex.

The observed differences between the study sites illus-
trated in Table 16.2 are primarily a consequence of differ-
ences in the hydrogeological setting. For instance upward
flow (inverse hydraulic gradients) in the Inca-sa Pobla
discharge area on the island of Mallorca, Spain prevents
the downward advance of modern contaminated ground-
water. In contrast the significant advances of the modern
groundwaters in the Glattal and East Midlands aquifers
are due to highly permeable zones above and in the aqui-
fers and a relatively high infiltration in the recharge area.
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Figure 16.3. Conceptual model of a coastal unconsolidated granular aquifer system with an unconfined
and two semi-confined aquifers illustrating a setting where a piston flow model approximation may be
applicable. The modern/pristine water interface in the recharge area of the confined aquifer (B) and the
sea water interfaces in the discharge area at the coast are indicated. Modified after Bear (1979).

To illustrate similarities and differences between mod-
ern water advance in the studied aquifers in a little more
detail five aquifers representing different situations have
been selected for further description.

16.5.1 Ribe Formation, Denmark

In the Ribe Formation there are no indications that mod-
ern groundwaters have reached the aquifer. The deepest

RECHARGE
PUMPING WELL

~
||
Predominantly\

OLD groundwater
composition Cq

Predominantly
MODERN groundwater

composition Cg =

FLOW VELOCITY: V1 (fissure flow) >> V2 (intergranular flow)
chemistry C1>C2>C3>C4>C5

Figure 16.4. Fissured/double porosity flow with interfaces at
two scales.
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certain recognition of groundwater with a modern input
as recognized by *H and supported by *C/13C and chlo-
ride is in a screened interval at a depth between 65 and 73
m below the surface in the unconfined recharge area (Fig
16.5). An even deeper well screened between 89 and 92 m
below surface has a low but significant 3H content indicat-
ing a component of modern groundwater. This water may
have been infiltrated in the early 1950s, however, a more
reasonable explanation is probably that the measured *H

W The Ribe Formation E
F Recharge area |
| D MSL of 100.0 7
l C | Weichselian ]
l_ Ice Sheet 1
I 50.0 |
Quat. —
-50.0
Tert, -1000]
Ribe Fm -150.0 -
-200.0 |
0 10 km ]

Figure 16.5. Close up of the recharge area to the Ribe Forma-
tion showing the estimated location of the modern water inter-
face.



result from small contributions of younger water from
layers above the screen either through a slightly damaged
screen or draw down to the screen through the gravel
pack in the developed zone around the well.

In the study of the groundwaters above the Ribe For-
mation the most important indicators of modern ground-
water have been 3H, 4C/13C, CFCs and the combined
impact from agriculture (e.g. NOs, SO4, Cl, TDS and
TOC). It has been observed in several studies in Danish
aquifers that groundwater impacted by agriculture typically
show a 2—4 times increase in total dissolved solids (e.g.
Hinsby, 1988; Postma ef al, 1991). Pesticides, are other

metres
+200

contaminants that relatively often are found in Danish
groundwaters, but they have not been analysed for in this
study. However, pesticides have been found to maximum
depth of about 70 m below the surface in Denmark, cor-
responding to the depths where 3H disappears (GEUS,
1995), and to the modern groundwater advance in the
recharge area to the Ribe Formation found in this study.
This indicates that the depth of the modern water inter-
face we observe in the recharge area to the Ribe Forma-
tion generally is the maximum depth of the advance of the
modern groundwaters in Denmark. As the recharge area
to the Ribe Formation is located in one of the areas with
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Figure 16.6. The confined/unconfined boundary region of the East Midlands Ttiassic aquifer, UK where
modern waters may be traced as they are introduced mainly by pumping into the confined section. The
aquifer is confined by matls and mudstones (Mercia Mudstones of Triassic age) and is underlain by matls
and dolomitic carbonates of Permian age. The position of pumping wells is shown schematically, to illus-
trate the heterogeneous nature of the well field. Waters of Holocene and late Pleistocene age can be dis-
tinguished both isotopically and chemically and may still be identified in the deeper well sections (e.g.
from depth sampled borehole profiles, see Fig. 5.12). The relative position of the redox boundary is
shown. This remains at present within the waters of Holocene age, although modern waters are being
drawn towards it by abstraction of the older (non-renewable) palacowater. Examples are given of four in-
dicators (Cl-, 3Cl, NOjs-, Eh) of the modern water influx across the whole aquifer to show the limits of
modern water and the situation of the redox boundary.

159



NO, contents (mg.L™)

0 20 40 60 0 20 40 60 0 20 40 60 0 20 40 60
5 111 | 111 | 111 | | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 | 111 |
03 % .+ = =
E ! ‘ 3 ? 3
53 Y ¢t ERa 2. -+
) -10_; \\ [ l+ _; ] \ __:. ,—':<:\
3 E \ ! _‘_ E ! ' :" g
: -154 ! y =3 =+ | = N
é = N \ 1 E D 3 \
2 B L ¥ " ;
S 3 Y \ E ) 3 |
B 2573 \ __-md -+ ] E| !
§ . ] 3 .
353 ' 4 (S \
3 ! EL | H ]
_40—a|- _:I 1 —:
= SALINES TOURNEBRIDE = LANGON = LONGEVILLE
-45 IRRLILL B
10 100 1000 10000 10 100 1000 10000 100 1000 10000 100 1000 10000

Cl" contents (mg.L™)

Fresh modern water - salty water interface
4 Groundwater NO, contents
Groundwater CI” contents

Figure 16.7. Illustration of the advance of a modern water interface in the Dogger aquifer at the French

Atlantic coast.

the largest estimated infiltration the climate data are in
agreement with this conclusion.

The observation of pesticides at such relatively large
depths is in accordance with recent research that shows
that some pesticides either degrade very slowly or do not
degrade at all in some unpolluted groundwaters (e.g.
Agertved et al., 1992; Klint e al, 1993; Aamand et al,
1999), and with the possible use of pesticides as tracers
even for the older parts of modern groundwaters infil-
trated in the 1950s and 60s (Plummer e7 a/., 1993). That is
pesticides may eventually advance into even deep aquifers.
In contrast the nitrate contents are generally reduced by
mainly organic matter or pyrite before they reach the deep
aquifers. However, nitrate is generally followed by other
major inorganic ions such as chloride and sulphate, and
the reducing agents (organic matter, pyrite) produces an
increase in sulphate and dissolved inorganic carbon in the
groundwater, when nitrate is reduced i.e. agricultural ac-
tivities can generally be observed on the inorganic
groundwater chemistry (e.g. Appelo & Postma, 1993).

16.5.2 East Midlands Triassic Sandstone Aquifer, UK

An example of the scale of movement of modern water
with several contaminants derived from industrial and
agricultural activities into an environment with well
documented palacowater is provided by the East Midlands
(Sherwood Sandstone) Triassic aquifer in Eastern England
(Edmunds ez al., 1984) In Fig. 16.6 the modern contamina-
tion in this aquifer can be recognized by a range of indica-
tors which include in particular NOs~ (shown here) and
TOC, The imprint of industrial activity, aerosols and rain
can be cleatly seen near to outcrop in the concentrations
of CI (Fig 16.6). The isotopic signature of 3Cl, derived
from sea-level thermonuclear testing and above a back-
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ground value of about 30x10-1> for the atomic ratio of
%Cl/Cl confirms the presence of recent water and mod-
ern water is also confirmed by tritium *H in the same wa-
ters (Edmunds e al, 1984, 1994, Andrews ef al., 1994) .
Thus both chemical and isotopic tracers together are im-
portant for defining the palaco/modern water interface or
mixtures of different water types.

16.5.3 Dogger aquifer, western France

The modern influence of human and agricultural activities
is clearly demonstrated in some areas of the Dogger aqui-
fer along the Atlantic coast. The unconfined part of this
aquifer is characterized by recent groundwater with high
nitrate and tritium contents. At the limit of the Callovian
matls, the hydrochemical stratification of groundwater
from the confined part of the aquifer allows a distinction
to be made between two water-bodies: fresh water with
high nitrate concentrations is recognized in the upper 15—
25 m while marine solution with high chloride contents is
found deeper in the aquifer (Fig. 16.7). The isotopic study
(*H, 1BC and ™C) of the two water-bodies provides evi-
dence of two distinct periods of recharge. The nitrate-rich
fresh water is of modern age as defined by '#C activities,
over ca. 70 pmc, and with detectable 3H contents. In con-
trast, the deep marine solution, nitrate- and tritium-free
(the low nitrate possibly the result of a reducing environ-
ment), is characterized by C activities over 50 pmc, indi-
cating a recharge period older than that of the fresh water.
In this system, there no evidence of natural process lead-
ing to the mixing of modern contaminated water with the
salty solution. However, this mixing may occur by inten-
sive pumping of the fresh water, which maylead to the
displacement of the saline wedge toward the unconfined
aquifer during the summer period.



16.6

Discussion
16.6.1 Modern groundwater indzcators

The occurrence of Pleistocene, Holocene and Modern
groundwaters in aquifers are controlled by the geological
setting, climate and human activities. The advance of
modern contaminated groundwaters i.e. the depth to the
interface between modern contaminated waters and pris-
tine “palacowaters” therefore may vary considerably from
place to place. To estimate the advance of modern con-
taminated waters a sound knowledge of the geological and
climatological setting and their variability as well as the
human development of the aquifer is needed. However,
the modern water interface or the extent to which a given
water is influenced by modern waters can be recognized
and defined quite well by the use of isotopic and chemical
tracers either in the water molecule or dissolved in the
water. Some tracers are globally applicable but others are
only applicable locally depending on e.g. land use and
industry. Therefore a sound knowledge of the regional
conditions will help to select the best tracers at a given
site. Generally the advance of modern groundwaters can
be recognized all over the world by using tracers carefully
selected on the basis of regional conditions. This however,
does not mean that the systems are easy to understand
and describe. The complexity of most geological settings
often leave us with only a fragmental understanding of the
systems. In such cases the use of multiple tracers is inevi-
table in order to understand the systems. Groundwater
flow models for the description of water and solute trans-
port and for managing the aquifers give little meaning in
these settings unless they are calibrated by tracers and
combined with geochemical studies.

H and nitrate have been the two most important and
widely used indicators of modern waters in the PA-
LAEAUX project, although others (e.g. °Kzr, 3Cl/Cl, Cl
and CFC’s) have been included too in some aquifers. 3H is
neatly a perfect tracer as it is part of the water molecule
and not influenced by watet/rock interactions. Low level
detection limits (0.03-0.04 TU) as obtained in a laboratory
in the Southern Hemisphere (Taylor, 1998) still give the
tritium measurements large value even today, where the
atmospheric tritium level are very close to the low pre-
bomb values. Nitrate is also a valuable tracer and it is
widely used as an indicator of agricultural impact. How-
ever, nitrate is dissolved in the water and takes patt in
geochemical reactions in the aquifer, e.g. it can be reduced
quite fast by organic matter and/or pytite in the aquifers
(Trudell e al., 1986; Postma ef al., 1991), i.e. nitrate should
not be the only tracer used for indication of modern wa-
ters. If significant nitrate concentrations were originally
present in the groundwater this would generally be recog-
nizable by other major ions such as sulphate and dissolved
inorganic carbon in the waters (e.g. Appelo & Postma,
1993).

CFCs and #Kr are valuable modern water indicators
as supplements to H and nitrate especially as they can be
used as absolute age-dating tools in many aquifers. How-
ever, sampling techniques are relatively complicated for
both these techniques and demand special training. Fur-
thermore the stagnating or decreasing CFC concentrations
in the atmosphere result in problems for the absolute age-
dating of the youngest (<10 a) groundwater by the CFC-
method. Another problem related to the use of CFC gases
as absolute age-dating tools ate the possible degradation
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of all CFC-gases in some anoxic environments (Oster,
1995; Hinsby ez al., 1997, 1999). CFC gases are generally
not recommended as absolute age-dating tools under an-
oxic conditions unless it is documented that no degrada-
tion of the CFC gases occur in the aquifer. If however all
CFC gases used for age-dating (CFC-11, -12 and —113)
estimate similar groundwater ages no degradation of CFC
gases are expected.

Problems with 85Kt include the large amount needed
for analysis (500-1000 L) and the complicated analysis.
However, new analysing techniques might reduce the
sample size considerably (Thonnard e/ 4/, 1997) and #Kr
must be considered as a very promising tool for absolute
age-dating of young groundwater in the future. 85Kr con-
centrations in the atmosphere originating from nuclear
installations are expected to increase steadily in the future
(Loosli et al., 1991; Loosli et al., 1999) in contrast to *H
and CFCs which are expected to stagnate and decrease,
respectively.

To complete the picture we should mention the po-
tential tracer and absolute age-dating tool SFs (sulphur
hexafluoride). SFg has not been used in the PALAEAUX
project as it is a relatively new and not very well studied
tracer. However, it might have some potential in the fu-
ture, due to a fast growing concentration in the atmos-
phere and its conservative behaviour in the atmosphere
and the groundwater environments (Busenberg & Plum-
mer, 1997).

16.6.2 Protection and development

The distribution of modern water indicators in the PA-
LAEAUX aquifers show that the deeper parts generally
seem to be quite well protected against contamination
from above at least in unstressed situations. This is gener-
ally due to the existence of confining layers, natural at-
tenuation and/or present day shallow circulation in the
groundwater systems. However, excessive development of
the deep aquifers stresses the systems considerably and
may in some cases lead to overexploitation and contami-
nation. Likewise wells that punctuate aquitards or pene-
trate highly conductive fractures sometimes result in intru-
sion of saltwater or contaminants especially in places with
heavy pumping.

Recent investigations of contaminant transport in aq-
uifers e.g. from land fills illustrate the efficiency of natural
attenuation in the removal of many contaminants from
groundwater (e.g. Christensen ez al, 1994), however the
degradation of contaminants in aquifers depends very
much on the geochemical and microbiological environ-
ments. For instance some pesticides or some of their even
more toxic metabolites do not degrade or degrade only
very slowly especially in anoxic unpolluted groundwater
environments (e.g. Agertved e al., 1992; Klint ez a/., 1993;
Aamand e7 al., 1999). Such contaminants therefore may
with time contaminate even deep aquifer systems (GEUS,
1998). The knowledge of the fate of contaminants in
groundwater should be used when planning the abstrac-
tion and development of aquifers, and when defining
groundwater protection zones. It is therefore important to
investigate the behaviour of the different contaminants
thoroughly i.e. not only to register the attenuation of the
primary contaminants but also to follow the fate and deg-
radation of their metabolites in order not to ignore the
existence of any toxic substances.



The globally increasing demand for freshwater re-
sources put a large pressure on aquifers, where the main
part of the worlds easy accessible fresh water resources
are stored. Consequently the abstraction of high quality
groundwater resources, the focus of the present project-
must be optimized globally in order to exploit the re-
sources to an optimal but sustainable extent. This puts
emphasis on the strongly needed development of a) inte-
grated groundwater and surface water modelling tools and
b)dating and tracer tools for the calibration of the models,
and understanding of the groundwater flow systems.
Geophysical and geological measurements and mapping
techniques for a proper description of the geological set-
ting and the hydraulic parameters that influences ground-
water flow are equally important. Integrated hydrological
models can only be as good as the geological models on
which they build.

16.7 Conclusion

The recognition and location of the modern water inter-
face is of key importance in the management of ground-
water resource in order to avoid inadvertent severe con-
tamination of the pristine parts of aquifers. In the aquifers
studied in PALAEAUX the interface is located at depths
from approximately 10 to 100 m below the surface. The
shallowest interfaces seem to be on the island of Mallorca,
Spain, and in the Ledo-Paniselian aquifer in Belgium and
the Netherlands, while the deepest is from Switzerland
and Great Britain. The observed differences between the
sites are primarily a consequence of differences in the
hydrogeological setting, e.g. upward flow in the Inca sa
Pobla discharge area on the island of Mallorca prevents
the downward advance of modern contaminated ground-
water, and in the Ledo-Paniselian aquifer the confining
Bartoon clay close to ground surface in the recharge area
prevents the advance of the modern water interface. The
modern water interface is not recognized in the Bartoon
clay but the interface must be located in this unit, as there
generally are no modern water indicators observed in the
Ledo-Paniselian sand aquifer below. In contrast the rela-
tively deep advance of the modern groundwaters in the
East Midlands aquifer is due mainly the large abstraction
at outcrop and near the confined/unconfined boundaty.

The isotopes *H, *H/?He and #%Kr, and the CFC-
gases, presently seem to be the most important of the
environmental tracers and dating tools globally applicable
for the study and recognition of modern groundwater.
The dissolved components nitrate, TOC, TDS, pesticides,

162

chlorinated solvents and trace elements are important as
indicators of human contamination as well. However,
although these tracers are quite common they are not pre-
sent everywhere.

All of the tracer and dating techniques mentioned
above and used in the PALAEAUX project have large
potentials in the study of modern groundwater and in
location of the modern water interfaces. Generally though
the groundwater investigations do not allow for analysis
of all relevant tracers. To get an optimal amount of in-
formation from the applied tracers it is therefore impor-
tant to carefully select the tracers on the basis of the local
conditions and the purpose of the study. However, the
use of multiple tracers is generally recommended to elimi-
nate errors and to constrain possible conclusions as much
as possible.

Of the more sensitive methods, the #Kr method
might be considered as having the largest potential in the
future, especially if new analysing methods demanding
only relatively small amounts of water (1-5 L) are devel-
oped. This is due to the fact that the steady and significant
increasing #Kr concentration in the atmosphere are ex-
pected to continue, and that no microbial degradation of
8Kr can occur in the aquifers. However, low level *H
measurements and CFC gases will probably also be im-
portant tools during the next decades due to their rela-
tively easy and inexpensive measuring techniques. In the
aquifers studied in the PALAEAUX project the concen-
trations of inorganic ions, and organic contaminants are
quite often sufficient to indicate, qualitatively, the pres-
ence of a modern water component. However, in cases
where mixing occurs, or quantitative information is
needed e.g. an absolute age estimate, dating tools such as
3H, #Kr and CFC-gases are necessary.

Deep pristine coastal groundwaters are a valuable re-
source, that should be carefully managed in order to pro-
tect the high quality waters against overexploitation and
contamination. One of the main issues is to control the
position of the modern water interface. The main tools
used for this are groundwater flow models and monitoring
of water quality at strategic locations. Management
schemes and groundwater protection zones for important
aquifers should be outlined. Finally, as the information on
the behaviour of resistant contaminants in aquifers in-
creases the gained knowledge should be utilized in the
sustainable management of the aquifers and in the plan-
ning of potential land use restrictions.



17

17.1 Introduction

The hydrogeological conditions near the European coasts
have been considered elsewhere in this report mainly on a
national basis, reflecting the need to identify the contribu-
tions of each partner. This chapter is an attempt at inte-
gration, to consider the implications of the new PA-
LAEAUX results at a European scale, region by region.
To achieve this the results are presented as a series of
maps (Fig. 17.1) supported in some areas by cross sections
across the coastlines to demonstrate the likely occurrence
of palacowaters. For each region the modern bathymetry
has been used as the basis for reconstruction of the coast-
line at or near the Last Glacial Maximum (the chosen time
slice varies from region to region). Other significant fea-
tures which had an impact on groundwater movement,
such as geological structure offshore, ice limits and pa-
lacodrainage are also shown.

The main objective is to present the hydrogeological
results of the present PALAEAUX project against the
relevant data from other studies on the late Pleistocene
and Holocene. This is important since for most hydro-
geological investigations only the modern coastline is con-
sidered as the boundary.
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Figure 17.1. Map of Europe showing the areas discussed in
detail in this chapter: (1) Baltic; (2) North Sea; (3) Channel; (4)
French Atlantic Coast; (5) Portugal/SW Spain; (6) W Mediterra-

nean.
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Groundwater evolution at the European coastline

17.2  Baltic Region
17.2.1 Aguifers of the northern Baltic coast in Estonia

The hydrogeological cross-section in Estonia (Fig. 2.2)
consists of three principal hydrostratigraphical units.

(i) Quaternary deposits. The sandy and clayey Quaternary
deposits and peat form porous aquifers with mainly un-
confined groundwater which ate directly influenced by
meteorological conditions. All infiltration water percolates
into the Quaternary cover and the greater part of ground-
water discharge flows through it. The upper portion of the
Quaternary cover is unsaturated.

(i) The bedrock. The terrigeneous and carbonate Palaco-
zoic and Proterozoic rocks form porous, fissured and
karstified, mostly confined aquifers, which are isolated
from each other with aquitards of different isolation ca-
pacity. In the karst cavities near the surface, shallow
groundwater flows very fast and its chemical composition
is close to that of the surface water. However, the deeper
strata contain pre-Quaternary groundwater, which is high
in total dissolved solids (IDS) and moves very slowly
under natural conditions.

@) The crystalline basement. Predominantly pre-
Quaternary groundwater in the fissures of igneous and
metamorphic rocks containing high rate TDS and under
natural conditions is effectively stagnant. The lower por-
tion of the crystalline basement serves as an impermeable
base for the whole overlying water-bearing formation in
Estonia.

For the PALAEAUX project the principal study object in
Estonia has been the Cambrian-Vendian aquifer system
(C-V), whose sandstones and siltstones ate divided into an
uppet, Voronka (Vr), and a lower, Gdov (Gd), aquifer in
East Estonia. They are separated by the Kotlin aquitard
(Kt). The Cambrian-Vendian aquifer system thins out in
southern and western Estonia but in northern Estonia its
thickness amounts to 90 m. This aquifer system outcrops
along the northern coast of Estonia beneath the Gulf of
Finland. The Vendian strata are, as a rule, well protected
from surface pollution by the Likati-Lontova aquitard
and they are the most important source of good drinking
water for North-Estonia. However, in places the water-
bearing bedrock formation has been penetrated by a quite
dense set of ancient buried valleys filled mostly with
loamy till but sometimes glacio-fluvial gravel occurs in
lower portion of valleys.

17.2.2 Palaeohydrological conditions of the late Pleistocene

The palacohydrology of the Baltic Sea basin at around
11 600 a BP is shown in Plate 17.1. To contrast with the
coastal areas of north-west Europe and the Mediterra-
nean, where groundwater circulation during the LGM was
in many cases activated because of an emerged shoreline
due to sea level lowering, in the Baltic area the groundwa-
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Figure 17.2. Palacogeographic scheme showing the maximum
extent of the Fennoscandian ice sheet in Estonia at the Palivere
stadial (about 11.6 to 11.7 ka BP). The hatching denotes the area
under the ice dammed lake. Triangles mark the elevation of
aqueoglacial forms above the present sea level (from Raukas,
1997).

ter recharge and circulation ceased or was strongly inhib-
ited at this time due to ice cover and/ot permafrost.

During the LGM the whole Baltic area and northern
Poland was covered by the Fennoscandian ice sheet (Fig.
11.7). Different reconstructions of the ice sheet have
yielded different results. According to the ice model, pro-
posed by Denton & Huges (1981), the ice thickness over
the Baltic States area at that time was about 2500 to
2800 m. A new modified ice sheet model by Lambeck e#
al. (1998), based on sea-level data and on the geological
record of crustal response to glacial unloading since the
time of the LGM, shows that the ice sheet thickness over
the Baltic States area at 18 ka BP was only about 600 to
800 m. The final ice recession from the south-western
Baltic basin occurred 13.5 to 13 ka BP (Berglund, 1979).
The Estonian territory became ice free during a time span
between 13 and 11 ka BP (Raukas, 1996). The rapid degla-
ciation produced huge volumes of meltwater and icebergs
and therefore during the last stages of ice sheet retreat
practically the whole area in front of the ice margin was
covered with vast ice dammed lakes which, starting at
least from the Palivere stage (Fig. 17.2) formed the eastern
part of the Baltic Ice Lake.

Due to the stadial-oscillatory character of deglaciation,
the level of the Baltic Ice Lake changed rapidly several
times. Thereby, the level of the lake was mainly controlled
by the presence or absence of glacial ice in the area of
Mount Billigen in Central Sweden (Fig. 11.18). During this
very dynamic time period in the history of the Baltic Sea
the water level was dammed above sea level during three
periods, 12 to 11.2 ka BP, 10.8 to 10.3 ka BP and 9 to 8 ka
BP (Bjorck, 1995). This damming was caused by the ice
sheet itself and the isostatic uplift of the functioning
threshold. The complex threshold history combined with
the fact that the uplift centre of the late Weichselian-
Fennoscandian ice-sheet is situated in the northern part of
the Baltic basin, and the southernmost region of the Baltic
is regarded as a submergence region, means that the early
Baltic Sea history was characterized by both regressions
and transgressions, often occurring at the same time in
different parts of the basin (Bjorck, 1995, Raukas, 1996).

At the end of the Younger Dryas cold stage the rapid
amelioration of the climate caused rapid retreat of the ice
margin, and the Baltic Ice Lake drained catastrophically
into the North Sea via the Oresund Strait. Its surface was
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lowered by 26-28 m within only a few years (Bjorck,
1995). An open sound north of Billingen provided direct
connection between the Baltic basin and the North Sea
(Stréomberg, 1989). The final drainage according to Bjoérck
& Digerfeldt (19806) is dated at 10.5 to 10.4 ka BP. How-
ever, as a result of further dating (Wohlfarth ez 4/, 1993)
the age of the event has been adjusted slightly to ca 10.3
ka BP (Bjorck, 1995). A marine incursion into the Baltic,
identified by marine fauna, occurred briefly, from about
10.3 to 9.5 ka BP, forming the low salinity Yoldia Sea.
According to those data, the development of the Baltic
Sea between 13 and 8 ka BP can be divided into three
main stages: the Baltic Ice Lake stage, 13 to 10.3 ka BP;
the Yoldia Sea stage, 10.3 to 9.5 ka BP and the Ancylus
Lake stage, 9.5 to 8 ka BP.

In the context of the PALAEAUX project it is impor-
tant to stress that, in spite of several drastic changes in the
Baltic Sea level (Fig. 11.19) and the high glacioisostatic
uplift rate in north Estonia during and after the last degla-
ciation (13 mm a~! in preboreal time and 2-3 mm a~! at the
present time in the north-west Estonia (Raukas & Miidel,
1995)), the main discharge area of the coastal aquifer into
the Gulf of Finland has been submerged during all stages
of the Baltic Sea.

The results of isotope and geochemical investigations
and noble gas analyses, performed in the frame of PA-
LAEAUX project show, that the water in this Cambrian-
Vendian aquifer complex in northern Estonia recharged
during the last glaciation (see Chapter 2). During the Late
Weichselian the base of the ice sheet over the Cambrian-
Vendian outcrop area in Estonia was in a molten state for
about 11 ka (Joeleht, 1998). During this time the hydraulic
head was controlled by the thickness of the ice. Although
the Cambrian-Vendian aquifer system itself has high hy-
draulic conductivity, it is surrounded by areas of low hy-
draulic conductivity and therefore the hydraulic head in
the outcrop area of aquifer system was probably close to
floating point, e.g. about 90% of ice thickness (Piotrow-
sky, 1977) Taking into account also the postglacial uplift
and the present depth of the Cambrian-Vendian aquifer
system (about 100 m bsl), the hydraulic gradient was
around 0.0031 (Joeleht, 1998). Thus, the recharge of the
Cambrian-Vendian aquifer most probably occurred during
the glaciation, most probably by subglacial drainage
through the tunnel valleys (Chapter 3).

17.2.3 Impacts due to development

Since the Cambrian-Vendian aquifer belongs to the sub-
zone of slow groundwater flow, prior to human exploita-
tion the groundwater had high quality as pure glacial
meltwater

In 1998, in Estonia about 200 000 m? of groundwater
were abstracted from bored wells per day, meeting up to
70% of the municipal, industrial and domestic require-
ment for drinking water (Vallner, 1997). Approximately
90% of this water was used for supplying towns and set-
tlements, the remaining portion was consumed in agricul-
tural regions. On average, 80 000 m3/d were abstracted
from the Cambrian-Vendian aquifer system, and 50 000
m?3/d from the Silurian-Ordovician aquifer system. Only
in Tallinn and Narva the consumption of purified surface
water exceeded that of groundwater. Everywhere else
groundwater has always been the principal source of pub-
lic and private water supply.



Basin-wide hydraulic head depressions have been the
most obvious result of intensive groundwater abstraction
(Vallner, 1994; Vallner, Savitski, 1997). Since 1947 the
potentiometric surface of the Cambrian-Vendian aquifer
system has quickly fallen showing maxima of depressuri-
zation in Tallinn and Kohtla-Jirve. In these places the
head was withdrawn to depths of 30 and 56 m below the
mean sea level, respectively. During the last five years the
potentiometric surface of the Cambrian-Vendian aquifer
system has risen by 10-15 m due to reduction of the
pumping rate.

Owing to the head lowering, the groundwater inflow
into the Cambrian-Vendian aquifer system from adjacent
strata has grown significantly. Drawdown contours show
that half of the increased inflow is coming from the sea,
and consequently, the remaining portion must consist of
downward, upward, and southward lateral flows. The
downward flow provides the Cambrian-Vendian aquifer
system mostly with fresh water, but the rising flow may
also be connected with upconing of brines from the crys-
talline basement; the lateral flows induce the transport of
connate brines from the deeper parts of the aquifers or
sea water intrusion to the groundwater intakes.

In Tallinn, the outcrop of the Cambrian-Vendian aqui-
fer system is situated on the sea bed neat shore intakes,
and therefore, saline sea water may intrude into produc-
tion wells. Nevertheless, indisputable evidence of this
feared phenomenon is still lacking at present. An increase
in TDS from 0.5 to 1.3 g L' has been registered in well
water in the northern part of Tallinn but data from iso-
tope analyses confirm that it is caused by upconing of
brines from the crystalline basement or the lowest Ven-
dian strata.

However, so long as the potentiometric surface of the
Cambrian-Vendian aquifer system is below sea level, the
salt water encroachment continues and must eventually
reach the inland intakes. Only if the potentiometric sur-
face rises above sea level, will the sea water intrusion
cease. At the pumping intensity of 70 000 m?/d in the
Tallinn area, the lateral salt-water encroachment most
likely will reach the coastal wells within ten years.

In principle, sea water intrusion could be hindered by
rearranging a basin pumping pattern. If pumping were to
be concentrated as far as possible from the seashore,
deeper drawdown would increase the recharge of the aqui-
fer from overlying inland strata, whereas reduced pumping
near the coast might allow the water level to rise to aid in
repelling the entrance of sea water. Therefore, it is highly
advisable to tap the Cambrian-Vendian aquifer system by
groups of new wells at a distance of 10-20 km or even
more from the sea. It is recommendable to recharge deep
aquifers artificially. In many places in North Estonia the
water table of the Silurian and Ordovician aquifers is 20—
80 m higher than the potentiometric surface of underlying
deep aquifers. Upper and deep aquifers should be linked
by recharge wells. Then shallow groundwater would in-
trude without any pumping into deep aquifers and their
reserves will increase.

The measures described will postpone and mitigate,
but not prevent, the unfavourable phenomena of sea wa-
ter intrusion. However, this is an optimum way to obtain
up to 50 000 m3 good drinking water per day from the
Cambrian-Vendian aquifer for the next 50 years which
should meet the needs of Tallinn.

In north-east Estonia where the oil shale industrial en-
terprises have concentrated the Cambrian-Vendian aquifer
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system has been the principal source of public drinking
water supply whereas the streamwater and other aquifers
are heavily polluted. Here the eastern part of the Gdov
aquifer contains brackish water with TDS reaching 1.2 g
L1 In waterworks this water is mixed with fresh Quater-
nary water gained from the territory of the Kurtna Land-
scape Reserve. This way an acceptable chloride concentra-
tion in public drinking water is obtained in Ahtme and
Johvi.

It is likely that in the oil shale region the need in drink-
ing water may be met mostly by intensive pumping from
the Cambrian-Vendian strata. Here their submarine out-
crop is situated further away from the intakes and the sea
water encroachment is not as acute as in Tallinn. In addi-
tion, shifting the of groundwater intakes inland would
significantly postpone the salt-water intrusion into the
aquifers.

The high-quality palacowater abstracted from the
Cambrian-Vendian aquifer system should be considered
as a valuable non-renewable mineral like as petroleum,
coal, the use of which is dictated by economic and social
considerations (Vallner, 1999). If necessary, pumping
from deep aquifers may continue at present levels or even
increase, but society must be aware that the deep ground-
water gained will ultimately be replaced mostly by sea wa-
ter or deep connate brine. In view of this complex situa-
tion in which everything is mutually dependent, a well-
founded long-term integrated water management plan is
urgently needed for Estonia. This means that the surface
water, groundwater, and environmental problems should
be considered jointly both in the local and a wider regional
context. Such an integrated plan would enhance the au-
thenticity of proposed projects, but requires the purpose-
ful research in the field of hydrogeology, water engineet-
ing, and environmental technology.

17.3 North Sea Basin

The palacohydrology of the North Sea Basin at around
10 000 a BP is shown in Plate. 17.2. Almost the whole
area was subaerial with the coastline lying at this time to
the north of 54°N (Cameron ¢f al., 1992). The Weichselian
ice extent at the Last Glacial Maximum extended onto the
present day east coastal areas of UK and Denmark, affect-
ing areas which are the subject of interest in the PA-
LAEAUX study. During and immediately following the
LGM, the area was drained by the two major tiver systems
of the Rhine (flowing south-west out of the English
Channel) and the Elbe, flowing north-west via the Heligo-
land Channel.

The present day bathymetry is at best an approxima-
tion to the former subaerial topography. Glacio-isostatic
adjustments have led to rise of the land surface although
the long term rate of subsidence of the North Sea Basin
over the Pleistocene as a whole is between 0.35-0.50 m
ka! (Cameron, 1992). Sea-bed erosion has also caused
some modification of the original late Pleistocene and
Holocene deposits and features. The relatively flat-lying
topography and the subsiding basin structure over most of
the area has not allowed significant freshwater flushing of
the region. The base levels locally may have been en-
hanced by channel formation (eg Heligoland Channel to
probably as much as —90 m below OD, Konradi,
pers.comm.) or at the time of the LGM by offshore deeps
caused by glacial scouring (Silver Pit to —95 m OD present
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Figure 17.3. Cross sections through the Pleistocene formations in relation to older strata off the East
Coast of England and the west coast of Denmark, based on Cameron ¢ al, 1992 and unpublished data
from GEUS. The Chalk outcrops in the Silver Pit and the flow in the Ribe formation (arrowed) may be
controlled by the glacio-tectonic features.
depth) which may have been formed by outbursts of gla- Yorkshire (C-C') and in North Kent (E-E'). In the Nether-
cial melt-waters close to the ice margin (Wingfield, 1990). lands and in Denmark two aquifers of Cenozoic age, the
Ledo-Paniselian (F-F') and the Ribe Formation (G-G"), are
17.3.1 Agquifers of the North Sea margins investigated. Offshore sections referred to in the text are
also shown off Denmark (G'-G") and the English Coast
The aquifers studied in PALAEAUX can be used to in- (D-D".
vestigate the impacts of the late Pleistocene and Holocene
on groundwater evolution. Much of the area is underlain 17.3.2 Palaeohydrological conditions
by Holocene, Plio-Pleistocene or Neogene deposits and
these younger formations could have contained fresh or The outcrop area Chalk of north-cast England lay just
saline formation water depending on the depositional under the stationary front of the Devensian ice and there
history. The principal aquifers of interest are shown in is strong evidence of glacial and periglacial activity on
Plate 17.2. In the UK these are the Triassic aquifer of the groundwater in the area (Younger and McHugh, 1995).
East Midlands (A-A') the Chalk of Lincolnshire (B-B') and The base level for groundwater movement during the
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Figure 17.4. Profile of 8180 and Na (equivalent to Cl) at
Trunch, through the Chalk of the Norfolk Coast England.

Devensian prior to the LGM could have been controlled
by the sea levels in the northern North Sea which were
-60 to —80 m OD. Some reactivation of the flow system
may also have occurred by drainage towards the Silver Pit
(Plate. 17.2) where the Chalk is exposed (Wingfield, 1990),
although this may only have been exposed during the pe-
riod around the glacial maximum due to glacial scouring.
This feature is shown in Fig. 17.3 in relation to similar
controls on groundwater flow on the Danish coast. Fur-
ther south the topography is relatively flat with the present
North Sea bed around —20 to —30 m OD. In East Anglia
where the Chalk is covered by 40 m drift deposits at the
coastline, evidence from interstitial waters of freshwater
movement is detectable to a depth of around -100 m OD
(Fig. 17.4). To this depth the pore waters are less than
2000 mg L' Cl and with a 880 of —7.8%o indicating the
possible influence of late Pleistocene water. Below this
depth a diffusional gradient between this freshwater and a
marine connate water is found (Bath and Edmunds,
1981). The present day base level in the Thames estuary is
around —40 m OD although in-filled channels may have
cut through the exposed sediments (Bridgland and
d’Olier, 1995).

Observations on the Ledo-Paniselian aquifer show the
fresh/salt-water interface to be displaced to more than
25 km from the recharge area (Fig. 4.11). This must be
due to different flow conditions during the early Weich-
selian, when the base drainage level in the Flemish Valley
was 20 m lower, due to a lower erosion profile. In the
Belgian area, there was no ice cover during the LGM, but
the development of a permafrost layer caused by low land
surface temperatures had limited the recharge of the aqui-
fer system. As a consequence, hydraulic heads under the
permafrost layer were decreased and thus flow velocities
and groundwater fluxes were much smaller.

In Fig. 17.3 a section of the Danish Coast (southern
Jylland) west from the island of Reme is shown based on
seismic surveys and boreholes. This is based on a new
(1998) seismic line which shows excellent glacio-tectonic
features that are considered to have an influence on the
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hydraulic conductivity and discharge in the Ribe forma-
tion (see Fig. 3.2).

The groundwater flow in the Ribe Formation at pre-
sent and at the end of the last glaciation, is and has been
very dependent on the hydraulic continuity of the Ribe
Formation sands beyond the coastline. In the southern
patt of the Danish North Sea sector and the north-eastern
part of the German sector the Ribe Formation seems to
pinch out relatively close to the present coastline and con-
tinue in mainly marine clays and silt (Fig. 17.3), whereas in
the northern part of the Danish sector e.g. west of the
Fjand site (see Figs 3.1 and 3.2) the Ribe Formation are
recognized on seismic surveys 15 km offshore where it
still may be as thick as 50 m. Generally, the Ribe Forma-
tion is embedded in clay and silt sediments of low perme-
ability, i.e. groundwater flow in offshore parts of the Ribe
Formation may have been limited even at the end of the
last glaciation, when permafrost vanished and meltwater
runoff was high. On the other hand glacial processes and
glaciotectonic features caused by moving glaciers and
meltwaters e.g. incision valleys, which are very common
across the North Sea as well as in Poland, Northern Ger-
many and Denmark (e.g. Cameron ef al, 1993; Lykke-
Andersen, 1995; Piotrowski, 1997) and thrusted sediment
blocks may create hydraulic connections and favourable
conditions for groundwater flow. Likewise, faulting and
folding of the Cenozoic sediments e.g. induced by move-
ments of the Permian salt formations at greater depths in
the Southern North Sea may greatly influence the hydrau-
lic connectivity of the different layers and especially dur-
ing the end of the last glaciation it may have influenced
the groundwater flow systems considerably. These tec-
tonic features may have caused cross flow between aqui-
fers and discharge either directly to the Palaco-Elbe (Plate
17.2) or to Palaco-Elbe tributaries.

Favourable conditions for Pleistocene freshwater that
may be trapped or perhaps even still flowing very slowly
in coastal areas of the Danish North Sea sector seem to be
most probable in the northern part of the Danish sector
(Chapter 3). However, the fact that brackish water (3000
mg 1! chloride) is found 300 m below the island of Remo
(approximately 10 km from the west coast of Jylland)
show that some fresh water input to this deep lying thin
“offshore” aquifer occurred during the late Pleistocene
and perhaps at a very slow rate even today.

During the Last Glacial Maximum the southern part
of the North Sea as well as most of the Central North Sea
was above sea level. The ultimate base level for erosion
and for the ground water table therefore was situated over
400 km to the north The melt water from the southern
rim of the Scandinavian ice sheet drained via the Palaco-
Elbe River and its tributaries to the sea (Plate 17.2). The
Palaco-Elbe crossed the southern North Sea in what is
now the depression of the Heligoland Channel from the
present mouth of the Elbe, in north-westerly direction
passing east of the Dogger bank and continuing to the
Devil’s Hole deep.

17.3.3 Sea level rise and glacio-eustatic effects on groundwaters

The establishment of precise piezometric changes during
the late Pleistocene is made almost impossible due to in-
teractions between land subsidence due to sedimentation,
glacio-eustatic changes (including ice loading and re-
bound, crustal warping as well as freshwater loading by



ice-dammed lakes and sea level rise. A generalized curve
based on Jelgersma (1979) is shown in Fig. 17.5.

The eastern and southern North Sea may have under-
gone greater subsidence due to sediment thickness,
whereas the British coast may have been an area of net

uplift (Bridgland and d’Olier, 1995)
17.3.4 Initial conditions prior to development

The evidence from the present study shows that fresh
groundwater occurs in the Chalk aquifer to a depth in
excess of =100 m OD near to the coast in north Yorkshire
but that salinity increases at such depths further south in
Yorkshire. Groundwater is most saline in the low-lying
Holderness Peninsula and lack of modern groundwater
circulation, together with limited radiocarbon evidence,
suggest that this is of pre-Holocene age. To the south of
the Humber Estuary, groundwater salinity and probable
ages are variable. Saline zones of pre-industrial origin have
been identified in north Lincolnshire along the Estuary
margin and in south Lincolnshire, but saline groundwater
in the industrial area of Immingham-Grimsby has been
mainly induced by modern pumping. In East Anglia the
earlier evidence from the Trunch borehole (Fig. 17.4) also
suggests some movement of late-Pleistocene fresh water
near the present coast in the confined Chalk to a depth of
-100 m OD (Bath and Edmunds, 1981)

In the Ledo-Paniselian, freshwater is found to a depth
of about 150 m. Modern recharge of the Ledo-Paniselian
aquifer (Section F-F') is relatively limited (40 mm a''), due
to the slow velocities of downward flow through the Bar-
tonian Clay. Moreover, the hydraulic conductivity of the
aquifer is relatively low (2.7 m day!). Under the present-
day flow conditions, the original seawater may have been
displaced over a distance of around 15 km, between the
recharge area and the polder boundary, during the last
10 000 a (Van Camp & Walraevens, in press). Under per-
sisting present flow conditions, the freshening could ad-
vance further under the polder area, but very slowly, and
on a timescale of a few thousand years only over a few
kilometres.

17.3.5 Impacts due to development

There are clear indications from the UK coastal area in
Yorkshire that modern sea water has been induced,
around the Humber estuary.

17.4 Channel

During most of the Late Pleistocene, Britain and Europe
were joined over a large area. The palacohydrology of the
English Channel at around 10000 a BP is shown in
Plate. 17.3. The topography of the Channel at the begin-
ning of the Holocene may be expressed approximately by
the bathymetric contours which are shown in black. These
contours are based on modern soundings but modifica-
tion of topography due to scouring and sedimentation
during the Devensian (or earlier), may have occurred and
the drainage may not expressed by these contours (Ham-
blin e al., 1992). However the main feature is the North-
ern Palacovalley which at the start of the Holocene is
likely to have a sea level at —60 m OD. During the Deven-
sian sea level was expected to have oscillated between ca —
120 and —60 m OD and conditions in this valley would
have changed from freshwater through estuarine to ma-
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Figure 17.5. Compatison of sea-level curves from the Southern
North Sea and Barbados since the Last Glacial Maximum. The
solid line shows the Southern North Sea curve based on data
compiled from several sources: Streif (1990), Jelgersma (1979)
and Konradi (in prep). The dashed line shows the sea-level curve
from Barbados (Fairbanks, 1989).

rine, possibly similar to the Bristol Channel at the present
day. The open sea would have lain well to the west of the
Cherbourg peninsular and the overall climate would have
been more continental than today.

Drainage and erosional features in the exposed Chan-
nel developed similar to those at the present day on-shore.
Over much of the offshore areas evidence is found of a
river system which is an extension of the present day, for
example offshore of the Sussex-Hampshire coast (Bel-
lamy, 1995). Two major river systems joined the northern
Palacovalley: the Solent and the Seine. The Solent river
used to flow from Dorset and to the north of the Isle of
Wight (Velegrakis e/ al., 1999), but was captured at the
time that the Chalk ridge from Dorset to the Isle of Wight
was breached during the Devensian. The mid-Channel
river flowed westwards from near the present straits of
Dover possibly fed by a spillway of glacial meltwater from
the North Sea area. The date of separation of Britain from
Europe is controversial and probably only fully occurred
at the time of the Flandrian transgression around 8000
BP, although partial separation may have occurred in the
Late Pleistocene.

17.4.1 Aguifers of South coast of England and Northern France

The principal aquifer system bordering the Channel is the
Chalk, which, in modern times is an unconfined aquifer at
the coastline over much of southern England and north-
ern France, elsewhere being confined although with fresh
groundwater resources in certain regions. The hydrogeol-
ogy of the Chalk in NW Europe has been described by
Downing ez al., (1993) and the hydrogeochemistry by Ed-
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Figure 17.6. Cross section through the monoclinal structure in the northern Channel, showing position

of borehole number 99/12-1.

munds e al. (1992). The solid geology of the Channel is
shown in Fig. 17.6 and over much of the area Drift depos-
its are thin (<0.5 m) or absent (Hamblin ez @/, 1992) al-
though overlying Tertiary beds are thick (+300 m). The
Chalk extends as part of the Anglo-Paris Basin under the
whole area and is affected by roughly east-west folding.
The main structure is the Wight-Bray monocline which
forms a vertical southern limb to the Hampshire Dieppe
Basin. This structure also has several associated minor
folds (eg Chichester syncline), and crosses the Northern
Palaeovalley.

17.4.2 Palaeohydrological conditions of the late Pleistocene in the
Channel basin

The likely exposed area of the Chalk during the late Pleis-
tocene can be see in Plate 17.3. The Northern palaco-
valley is considered to have served as a base level for
drainage of much of the Chalk of southern England dur-
ing the late Pleistocene when exposed areas would have
acted as recharge areas, possibly interrupted during peri-
glacial times by permafrost. The present day high ground
areas of unconfined Chalk, such as the South Downs
would, then as now, have operated as the main recharge
areas for groundwater flow systems. Groundwater in the
Tertiary Beds, Chalk and Greensand to the north would
have flowed south towards local base levels in the palae-
ovalley, some 35 km south of the present coastline at
around —60 m OD up to around 10 ka BP. Spring lines
would have existed as today along valleys where the Chalk
was exposed. Flow would have been influenced by geo-
logical structure. The strata dip SW into the Channel and
approximately 20 km offshore rise in a monoclinal fold
(Figure 17.6), being an extension of the Isle of Wight
monocline. This structure is considered responsible for an
increased thickness of freshwater upgradient of the struc-
ture in the Poole Harbour (Wessex) area. Offshore bore-
hole OS 99/12-1 (Fig. 17.6, Plate 17.3) upgtradient of the
syncline penetrates some 300 m of Palacogene strata over-
lying Chalk and Greensand aquifers. SP and resistivity log
indications are that permeable formations in the Palaco-
gene strata are sea water-saturated, but that the confined
Chalk and Greensand layers contain fresher waters (esti-
mated at <10 000 uS cm™'). It is estimated that further
upgradient freshwaters would almost certainly be encoun-
tered within these formations offshore.
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Groundwater in the Chalk to the south (in France)
would also have flowed north and although the distance
to the palacovalley here was over 100 km from the mod-
ern coastline. The valley of the Seine, joined by the
Somme was likely to have been the main area of dis-
charge. Depths of —40 m occur only 25 m from the pre-
sent day coastline.

Water in the Lower Cretaceous Greensand (Albian)
would also have flowed offshore via the monoclinal struc-
ture as for the Chalk.

17.4.3 Sea level rise and glacial-isostatic impacts on groundwaters

The sea-level rise in the Channel region was a complex
combination of melt water addition and the crustal re-
bound of the region at the end of the glaciation (Lambeck,
1995). The English Channel was probably fully marine by
7500 BP. All the evidence for the British coastline points
towards no significant sea level change since that time
with no clear evidence for marine transgressions higher
that those of today in that period. During the Flandrian
transgression, the hydrogeological behaviour was probably
different between the northern and southern palacocoasts
of the Channel. This imbalance is related to the asymme-
try existing between the two sides of the Northern Pale-
ovalley. In northern France, the flat landscape and the
lower hydraulic gradients at that time mainly explains the
invasion of the coastal unconfined aquifers by marine
waters recorded in the current study. The low-lying areas
of the Normandy coast, near the area studied around
Caen, could have allowed limited marine transgression
during the late Holocene, and this is recorded in the
groundwater. In contrast to southern England, this low-
lying valley topography has allowed the record of the sea-
level encroachment to be preserved; the areas covered by
sea have subsequently been covered by recent sedimenta-
tion.

In Southern England, the inferred age of freshwater in
the Chalk is late Pleistocene and the age of groundwater in
the Albian (7500 BP) suggests that flow was taking place
towards the Palacovalley until the completion of the Flan-
drian sea level rise, after which time offshore flow slowed
down considerably, and since that time has been adjusting
to the new head distributions. Saline water would have
covered the outcrop and the discharge areas and created a
new interface near the modern coasts. It is concluded that
fresh water, which had access to the Channel aquifers



over a period in excess of 100 000 a has considerably
flushed the formation waters over this period.

17.4.4 Initial conditions prior to development

In southern England, freshwater emplaced during lowered
sea levels is found at 300 m depth in the Chalk in several
places (Sussex, Poole Harbour) where it is preserved by
the fold structures (see Chapter 5). These also coincide
with areas where the unconfined aquifers are well devel-
oped hydrogeologically near the present coast, whereas
beneath some confined areas of the Chalk, flow at the
present day and during the Pleistocene is much more re-
stricted, mainly due to the structural development. The
freshwaters found below 110 m OD at the time the first
wells were drilled must have been emplaced at the time of
the late Pleistocene but above this the flow is shown from
geophysical logging to be the result of present-day head
distributions.

It is concluded that there is a strong likelihood of
freshwater or brackish water being preserved in the con-
fined Chalk in the present offshore areas. In the higher
permeability strata of the Lower Greensand and the Up-
per Greensand the chance of there being freshwater is
even greater.

17.4.5 Impacts due to development

Any saline waters in the south coast areas of England are
considered to be exclusively derived from modern sea
water as a result of pumping, although a small area of pre-
served formation water is found north of Bognor Regis.

17.5 Atlantic coast of France

The topography and the solid geology of the Atlantic
ocean along the Aquitaine Basin (western France) are in-
dicated on Plate 17.4. During the Last Glacial Maximum
(18 ka BP), the shoreline was approximately at —120 m
relative to modern sea-level, staying at this level to around
14000 BP (Pinot, 1968) while the ocean level was recog-
nized at =50 m at the beginning of the Holocene (Piraz-
zoli, 1991).

Along the French Atlantic coast, the fluctuations of
the sea-level have been restricted to the continental shelf
during the Late Quaternary. In the north of the Aquitaine
Basin, the continental shelf gently dips towards the south-
west with a mean slope of ca. 0.1%. The exposed forma-
tions on the shelf are mainly Tertiary deposits. Moreover,
between the latitudes 45.5°N (Gironde estuary) and
46.5°N (southern edge of the Armoricain Massif), the
Cretaceous and Jurassic series outcrop both off-shore and
on-shore. These formations are affected by faults roughly
oriented 120° (Hercynian ditection). As the Mesozoic
monoclinal sedimentary seties dips towards the SW with a
slope about 10 times higher than that of the continental
shelf, the Jurassic and Cretaceous aquifers do not give rise
to any evident discharge areas. If existing, these discharge
areas ate likely to be some hundreds of kilometres off-
shore, along the continental slope and/or the continental
rise.

During the Flandrian transgression, in the North of
the Aquitaine Basin, the salinization of groundwater could
only have occured through the direct recharge of aquifers
by ocean water in coastal areas where outcrop areas of the
aquifers could have been covered by a marine transgres-
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sion. This case, for instance, corresponds to that of the
Dogger aquifer confined under the Marais Poitevin in
Vendée, Western France (see Chapter 6). Locally, along
the Atlantic coast, the marine water can directly encroach
upon the unconfined coastal aquifers where the ocean is
hydrodynamically in contact with these groundwater res-
ervoirs. During the transgression, the saline wedge of
these unconfined aquifers in equilibrium with the ocean
might have moved forward inland in response to sea-level
rise these areas subsequently being covered by Recent
sediment.

17.6  Atlantic coast of Portugal & South-West Spain

The Iberian Peninsula straddles an important position
between Europe and Africa, reflecting its past climate
conditions not only the inter-relation between European
glacial/interglacial ~ petiods and the African plu-
vial/interpluvial periods, but also the mass exchange of
Atlantic and Mediterranean water (Gulf stream).

The map for Portugal and south west Spain
(Plate 17.5) contains general information about the local
geology, topography and main river basins, as well as the
offshore features. The palaco-coastline at 14 000 a BP
corresponds to the bathymetric contour of 100 and 120 m
below sea level for the western coast of Portugal and
south west Spain, respectively. They correspond to a sea-
level rise of +20 m when compared to the minimum sea-
level during the Last Glacial Maximum (18 ka. BP).

17.6.1 Aguifers of the Lberian Atlantic Coast

The Aveiro Cretaceous coastal aquifer located in north-
western Portugal, covers an area of 600 km? in the Lusita-
nian Basin and dips gently to the NW beneath the present
coastline. The extension of the aquifer in the adjacent
continental shelf is not well known but boreholes for oil
exploration located at 20 km off-shore penetrated a com-
plete Upper Cretaceous succession. The succession is
generally carbonate-rich, but upwards intercalations of
siliciclastic beds become more frequent. The Upper Creta-
ceous interval recognized in the northern offshore area
cannot be followed onshote (Rasmussen ¢ al, 1998).
Faults of approximately N-S orientation affect the com-
plete sequence of Cretaceous sediments. The aquifer is
confined for the most part but uplift and erosion of the
confining marly clay unit in the east defines the uncon-
fined part of the aquifer. Although the Cretaceous sedi-
ments crop out on-shore there is no evidence that they
crop out off-shore. However there is the chance that they
intersect the continental slope about 50 km from the pre-
sent coastline.

Located in the SW of the Iberian Peninsula the aquifer
system of Dofiana, consists of Plio-Quaternary sands and
gravels overlapping impervious Miocene marine matls, is
the biggest sedimentary aquifer in the area. The aquifer
has a surface area of 3400 km?, a variable thickness from a
few meters inland to some 150 m near the coast line, and
a roughly triangular shape. It outcrops to the W and N in
a rather flat-lying area. To the SE the aquifer deepens and
becomes confined under some 50 m thick Holocene es-
tuarine clayey layers, with a confined area of about 1800
km?. The Quaternary sediments extend seaward occupy-
ing the continental shelf (some 2 km wide) between
Huelva city (to the W) and Cadiz city (to the E), and also
part of the continental rise (down to 500 m depth).



17.6.2 Palaeoclimatic and palaeohydrological conditions during the
late Pleistocene

The picture emerging for the last 20 000 years is that of a
coastal Iberian continental margin periodically intruded
during Heinrich events by a pre-Holocene Canary current
carrying large amounts of icebergs originating from a col-
lapsing Laurentine Ice Sheet. On their way along the Por-
tuguese margin, the icebergs rapidly melted, leading to a
greatly reduced flux of ice rafting debris (IRD) off south-
ern Portugal.

The limit between the Polar Front and the Gulf
Stream at the Last Glacial Maximum (LGM) was located
close to the Spanish-Portuguese northern border (40°N)
and had a different climatic response in the Iberian littoral
zone, north and south of 40°N. According to Zazo ¢ al.
(1996), during the LGM climatic conditions were less hu-
mid and generally cool for the zone north of 40°N. The
Younger Dryas event is characterized by cool and slightly
humid conditions, evolving towards conditions that are
more humid. A temperate and humid climate similar to
the present day was reached at the beginning of the Holo-
cene. In contrast the climate for the zone south of 40°N is
described as generally dry and cold before 15000 a BP,
followed by an amenable climate conditions. The Younger
Dryas is recorded as an arid episode.

The late Quaternary depositional history of the Portu-
guese margin has been reconstructed by Baas ez al. (1997)
using the sedimentological and paleoceanographical data.
Pelagic sediments prevail in the Holocene. In pre-
Holocene times, settling of biogenetic particulate matter
was supplemented with sea level- and climate-controlled
input of terrigenous material from local and distant
sources by low-concentration turbidity currents, contour
currents and icebergs.

Downslope transport of terrigenous material de-
creased and biogenetic production increased following the
sea level rise and sea surface temperature increase during
deglaciation. The temporary return to glacial conditions
around 10.5 ka was recorded on the Portuguese margin by
increased input of terrigenous silt and sand. The Younger
Dryas is a meltwater event equivalent to Heinrich events
in the central North Atlantic, but only few icebergs
reached the Portuguese margin. Minor sediment winnow-
ing occurred on the northern part of the Portuguese mar-
gin during the Younger Dryas. Holocene sediments have a
typical interglacial signature with a dominance of bioge-
netic over terrigenous sedimentation.

17.6.3 Sea level rise and impacts on groundwaters

For drawing the palaco-coastline map (Plate 17.5) avail-
able information about the local off- and on-shore geol-
ogy, topography and main river basins was considered. It
was decided to represent the palaco-coastline at the very
end of the glaciation, around 14 000 a BP. The bathymet-
ric contours of 100 m below mean sea level for the west-
ern coast of Portugal and 120 m below mean sea level for
south-west Spain were inferred from sea level curves sug-
gested by Rodrigues ez a/. (1991) for Portugal and Hernan-
dez Molina ez al. (1991) for Spain (Fig. 17.7). They corre-
spond to a sea-level rise of +20 m when compared to the
minimum sea-level during the Last Glacial Maximum
(18 ka BP).

The sea-level changes during the last 20 000 a had a
considerable impact in the length of flow paths in the

coastal aquifers along the Iberian coast and cleatly influ-
enced their flow regimes. Two coastal aquifers have been
studied with respect to the impact of sea-level changes in
their flow regimes: the Aveiro Cretaceous aquifer in Por-
tugal and the aquifer system of Dofiana, in SW Spain.

In both Portugal and south-west Spain five morphol-
ogic units have been recorded between 0 and —140 m,
reflecting the successive steps of the retreating Polar
Front. The relative sea-level curves for both Portugal and
Spain follow the same trend with the exception of the
period during the Younger Dryas when the drop observed
in the Portuguese curve has not been recorded in Spain
(Rodrigues ez al., 1991). For the same period, the Atlantic
had warmer sea surface temperatures than the Mediterra-
nean. The present difference of 5°C higher in the Meditet-
ranean than in the Atlantic was reached around 9500 a BP.

During the Last Glacial Maximum (LGM) the sea level
in the south-west of the Iberian Peninsula was lowered by
115-120 m below its present position. This allowed the
deposition of deltaic (sands, silts and gravels) and littoral
(sands) sediments. At this time the exposed (recharge)
area of the aquifer was probably composed of Pliocene
sands and Pleistocene sands and gravels. The area was
never covered with permafrost. These sediments outcrop
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Figure 17.7. Sea level curves for the Iberian peninsular (Portugal
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nowadays (or ate covered by a thin layer of sand and silt)
between 30 and 200 m depth in the continental shelf, so
during the LGM discharge took place to the sea probably
both along the ancient coast line and as submarine out-
flows.

The postglacial Flandrian transgression started some
15 000 a BP and rose the sea level in two stages before to
stabilize some 6000 a BP. During the sea level rise the
aquifer sediments were encroached by seawater. But due
to synchronous tectonic and sedimentary subsidence,
while the western (mainly sandy) part of the aquifer re-
mained above sea level, the SE (mainly gravelly and sandy)
part was covered by some 50 m of Holocene estuarine
clays.

17.6.4 Initial conditions prior to development

The confined part of the Aveiro aquifer has groundwaters
recharged during the Late Pleistocene. Noble gas determi-
nations carried out in groundwater samples of this part of
the aquifer by Carreira e/ al. (1996) show an average tem-
perature of 9°C for these waters, 5°C less than the present
day mean annual temperature in the region.

At the time of the Last Glacial Maximum sea level was
—120 m when compared to the present day, giving an in-
crease of at least 35 km more in the length of the flow
path and a groundwater gradient twice as high as present
day. This might have contributed to the complete flushing
of the sea water in the aquifer.

Following the sea level stabilization some 6000 a BP
until some 30 years ago, when the human use of the aqui-
fer became important, discharge in the sandy western part
of the aquifer took place southward to the sea, northward
to La Rocina creek and eastward to the marshy clays,
where it uses to discharge as upward flows along the sand-
and-clay contact or through the Holocene clays. Ground-
water in this area was fresh, and probably of sodium chlo-
ride to calcium carbonate type, because of calcium car-
bonate dissolution by infiltrating local rain.

In the eastern part of the aquifer groundwater flowed
from the water table area (in the N) to the confined atrea
(to the S), probably discharging during at least 6000 a
along the contact with the Holocene clays or in the centre
of the marshland as upward flow through the clays. The
upward head gradient was still visible a few decades ago as
flowing wells. The SE sector of the confined aquifer is still
filled with saline groundwater, which has not been flushed
out due to the low fresh water gradient existing since the
late Holocene sea level stabilization. So the situation ob-
served in the Doflana aquifer suggests that approximately
half of the confined Pleistocene aquifer has been fresh-
ened by fresh groundwater flowing to the S and SE from
the unconfined area.

17.6.5 Impacts due to development

The Aveiro Cretaceous aquifer lies in one of the most
industrialized areas in Portugal with a high population
density, and since the 1960s relies on groundwater for
most of the urban and industrial water supply.

In recent years a continuous fall in the water table has
been observed due to intensive groundwater abstraction,
leading in some areas to values of =25 m bmsl. Because it
occurs in a coastal aquifer, partially confined and with
limited natural recharge it can lead to gradual deterioration
of the water quality either because of salt-water intrusion
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or due to mixing with very high-mineralized waters from
deeper aquifer levels, nowadays with higher water poten-
tials.

To prevent the gradual deterioration of the water qual-
ity the traditional groundwater abstraction for public sup-
ply is being replaced by the use of surface water.

17.7 Mediterranean

The outline palacogeography and conditions in the west-
ern Mediterranean area around 13 000 a BP is shown in
Plate 17.6.

17.7.1 Aguifers of the Western Mediterranean, between the Rhone
and the Ebre deltas

The geological configuration of the NE coast of the Ibe-
rian Peninsula and the Gulf of Lyon is the result of a post-
alpine tectonic stress relaxation and extension. The result
is a set of NE-SW oriented horst and graben system (Fig.
17.8) which is an extension of the Western-Europe—
North-Sea system. As a result, two main aquifer types can
be found.

Unconsolidated aquifers

Aquifers are found in unconsolidated sediments, mainly of
Plio-Quaternary age but also older, corresponding to
coastal piedmonts and alluvial fans; lineal coastal forma-
tion, and deltas with two or more aquifer systems. From
east to west they are: Rhone, Ter, Muga, Tordera, Besos,
Llobregat and Ebre rivers deltas; Maresme, Barcelona, and
Tarragona coastal plains. In the Balearic islands: Inca-Sa
Pobla and Pla de Palma plains. The largest pre-Quaternary
unconsolidated aquifer is the sandy Astian unit (France),
the subject of PALAEAUX study, which is covered by
Plio-Quaternary sediments.

All the deltas in the area have a common origin. Their
exposed area formed mainly after the Flandrian transgres-
sion. They also have a similar three layer structure:

(xix) the deepest layer is a permeable unit usually ap-
pearing between 70 and 130 m depth, which consists of
Pleistocene alluvial terraces, which usually behave as a
good confined aquifer;

(xx) the former is covered by a more or less thick (a
few tens of m) and extense landward wegde of fluvio-
marine silty clay deposited during the sea transgression,
which behaves as an aquitard,;

(xxi) the uppermost layer is a sandy unit of littoral and
deltaic plain origin and 5-30 m thick which behaves as a
water table aquifer.

The Astian aquifer is a confined sandy aquifer of 450
km?. Due to the tectonic features the offshore limit is not
well localized. The aquifer is covered by Plio-Quaternary
continental sediments which may contain small aquifers.
To the east it is in hydraulic contact with karstified dolo-
mitic sediments of Jurassic age.

The Inca-Sa Pobla aquifer system in Mallorca is a 350
km? multilayer aquifer consisting of thick carbonate Mio-
cene and Pliocene layers and thinner Plio-Quaternary
sands, silts and clay layers. Jointly with the Pla de Palma
aquifer, of similar origin but smaller size, it is the result of
the Mio-Plio-Quaternary filling of the marine straits for-
merly dividing the island into two, from SW to NE. The
S’Albufera wetland existing nowadays in the NE part of
the former strait (in the Alcudia bay) is the sole remains.
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Figure 17.8. Cross sections of western Mediterranean lines which are shown in Plate 17.6.

Fissured and karstic aquifers

Aquifers are widely found in thick fissured and karstified
carbonate formations, usually of Triassic, Jurassic and
Cretaceous ages. The carbonate rocks usually form NE-
SW oriented coastal ranges and dip towards the sea some
times giving rise to coastal aquifers confined under the
detrital sediments, as well as other stepped coastal massifs
discharging directly to the sea. Examples of the first type
are the Jurassic limestones in contact with the Astian aqui-
fer in France, and the Cardo massif close to the Ebro
delta in continental Spain. Examples of the second case
are the Garraf massif close to Barcelona, and the Serra de
Tramuntana and Serra de Llevant massifs in Mallorca is-
land.

17.7.2  Palaeohydrological conditions of the late Pleistocene

During the Last Glacial Maximum (LGM) the sea level in
the area fell some 120 m below its present position. This
allowed the deposition of fluvial terraces, deltaic (sands,
silts and gravels) and littoral (sandy bars) sedimentary bod-
ies. The remains of the Pleistocene deltas appear nowa-
days under the Holocene deltas. The alluvial terraces ap-
pear in the bottom of the Holocene deltas and overlying
the ancient ones. The alluvial sediments extend several km
seaward and outcrop (or are covered by a thin layer of
recent sand and silt) in the continental shelf, around
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100 m depth. The remains of the Pleistocene littoral sandy
bars appear nowadays as relict elongated sandy bodies on
the continental shelf.

The exposed area of the sedimentary and carbonate
aquifers was never covered with permafrost in this area.
During the LGM discharge from the sedimentary and
carbonate aquifers took place to the sea, probably both
along the ancient coastline and as submarine outflows.

17.7.3 Sea level rise and glacial-isostatic impacts on groundwater

The postglacial Flandrian transgression took place in two
main stages before stabilizing some 6000 a BP. During the
sea level rise both the sedimentary and the carbonate
sediments were encroached by seawater.

The freshwater gradient existing from the time of sea
level stabilization to the present was in most cases favour-
able to the flushing of this saline water to the sea. In some
places it is still possible to find undisturbed deep layers
(around 400 m deep) where (assumed) very old fresh water
is being abstracted. Some wells and boreholes showing
these features are available both in the Tarragona and in the
Valencia plains and in the surroundings of the Ebre delta.
In other cases only Holocene or post-Holocene groundwa-
ter is found, as is the case for most of the small deltas (Llo-
bregat, Besos,.).

The flushing of saline water was not possible in the
Rhone and the Ebre deltas, the two biggest coastal sedi-
mentary formations in the NW Mediterranean. Due to the



low elevation of the river channel (which controls fresh-
water potential) and to the wide extension of their deep
aquifers (Pleistocene alluvial sediments) in the continental
shelf, they still contain salt and brackish water.

In the Astian aquifer pre-Holocene saline groundwater
is present in its western part probably due to leakage from
the undetlying Jurassic formation which seems to contain
old sea water. In the coastal area of the Inca-Sa Pobla
aquifer, saline and salt groundwater of at least Flandrian
age is found as well.

17.7.4 Initial conditions prior to development

The human exploitation of the coastal aquifers is several
centuries old, but it began to be intensive and to affect the
natural behaviour of aquifers at the time of the industrial
take off of the area, some 30-50 years ago. Prior to this
time most of the sedimentary coastal aquifers have been
little used, mainly for irrigation and secondly for human
supply, because both uses were satisfied (as is also nowa-
days) mainly by river water. Groundwater was then of

good quality.
17.7.5 Impacts due to development

Intensive groundwater abstraction after the 1960s, both
from the detrital and the carbonate aquifers all along the
coast, has produced general distortions in the freshwater-
saltwater interface, giving place to a marine intrusion pro-
cess extending widely mainly in the sedimentary units.

Except in the case of the Rhone and Ebre deltas, the
rest of the coastal systems contain Holocene and recent
freshwater and recently (a few tens of years) encroached
seawater as well. The clay layer usually contains connate
Holocene marine water more or less diluted by mixing
with freshwater by vertical flow between both aquifers.
The upper water table aquifer usually contains recent
freshwater, in most cases affected by salinization along the
coast and by local industrial and agricultural pollution
elsewhere, so that its use becomes limited.

The low coastal areas filled up by Quaternary sedi-
ments usually have a great local importance as aquifers.
They have recent fresh groundwater (up to a few centuries
old), quite often locally affected by pollution of different
origin: saline intrusion in the coastal fringe, agricultural,
industrial and urban (sewage) contamination elsewhere.

As indicated above, old fresh water is still present in
some deep layers of the carbonated coastal aquifers to the
S of the Ebre delta. But except in these areas, the Meso-
zoic aquifers usually contain recent to a few centuries old
freshwater, as well as brackish and salt water at the coast.

17.8 Conclusions

The PALAEAUX results provide a representative, al-
though incomplete, picture of the status and origin of

174

fresh and saline groundwaters at or near the present
European coastline. Some areas are not covered. These
include the hard rock areas of the western European sea-
board as well as Scandinavia. However, these areas as well
as the large areas of carbonate aquifers of the northern
Mediterranean were deliberately excluded from the project
since they were considered unlikely to retain palacowaters.

The six regional maps present a summary as far as
possible of the conditions existing in the early Holocene,
after the impact of glaciation, when groundwaters might
be expected to have reached their maximum offshore
evolution prior to the encroachment of seawater during
the Flandrian transgression. This evolution lasted for
some 100 000 a since seawater would have covered the
land mass to the same extent. It is important therefore to
consider that the present coastline is a very recent phe-
nomenon and that the landmass — as far as groundwater
evolution is concerned had a far greater extent than that
apparent today.

In the Baltic the groundwater evolution is unique in
that freshwater heads Aigher than the present day were the
control, plus the fact that there is evidence of melted wa-
ter at the base of the ice-sheet allowing and promoting
recharge during much of the late Pleistocene (with clear
isotopic evidence of this).

In the North Sea Basin, there is generally evidence of
freshwater movement to depths of 100-150 m but the
absence of deeper fresh water (palacowater) storage may
relate to the mainly lower gradients in the basin. An
anomaly yet to be satisfactorily explained is why freshwa-
ter of Pleistocene age is present to =500 m approximately
in the Ttiassic of the East Midlands.

The channel presents one of the most active regions
to illustrate the scope of groundwater movement. Fresh-
water is found in several areas to a depth of 300 m. Yet
the freshwater evolution is heterogeneous and freshwater
recharged during the Pleistocene into areas that experi-
enced little or no flow since the late Cretaceous. Offshore
flow towards the central palacovalley is likely to have led
to freshwater discharges in the central Channel.

In the two Atlantic coastal areas of France and Porr-
tugal/Spain a contrast exists due mainly to the proximity
of the continental slope. In Portugal freshwaters are found
at the coastline, and probably offshore, which contain
evidence of recharge during the lowered sea-levels. In
France some salinity encroachment is observed during
sea-level rise, although some evidence of palacowaters are
preserved, assisted here by lower rates of groundwater
recharge.

In the Mediterranean coastal areas including Mallorca
island the PALAEAUX study has provided evidence of
freshwaters preserved at depth near the coastline, al-
though in several areas these do not contain isotopic con-
firmation of palacowater origin. Brackish palacowaters are
also found which may be of value as desalination sources
rather than directly as potable water.
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18 Management of coastal palacowater resources

18.1 Introduction

In many countries and regions of Europe and elsewhere
the population and its activities tend to concentrate along
the coasts. This is due to favourable climatic factors and
the availability of flat land, easy transport and arable soil.
Moreover, important infrastructures were built in the past
when the seas were essential to trade and development.
Currently retired people from industrialized regions show
a preference for coastal areas and islands in mild, even
arid climatic areas, for secondary or permanent residence
during the increasing life span after retirement.

Thus, in many coastal areas or in nearby localities
there is an intense concurrence for urban, industrial, stor-
age, touristic and farming space, which sometimes coexist
uneasily. Moreover the availability of fresh water supply is
or may become a main issue, which may condition the
sustainability of the regional economy. Common water
problems to be solved refer to quantity, quality and sea-
sonality, as well as increasing pollution, aquifer saline in-
trusion and contamination, and sometimes interferences
with valuable ecosystems and the natural environment.

In areas with favourable terrain and climate, agricul-
ture is often a principal consumer of good quality water,
as well as a rival to urban water supply. Agriculture is a
traditional activity that progressively expands and evolves
towards intensive farming, taking advantage of the fa-
vourable coastal conditions, such as flat terrain, high local
food demand and trade advantages. Often agriculture is
politically protected and at the same time is responsible
for as well as the origin of the deterioration of groundwa-
ter quality by saline intrusion as a result of groundwater
abstraction, application of agrochemicals and the infiltra-
tion of saline return flows. Coastal urban areas, which
demand large quantities of good quality water, create con-
ditions for deterioration and pollution, including intensive
abstraction to cause seawater intrusion. All this is well
known and the subject of numerous studies. Southern
Europe has plenty of examples (see Chilton ez al., 1997;
Custodio and Bruggeman, 1987; Falkland and Custodio,
1991; van Dam, 1997; Custodio and Galofré, 1993).

Cutrrently deep wells are constructed in coastal aqui-
fers for groundwater exploitation to supply all the varieties
of water needs, including industry and agriculture. Drilling
down to several hundreds of meters is currently not un-
common. In many situations these wells tap palacowaters
— often without knowing it — and their unique properties
are not considered. Palacowater is a one —time reserve,
having originated under climatic and hydrodynamic condi-
tions different from today, free from man—made pollut-
ants. It is worth considering its most beneficial use, setting
specific management and protection norms.

The existence of palacowater in coastal aquifers and is-
lands is the result of physical conditions which allow for a
water storage with a very long turnover time. This implies
a combination of physical (low permeability formations
and layers) and hydraulic (low water head gradients) con-
ditions. The higher hydraulic gradients prevailing during
the past low sea stand allowed continental or island fresh
water to penetrate into coastal permeable formations, but
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subsequent and current low natural hydraulic heads pre-
vent its fast renovation.

Palacowater can be found in Europe in the thick
sedimentary basins existing in the continental grabens of
Central Europe (e.g. the Rhine and the Danube) and
Southern Europe (e.g. the Po and the Tajo). Similar situa-
tions are found along the European coast, some of which
are described in detail in the present chapter. Important
and well developed coastal sedimentary basins are found
along the eastern and southern coast of the Baltic Sea,
which continue along the North Sea coast. Other well
developed coastal basins are found in England, the Neth-
erlands, Belgium and the Atlantic side of France. Along
the Iberian Peninsula and the northern part of the Medi-
terranean sea the closeness of the mountains to the coast
reduce the extent of these coastal basins but still some
large ones are found such as the Aveiro and Lower Tejo—
Sado areas, the Guadiana and Guadalquivir coastal depos-
its and deltas, and the Mediterranean basins and deltas of
the Ebre, Llobregat, Rhone and Po. In all these areas re-
cent, low permeability deposits cover deep aquifers sus-
ceptible of containing palacowater. The actual existence of
fresh palacowater depends on local circumstances and the
hydrodynamic changes suffered by each aquifer system, as
explained in the present publication.

The wide variety of situations covered by the PA-
LAEAUX Project, from the North of Europe to the
southernmost areas in the Iberian Peninsula and the Ca-
nary Islands, jointly with the wide range of situations,
from large coastal basins to carbonate and volcanic forma-
tions, from cold, wet climates to warm, dry areas, from
rural to periurban areas, comprise a wide range of situa-
tions. This set shows how adequate aquifer management
may deal with problems of sustainability, profiting from
the unique characteristics of palacowater in such coastal
formations.

Groundwater management may be considered as the
set of rules and actions needed to obtain a given set of
technical, economical, social and political objectives rela-
tive to water supply, wetland preservation and economic
development of a region. Often it involves a trade-off
among conflicting interests, both in the short and long
term, taking into account the sustainable use of the re-
source and the preservation of its role in natural proc-
esses. Management involves scientific principles, technical
operation, economic considerations and fulfilment of so-
cio—political constraints.

The objective of this chapter is to discuss the special
characteristics of palacowaters in coastal aquifers and the
need to correctly manage them, presenting the main prin-
ciples to make good use and to protect these groundwater
resources.

18.2  Coastal aquifers

Coastal aquifer systems differ from other continental aqui-
fer systems in three main aspects. The first aspect is the
particular geological conditions existing in the boundary
zone between the continent in which erosion and trans-
port carry sediments towards the coast, and the physical



and chemical sedimentation environment due to the base
level imposed by the sea and its salinity. The second as-
pect refers to the discharge of continental water into the
seawater body, characterized by its high salinity and
greater density; this means that the denser seawater tend
to occupy the lower parts of aquifer systems. Seawater in
the ground does not flow unless diluted by freshwater, or
until relative sea level changes are produced, or the fresh-
water flow pattern is modified by natural causes (climatic
change) or by human influence (pumpage). The third as-
pect refers to continental water quality since its mixing
with only a few percent seawater drastically impairs ability
to be used and more that 3 or 4% renders it practically
unsuitable for most uses, and only costly desalination pro-
cesses may upgrade it. In coastal aquifer systems seawater
and trapped marine water in aquifers and aquitards may be
in direct contact with continental groundwater. This
means that in coastal aquifers, in addition to the common
knowledge of aquifer properties and hydrodynamical con-
ditions, detailed information on saline water pattern and
heads is needed.

In spite of being more complex, coastal aquifers can
be studied, known, developed and managed with well
known and experienced principles and means, and consti-
tute important key elements in the water supply systems
of coastal areas. They play the role of natural sources of
water and storage reservoirs, just in areas where surface
waterworks and reservoirs are often difficult due to the
lack of space and good conditions. The discharge of
groundwater may create valuable coastal wetlands and
interesting ecological situations, which deserve due con-
sideration.

Coastal aquifers can be developed as a continuous
source of water or as a reserve for discontinuous use, or
some combination of both. The operation rules depend
on the existence and characteristics of other sources of
watet, the variability of demand and the restrictions im-
posed by the water distribution network, economic factors
and existing rights and legal constraints.

Emergency situations may develop, such as major
breakdowns in water supply systems, failure of reservoirs
and pipes, long lasting contamination events and general
disruption of energy supply. They can be the result of
natural events such as earthquakes, landslides, volcanism,
floods, tornadoes, catastrophic heavy rains. Additionally,
design failures, rupture of toxic waste stores, leakage of
chemicals, and even war and tetrorist actions due to hu-
man activity also create emergencies. In these situations a
local, large enough and proven fresh water reserves capa-
ble of rapid development are needed. Local aquifers often
may accomplish this role. The survival of freshwater sup-
ply in Beirut and other Lebanese coastal towns during the
long lasting civil war of the 1980s is an example.

Peak water demand situations pose serious problems
to water supply in many coastal areas. The most acute
correspond to large demand increments due to seasonal
irrigation needs and touristic affluence. In some touristic
resorts seasonal populations may increase by an order of
magnitude, at the time that agricultural demand also in-
creases. The critical season is often the summer, but it can
also be the winter, as in the Canaries, where reasonable
temperatures attract tourists and out of season irrigated
intensive crops find good markets at other latitudes. To
cope with peak situations waterworks have to be large
enough, which implies operating at undercapacity for a
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Box 18.1. Palacowater quality and use: a conflict of use

In several countries high quality palacowater may have
been used over without recognition of its origin on its
non—revewable character. The groundwater in the Triassic
sandstone of the East Midlands is being used not only for
public supply but for cooling water for power stations
where low total dissolved solids in an advantage from the
point of view of corrosion and scale control. Similar situa-
tions are found for example in the Aveiro aquifer Portu-
gal, where industrial areas are one of the main users of the
high quality palacowaters. In those areas where palacowa-
ters ate recognized it is recommended they are used for
drinking purposes and as a strategic reserve.

large fraction of time, or to be backed by a separate stor-
age of good quality water to be used at peak time and re-
plenished the rest of the year. Coastal aquifers may fulfil
this role, securely and economically, if correctly managed.

The risk of seawater intrusion and the potential for sa-
line upconing is an added complexity but this need not
hinder aquifer development. Much of what is referred to
in reports and in the literature as negative effects of
coastal aquifer exploitation is often the result of lack of
awareness of the nature of coastal groundwater, poor de-
velopment and inadequate management. This is one of the
myths referring to groundwater, mostly propagated by
those who ignore groundwater properties or systematically
oppose aquifer use in favour of surface water or desalina-
tion. Sea water intrusion can be tolerated to some extent.
It is reversible under some circumstances and can be con-
trolled by reducing abstraction rates and careful monitor-
ing, or by reducing the salt water head by pumping out
saline water (Custodio and Bruggeman, 1987).

The large freshwater storage volume in many coastal
aquifers allows for intensive use during short periods of
time (weeks to months) without setious deterioration, and
the antecedent conditions may be recovered during the
rest period under favourable circumstances, if the dis-
charge of fresh water into the sea is restored.

In coastal areas and islands there may be a temporal
excess of fresh water which can be used at other times.
The excess is the difference between water availability and
demand, including quality restrictions. Excesses refer to
the unused part of spring and river flow, discharge from
flowing wells and drainage galleries, production of treated
and desalinated water, or conveniently treated sewage
water. The classical solution to this problem is surface
storage.




Freshwater coastal aquifers can often be adequate res-
ervoirs for storage of these waters by means of artificial
recharge, by applying the most suited methods and man-
aging clogging effects. The operational cost is a main con-
straint to the practical feasibility as well as the possible
modification of aquifer water quality by substitution or by
mixing with the artificially recharged water. This is a com-
plex function of recharge siting, well characteristics and
operation.

Storage capacity may also be found in brackish or sa-
line coastal aquifers if this water can be effectively dis-
placed. The body of injected or recharged freshwater pre-
sents a mixing zone (dispersion zone) with native water
the width of which is controlled by aquifer properties and
geometry, local heterogeneities, the buoyancy of freshwa-
ter in saline water and the operation of the injec-
tion/abstraction wells. Howevet, introducing freshwater
from the surface or through interaquifer (natural or
forced) leakage also means introducing anthropogenic
chemical, biological and radioactive contaminants, some
of which may be a health concern, even at low concentra-
tions. Thus, before deciding to use a coastal aquifer con-
taining brackish or saline palacowater for artificial storage
it is worth considering whether this water may not be us-
able as a source of freshwater by desalination.

Coastal aquifer management has to consider the spe-
cial characteristics mentioned above, mainly the existence
of saline water and the risk of salinization. This includes
the knowledge of the origin of salinity and the process of
salinization.

18.3 Palaeowaters in coastal aquifer systems

The existence of palacowaters in a coastal aquifer system
is the result of parts of it having a long turnover time due
to the right combination of permeability and groundwater
head gradients. The long turnover time part of the aquifer
system may contain a mixture of recent and old water, or
true old water when piston flow dominates (Zuber, 1986;
Custodio, 1991). The mixing is often the result of differ-
ent flow paths converging toward a spring or a well.

Aquifers are often open in relationship with land sur-
face, other aquifers or extensive aquitards. Thus, when
palacowaters are discharged or abstracted they are re-
placed totally or partially by recent water, or progressively
exhausted in the less frequent case in which the aquifer is
closed. Only a fraction of the total palacowater volume is
exploitable without mixing with younger water, and this is
a function of well emplacement, screen position and ab-
straction rate. In a given aquifer abstracted palacowater
may be replaced by palacowater in other aquifers or aqui-
tards — up to some limit — or be replaced by recent re-
charge, or become a variable mixture of old and new wa-
ter. In coastal aquifers replacement water — from the
ground or by recharge — may be saline water. Palacowaters
are a non—renewable resource, with a given volume, simi-
lar to other fluid mineral reserves such as oil and gas.

One of the main beneficial uses of fresh palacowater,
whether it refers to pre—industrial water or to Pleistocene
water, is for drinking purposes. Not only do most palae-
owaters have the advantage of good biological quality and
slowly variable characteristics, common to most ground-
waters, but they are free of artificial pollutants such as
polycyclic hydrocarbons, halogenated solvents and disin-
fectants, pesticides and their derivatives, drugs, industrial
heavy metals, man—made radioisotopes (fission and activa-
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Electrodialysis plant in Playa del Ingles, Gran Canaria, to desalinate
brackish palaeowater

Box 18.2. Use of brackish and saline palacowater

Brackish water from the Amurga phonolite massif (see
Chapter 8) is used for desalination at the electrodialysis
plant near the Maspalomas—El Inglés large touristic com-
plex in the South of Gran Canatia island. This water has
no man-made contaminants. The development intends to
use groundwater reserves without seawater intrusion and
detetioration by possible deep-seated saline water during
the economical life of the plant. The desalinated water is
mixed with freshwater from other soutces and reverse
osmosis desalinated sea water. Sewage water is treated and
reused for municipal gardening and grass-covered sport
areas, as well as for irrigation of crops, mostly under
greenhouses.

In the Ebre river delta, in Southern Catalonia, near the
enter shore the deep Pleistocene aquifer contains old ma-
rine water, which has not been flushed out due to lack of
hydraulic gradient. Several attempts have been carried out
to develop this marine watet for aquaculture (mostly crus-
taceans and shellfish) as an alternative to direct use of sea
water, which needs a costly uptake facility, turbidity con-
trol and temperature conditioning. Groundwater is clear,
easy to get and with an adequate and constant tempera-
ture. But the reducing groundwater environment due to
the presence of organic matter in the sediments impairs
water quality. This has prevented the widespread use of
this water but for some attempts to exploit the relatively
warm, constant temperature water exchanging heat with
water from other sources.

Natnral spring area in the Ebre delta in which freshwater drag along old
marine water in the Pleistocene formations




Box 18.3. Palacowater as good quality water: the Aveiro Creta-
ceous Aquifer

Nowadays one of the public institutions abstracting palae-
owaters from the Aveiro Cretaceous aquifer is the Aveiro
Harbour Authority which have to supply fresh water to
visiting ships.

In the hatbour there are two boreholes around 260 m
deep to abstract palacowater. However, while one only
exploits the aquifer layers with good quality, low mineral-
ized water (Cl- < 30 mg I1) at maximum allowed pump-
ing rates of 15 L 57, the other one exploits less deep aqui-
fer layers, with more mineralized waters (Cl- ~ 250-300
mg L) but that allows higher exploitation pumping rates
(50 L sh).

Recently the Harbour Authorities decided to drill a
new botrehole to replace the latter one, but decided this
time to explore uniquely the aquifer layers with low min-
eralized waters despite their lower productivity.

This is highly representative of the current trend these
days to develop new boreholes in the aquifer which ex-
ploit less mineralized and lower yielding aquifer layers,
rather than more mineralized but better yielding layers.

Sustainable development of the low salinity palacowa-
ters in Aveiro’s deep coastal aquifer depend on correct
design, construction and maintenance of wells and needs
regulations to be followed by municipalities, which are the
local responsible authorities for permits to develop
groundwater. Damaged wells and boreholes to be aban-
doned have to be carefully backfilled and duly cemented.

tion products), pathogens and viruses. This is especially
important when safe treatment for potability is not avail-
able or difficult (as in rural areas and small towns) or is
too costly. In addition, in many areas of Europe there is
an increasing popular demand for good quality, tasteless
untreated water supply. Often palacowater is or may be an
important source for bottled water.

Unfortunately fresh palacowater sometimes may con-
tain some components that are undesirable and even
toxic, which require treatment before use. This is the re-
sult of the long contact time with aquifer minerals under
diverse environmental conditions. The result may be an
excess of some components such as F, B, an excess of Na
with respect to earth-alkaline ions, high Na concentration,
sometimes As and V, some heavy metals (mainly Fe and
Mn) and perhaps slightly high radioactivity (mainly Rn
gas). Under reducing conditions, in addition to heavy met-
als palacowaters may contain bisulphide (or hydrogen
sulphide under acidic conditions), ammonia and some
dissolved gases (CO,, CHy). Also the temperature may be
quite high due to depth (effect of geothermal gradient);
this is an advantage in cold areas but requires some stor-
age detention in warm areas. Hard palacowater with high
equilibrium CO; pressure is not only a nuisance for do-
mestic use (laundry, heating) but may produce scaling in
pipes. Acidic water enhance corrosion of pipes and appli-
ances.

The use of fresh palacowater for industrial purposes
has similar advantages and drawbacks to those described
above for drinking and domestic uses. Water hardness
may be a problem and some preliminary water softening
pre—treatment may be necessary. In some cases, notably in
volcanic aquifers, high silica content is also a nuisance.
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Palacowaters are also used for agricultural irrigation and
problems are found at high salinities or where unbalanced
alkaline—ion concentrations occur. The correction is too
expensive except for high value crops.

Industry and agriculture, and also livestock, are much
less quality demanding than human consumption, and
may use other sources of water. Thus, as a general rule,
non-renewable palacowater resources should be pre-
served mainly for drinking purposes. This general rule has
to be adapted to local circumstances of actual palacowater
conditions and quality, water planning and management
alternatives.

The influence of marine salts may result in poor natu-
ral quality conditions. Thus, although in many cases pa-
lacowater is fresh and exempt from toxic substances, in
other cases it may be saline or brackish, and further it may
contain undesirable contents of some substances derived
from water-rock interaction, including redox reactions
induced by the presence of organic matter in the sedi-
ments. But it is still essentially free of man-made chemi-
cals and their degradation products, and also of biological
contaminants. In this respect palacowater, even if the sa-
line content is too high, is a suitable water source for de-
salination, if natural toxic dissolved components are below
reasonable limits. This is currently a situation of growing
frequency in some coastal areas and islands, when the
climate is arid and there are no other sources of water.
Salinity can be of marine origin (unflushed or partly
flushed sea water) or the result of scarce recharge where
most of rainfall evaporates combined with relative high
airborne salts due to the proximity to the coast and winds
coming from the sea. This is the case for extensive areas
of the Eastern Canary and Cape Verde islands.

Currently reverse osmosis is the most usual desalina-
tion method for brackish water but also electrodialysis is
applied if water salinity is moderate. This is now common
practice in Gran Canaria and Fuerteventura (Canary Is-
lands) and is also developing in Eastern Spain coastal ar-
eas and in Mallorca island.

Desalination by means of membrane techniques is
cheaper for brackish groundwater than for sea water. But
for plant efficiency water salinity has to be relatively con-
stant and troublesome components, such as dissolved
silica, must be below reasonable limits or have to be con-
trolled by pre-treatment. The lack of turbidity and the
constant temperature together with the lack of anthropo-
genic and biological contaminants are distinct advantages
in utilizing these palacowaters.

Another possible use of brackish and saline palacowa-
ter is as a source of water for fish farms, where constant,
slightly warm temperature is advantageous. Fish and shell-
fish are however very sensitive to reducing conditions,
ammonium and certain trace components such as iron
and some heavy metals which may be present in palae-
owaters in deltaic sediments. This may hinder the direct
use of this water or make it too costly if treatment is
needed.

18.4 Development of groundwater in coastal areas

The existence of palacowater in coastal areas and islands is
the result of special local characteristics. Drilling may
greatly disturb the existing situation by creating paths for
vertical interconnection of aquifers and for the penetra-
tion of surface and phreatic waters under natural condi-
tions or as a result of groundwater abstraction. Inadequate



drilling may ruin for ever a coastal aquifer as in the Besos
delta (Barcelona) and the Pont d’Inca calcarenite aquifer
(Mallorca island). Unaware and irresponsible well drillers
generally try to get the maximum yield by putting a screen
in any permeable layer they find. In hard rock the casing is
mostly for isolating the well from the surface, or to pro-
tect the pump from falling sediments and rocks; the lower
part of the bore, if it stands, may remain uncased. Steel
casing corrosion also favours aquifer interconnection, as
well as poor welding or inadequate waterproofing of
joints.

Drilling in coastal and island aquifers, especially when
palacowater exists, must follow a careful design which
includes:

(xxii) Casing and grouting of the upper part to prevent
the penetration of surface or phreatic watet.

(xxiii) Emplacement of casing with correctly
welded or waterproofing of joints.

(xxiv) Restoring the isolation provided by low
permeability layers by careful grouting and multiple or
telescopic casing if needed to provide good grouting
and/or protection against cotrosion; cotrosion tesistant
casing may be needed such as plastic or fibreglass.

(xxv) Using thick enough casing to avoid implosion
and breakdown by external pressure, especially duting well
development and pumping.

Any of the available drilling methods can be used if
suitable for the formations and the depths, from cable
tool percussion to bottom hammer air percussion and
rotary systems, but the constraints imposed by casing and
grouting have to be considered. Not all drilling methods
and rigs are able to ensure a good construction and test-
ing. The ability and experience of the driller is of para-
mount importance.

Often palacowater is emplaced in deep formations and
deep wells have to be drilled. When the deep well is ex-
pected to flow, as in low elevation coastal plains, grouting
must be able to resist water pressure and to accommodate
the installation of a well cap. Failures are not rare and
correction may be costly.

The design of a well, if there is not enough previous
local experience, may require an exploratory borehole and
geophysical testing and logging.

18.5 Management of coastal aquifer palacowater
The unique characteristics and one-time reserve circum-
stances of palacowaters introduce into the coastal or is-
land aquifer system new constraints since a part of it may
need specifically tailored management rules to preserve its
existence as long as possible and to get from it the best
beneficial use. A consequence is that priorities should be
introduced to get its preferential use for drinking pur-
poses, even under peak demand and emergency situations.
These constraints may require rules which may be in con-
flict with what is generally considered the best use of a
coastal aquifer, since palacowater protection for drinking
purposes is more important than contributing storage
space. This means that rules may be different for different
areas or aquifers of the same system.

In order to protect palacowater existing in coastal and
island aquifers, the preservation of isolation and/otr low
hydraulic gradient conditions leading to its existence is an
important management objective. This relative isolation
not only refers to bartiers to hotizontal flow (they may
not exist) but mostly to horizontal layers above and below

Old cattle watering trough in the Dofiana national park, southern
Spain, previously fed by a flowing well but now abandoned due to
piegometric level drawdown after intensive development in nearby
areas. Water discharged was fresh palaeowater.

Box 18.4. Palacowater: a finite resonrce

In several coastal areas of Europe, but particularly in the
south, well-field development has intercepted non-
renewable palacowaters and led to extinction of wetlands
and baseflow to rivers. Artificial measures such as impor-
tation of water or mining of even deeper resources may
provide a short-term remedy, but the need for re-
assessment of the long-term water balance is highlighted.

A pumped well discharging palaeowater to sustain the imponndment
of a lagoon used by waterfowl in the dry season. Dojiana national
park, southern Spain.
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the aquifer containing the palacowater. Often the most
effective natural confinement is due to the presence of
thin, low permeability layers in the formations, which
greatly reduce vertical permeability. They have to be iden-
tified and known, and be the subject of special protection.
Such rules are applied, for example, for drilling in the
dune area near Amsterdam.

Isolation preservation means drilling without increas-
ing aquifer interconnection and vertical permeability. This
applies not only to exploratory drilling and exploitation
boreholes and wells but also to monitoring boreholes.
Carefully engineered isolation and grouting, and casing
resistant to degradation and failure by corrosion and me-
chanical stress have to be considered and installed. This




Box 18.5. Management steps of the Ledo—Paniselian aguifer

The Ledo—Paniselian aquifer in Belgium is exploited to an

increasing extent for public water supply, industrial and

domestic uses. The government has set up a monitoring
system for the aquifer, including:

e 2 piezometric monitoring network for monthly meas-
urements of the hydraulic heads
a water quality control network
an inventory of pumping wells comprising location,
well characteristics and abstraction rates

e the DAWACO database including all mentioned data
(De Smet et al., 1997)

The obsetved hydraulic heads are locally much lower than

can be expected from the known pumping data, revealing

that the latter are incomplete.

A hydrodynamic modelling system has been devel-
oped for managing the Ledo—Peniselian aquifer (Van
Camp et al., 1998), comprising:

e a regional multi-layer 3-D model to simulate the
groundwater flow in the whole system, both for
pumped and non-pumped situations, that can also be
used to predict the impact of future exploitation

e 2 local, radial axisymmetrical model to calculate the
drawdown around single wells, that can be used to
evaluate the impact of individual wells.

Groundwater abstraction permits ate awarded by the ad-

ministration on the basis of drawdown simulated by the

model. In general, it is considered unacceptable to lower
pumping levels beneath the top of the aquifer, thus re-
specting its semi-confined character.

At present, no provisions exist to make special man-
agement for palacowaters. Indeed, groundwater is consid-
ered as a tenewable resource. However, exploitation of
the freshened palacowaters in the Ledo—Paniselian aquifer
induces flow of less freshened groundwater of the over—
and undetlying aquitards, spoiling the palacowater re-
serves, in stead of merely replenishing them with younger
fresh groundwater by an accelerated lateral flow from the
natural recharge areas.

also means that leaky or abandoned boreholes must be
carefully grouted to restore former hydraulic conditions.
Maintaining low hydraulic gradients to delay penetra-
tion of other waters, especially recent and saline water, can
be achieved by adequate spacing of wells or boreholes on
the territory and by avoiding large, concentrated abstrac-
tions. This needs some trade off with the convenience of
reducing the number of wells and the length of distribu-
tion pipes. Except in enclosed aquifers, in which piezo-
metric level drawdown will increase with increasing total
water withdrawal, abstracted palacowater will be replaced
by new water, both continental and marine, except for the
reduction in storage. In outcropping areas of the aquifer,
if they exist, it is not rare that what was formerly rejected
recharge (the aquifer was full) is progressively converted
into effective recharge that replaces palacowater as it is
being abstracted. Modelling of aquifer behaviour is needed
to know the palacowater volume reduction, the mixing
with young water and the different contributions to
pumping wells, in order to establish operational rules to
optimize the use of the one—time palacowater reserve.
Regional water head drawdown can be large and may
induce consolidation in young formations. The conse-
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quence is some degree of subsidence, local or regional,
which may modify land flooding characteristics, the coast
line and the drainage of coastal areas. Good examples can
be found in Thailand, Japan and NE Italy (Venice), and is
suspected in the Llobregat delta (Barcelona, NE Spain). In
karstic coastal areas water head drawdown (and especially
increased water head fluctuations) due to groundwater
abstraction may also increase the rate of local, sudden land
collapse and sinkhole formation.

18.6 Monitoring needs and data use for manage-
ment of coastal aquifer palaeowaters

Management of palacowaters and the interface with mod-

ern waters in coastal aquifers needs specific data, including

the knowledge of:

(i) geometry of the aquifer system, including the aquitards

(i) three—dimensional (3—D) head and salinity distribution
and evolution, under natural or initial conditions and

as a result of development; in some cases also 3-D

temperature distribution is needed. This has to be

supported by hydrogeophysical logging (temperature
and electrical conductivity) as a basis for determining
the flow pattern

(iii) constructive and behavioural information of bore-
holes and wells, and rate of groundwater abstraction
with time, since the drilling was catried out

(iv) information on hydrochemistry and environmental
isotopes of value for palacowater characterization and
evolution as a consequence of development

Since palacowater aquifers are commonly confined,
water head distribution and evolution can be known
through a reduced number of piezometers, but at each site
often more than one water head has to be measured since
the hydraulic potential may change with depth. Thus, sets
of nested or multiple piezometers are often needed, which
include measuring water head in each of the aquifers and
aquitards in the same vertical line, as well as in fresh and
in saline water. If there are other permeable or semiper-
meable formations below the palacowater aquifer under
consideration, at least one of the piezometers should
measure their water heads.

Measurement of water salinity is more complex since
it may progressively change, especially when the palacowa-
ter aquifer is developed. Water quality monitoring has to
be adapted to the actual salinity distribution and to its
future evolution.

Water pumped from boreholes is likely to be a mixture
of components from different depths and does not repre-
sent the true situation in the aquifer system. Exploitation
wells are suited for palacowater quality sampling provided
the water comes from a well-defined depth. In this respect
the existence of long screened sections or several screens,
which may be the origin of interscreen flows, is an unde-
sirable situation. Also, pumping time must be enough for
the water sample to come from the aquifer and not from
inside the casing.

Observation boreholes are suited for palacowater
sampling provided the water sample is from the aquifer.
This means using a depth sampler lowered to the screen
after evacuating a large enough water volume from the
borehole. This may not be necessary if groundwater flow
through the screen is high enough, a rare condition in
palacowater aquifers except near pumping wells. A good
water sample can be also obtained by pumping after ex-
tracting several times the water volume inside the bore-



hole between the pump and the screen. It is worth check-

ing that the temperature and electrical conductivity of

pumped water stabilizes before sampling.

In short screened boreholes in poorly permeable for-
mations the maximum pumping rate may be quite low,
which means a long time to renew the water inside the
casing. Thus, in some cases a submersible sampler is rec-
ommended after some pumping.

Lost drilling water and residual drilling muds may dis-
turb sampling for a long time since they atre difficult to
take out. Thus, the selection of the drilling method and
the operation of the drilling rig are important since it is
necessary to be able to identify if remnants of drilling fluid
are still in the borehole. This is easy when drilling water is
chemically and isotopically different from aquifer water.
Drilling muds often have high pH (due to added chemi-
cals) and this may be a good indicator in unbuffered aqui-
fers. In other cases an added tracer such as bromide or
lithium may be of help. Na from additives may also be a
useful indicatot.

Palacowater aquifer management needs reliable data,
especially:

e water head measurements in the aquifer and related
aquifers, and in some cases aquitards; monthly values
are generally enough if there is additional data from a
few continuous piezometers. When variable salinity
water is involved, the density distribution along the
borehole column has to be known or deduced;

e sampling for chemical analysis in pumping wells and
boreholes, generally once or twice a year, and weekly
to monthly for salinity monitoring in a few points to-
gether with temperature. Chemical analysis of major
ions is generally sufficient, but a more complete analy-
sis and more frequent sampling may be needed, fol-
lowing established norms for water supply monitoring.
Environmental isotope analyses are not generally
needed for monitoring but for establishing the initial
condition and the 3-D distribution of groundwater
types. However to know the long term (5 to 10 years)
evolution of well fields (including palacowaters), envi-
ronmental isotope surveys are required;

e records of abstraction rate by wells or groups of wells,
and yearly abstraction. This is easy for supply wells fit-
ted with water meters (if calibrated), but it is more
complex for rural and agricultural wells lacking these
meters; indirect evaluation has often to be applied,
such as irrigated surface.

18.7 Administrative and legal framework
The countries and regions of Europe have different legal
water ownership status, from private to public. This influ-
ences water administration but is not essential for man-
agement since there is always the possibility of setting
reasonable limits to private action for the benefit of the
community and for preserving the vital and social role of
fresh water. Also, public ownership does not necessarily
mean good management. The dominant factor is the po-
litical will — based on people’s will — and the ability of the
water administration to really set and apply adequate rules
and laws. Good and bad examples can be found both
under private and public ownership of groundwater.

The current trend oin freshwater administration and
management is the sustainable use of the freshwater re-
source system. Sustainability is a complex concept which
has to be flexible enough to adapt to a continuously
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changing wotld subject to scientific and technical devel-

opment, variable water needs and evolving social require-

ments.

The application administration to a palacowater aqui-
fer as a source of fresh water, or of water that can be con-
verted into fresh water, has to include considerations simi-
lar to those used in mining: the total quantity is limited
and non renewable. Furthermore it can be spoiled by
salinization and it is vulnerable to contamination. Thus
the exploitation of palacowater should be linked to the
benefits it produces in order to use a part of these benefits
(specifically or through general taxation) to pay for the
development of a new source of fresh water as palacowa-
ter reserves diminish and, finally, are depleted or replaced.
These include direct economic but also indirect and intan-
gible (mostly social) benefits, the influence of which de-
pend on some subjective and political factors. A combina-
tion of permits, taxes on abstraction and limitations is
needed, adapted to state or regional laws and accepted by
the social agents, which are those directly interested and
the beneficiaries.

Current administrative and legal systems generally do
not provide explicit norms to deal directly with palacowa-
ter, since this is a subject that in general has not been con-
sidered by managers and lawyers. But rules can be easily
derived from groundwater protection and preservation
norms and directives if the objectives are clearly explained
and understood, and there is the administrative and politi-
cal will to set and apply them. These have to consider:

(i) the non—renewable nature of palacowater,

(ii) its specific value for drinking water due to the absence
of harmful anthropogenic substances,

(ii) the vulnerability to salinization and pollution due to
faulty and careless drilling, poor well operation and in-
adequate abstraction pattern,

(iv) the use of other sources of water for non-drinking
putrposes.

Coastal and island palacowater aquifer management needs

specific rules, over and above those included in regional

laws, national water acts and European Union Directives.

They include:

(@) drilling norms for wells and boreholes, including their
abandonment

(i) distribution of wells and discharge rates

(iii) aquifer development plans, to be reviewed periodically

(iv) priorities for palacowater use

(v) monitoring

(vi) specific management rules

The effective implementation of management rules needs
the framework and the will to set them. This can be ac-
complished when the palacowater aquifer is under the full
responsibility of the management organization, but it gen-
erally fails when other related aquifers and aquitards can-
not be controlled. Rules may include provisions to pre-
vent the indiscriminate exploitation of deep aquifers,
which often contain palacowater. Often this means
changes and additions to the existing Water Act or equiva-
lent legislation.

The constitution of aquifer water users’ associations,
to which the different water rights holders give manage-
ment capacity, is generally a good solution and perhaps
the only stable way to protect the aquifer and to obtain
the best use of palacowater. The users’ association should
be a public entity under specific statutes and rules and



under the guidance of the Water Administration. The as-
sociation — or similar legal denomination — has to have the
capacity to legally represent the water rights holders in
administrative and legal affairs and be the subject for
technical and economic public support and legal protec-
tion. Other water actors have to have a voice as well.

18.8 Summary conclusions

e Coastal aquifers constitute a highly valuable source of
water for human needs. They are key elements in wa-
ter resources management as storage reservoirs.

e Deep coastal aquifers may often contain slowly reno-
vated groundwater, several centuries or millennia old —
palacowater — which is a one time reserve of water
which is free of man—made pollutants; it deserves pro-
tection as a source of drinking water.

e Along the European shore coastal aquifer palacowater
is freshwater in many circumstances, but when it is
brackish or saline it still may be an interesting source
for desalination in water-scarce coastal areas.

e Palacowater in coastal aquifers can be easily contami-
nated and spoiled by pootly constructed, maintained
and operated wells and boreholes.

e European Water Directives have to consider the in-
trinsic interest of coastal aquifer palacowaters as a
unique, one—time source of drinking water, free of
man—made contaminants. Regulations for their protec-
tion, use and management are needed.

e Indiscriminate use of deep coastal aquifers has to be
avoided and abstractions should be subject to regula-
tion.

e Coastal aquifers can be effectively managed if opera-
tional rules for exploitation and well drinking are
available and enforced.

e The ecffective participation of water users in coastal
aquifer palacowater management is essential, as well as
the transfer of part of the individual water rights to a
common management body under the guidance of the
water authority.

18.9 Annex 1: Management of the Astian aquifer,
Southern France

The confined Astian aquifer (South of France) consists of
micaceous sands, and covers a surface of 438 km? towards
the Mediterranean coast. This sandy formation is covered
by Plio-Quaternary continental deposits and outcrops
over only 17 km? Almost 600 boreholes are recorded in
the Astian sands. The coastal area is a very touristic re-
gion. In summer the population multiplies six fold (70 000
permanent residents, plus 325 000 seasonal inhabitants
along the coast during summer). As a consequence of the
specific geological pattern and the touristic pressure, de-
creasing piezometric levels have been observed, with in-
creasing salinity coming from present sea water or deep
aquifers. Furthermore, casing corrosion adds to this prob-
lem by creating paths for vertical interconnection with
polluted waters.

Considering this situation the different towns con-
cerned tried to form an aquifer users’ association called
“Syndicat Mixte d’Etudes et de Gestion de I’Astien”
(SMEGA). A study Commission directed by the “Sous
Prefecture” de Béziers and linking the 20 towns con-
cerned, the territorial communities and national technical
services, was firstly created in 1988. The objective was to
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examine who was concerned by the problem (users, bore-
hole owners, drillers), what kind of legislation already ex-
isted and the economic implications. Considering the need
of financial involvement, the “Syndicat Mixte”, including
all the partners, was officially created in 1990. The main
goals of SMEGA are:

e continuous watch over the Astian aquifer (piezometric
level, water quality, data base and mathematical simu-
lation);
reflection on Astian aquifer management;
production of information and sensitive data for the
users.

The SMEGA is made up of 28 members;
General Council of Herault (6 persons);

e 20 towns (1 person per town)
e The “Chambre d’Agriculture” (1 person)
e The “Chambre de Commerce et d’Industrie” (1 pet-

son).

The financial participation of each member is related to
the amount of water used. Subventions are coming from
the General Council of Herault, the Water Authority
(Agence de 'Eau Rhone—Méditerranée—Corse) and from
the French government (Ministry of the Environment and
Ministry of Agriculture).

Different works have been carried out. In 1989 the
SMEGA collaborated with the DIREN (Direction Re-
gionale Environnement) to obtain a weekly piezometric
observation in the dry season with results transmitted to
all the users. A database was created. Different mathe-
matical models have been constructed and simulations of
the future evolution of the aquifer have been carried out.

Recently (June 1997), a contract was signed by the
“Syndicat” with the Prefet representing the French gov-
ernment, the General Council of the Herault and the
“Agence de ’Eau”. The goal of this contract is to develop

Box 18.6. User’s associations: the Astian aquifer

The confined Astian aquifer, Southern France, exemplifies
the development of a coastal aquifer for human supply of
an area subjected to a sharp increase of water demand in
summer, which is due to tourism (see Annex 1 for more
details). To cope with aquifer impairment a water users’
association was created in 1988 with representatives of
municipalities and management organizations. A specialist
administrating a small budget is in charge of updating the
knowledge and preparing proposals based on mathemati-
cal modelling, as well as securing the good condition of
abstraction wells. No special consideration is however yet
paid to palacowater existence and protection; the goal is to
obtain freshwater, so there is room for education.




5 topics included in an integrated programme:
Quantitative management of the aquifer;

Borehole quality (old boreholes have to be removed);
Water savings;

Training;

Complementary studies related to the resource.

The SMEGA became the SMETA (Syndicat Mixte
d’Ftudes et de Travaux de I’Astien) and a young hydro-
geologist was employed. The total economic resources
available to deal with the five topics is about 3 million
euros per year.

18.10 Annex 2: Groundwater management of the
Llobregat delta coastal aquifer

The Llobregat delta coastal aquifer system is a small allu-
vial formation just at the SW area of Barcelona, the capital
of Catalonia, with a Metropolitan area of about 3.5 million
inhabitants. In its 80 km? of surface (120 km? if the lower
valley included) there are up to 1000 wells, most of them
boreholes penetrating the full thickness of the Quaternary
sediments. Details can be found elsewhere (Custodio,
1968; Custodio e al., 1971; Iribar, 1992; Manzano, 1991;
Pelaez, 1983) and in this report.

Up to 130 hm3/a wete abstracted around 1972 but
curtently the figure has been reduced to 60 hm?/a (mote
than 10% of total water demand in the full area), with an
installed capacity of about 4m?3/s. A large patt of the cut-
rent recharge is river infiltration through irrigation canals
and the irrigated fields, and also directly from the river
bed. The intensive groundwater exploitation maintains a
permanent drawdown situation in the confined delta deep
aquifer and its water table extension into the lower valley,
with water levels commonly below sea level and down to
—30 m in the past. The result is the possibility of using up
to 100 hm? of underground storage capacity in the lower
valley to allow to intra-annual regulation. This allows infil-
tration of surface water, but also creates conditions for
easy pollution (river water has quite a high salinity,
groundwater hardens by soil CO; addition in irrigated
fields and by reaction with carbonate sediments) and sea
water intrusion through the offshore aquifer outcrop.
Thus part of the aquifer suffers from groundwater quality
impairment.

Cutrent groundwater use is up to 40% for town sup-
ply (actual abstraction depends on the need to comple-
ment surface water availability and treatability in a given
year) and up to 50% for direct supply of factories, and less
than 15% for agriculture.

Low salinity palacowater existing in the delta deep ag-
uifer was of pre-industrial age but recharged during the
Holocene, with flow high enough to flush out Pre—
Holocene marine water (Custodio ez al., 1992). Develop-
ment of the good quality groundwater reserves started in
the last half of the last century, mostly for house and rural
supply and also for agriculture, but soon paper mills and
later on synthetic fibre and metal factories were the main
developers. Thus palacowater was rapidly depleted and
substituted by recently recharged water except for rural
areas close to the coast, where now seawater intrusion is
established, but in a few less transmissive areas. As a con-
sequence the coastal aquifer system is now almost de-
pleted of palacowater, with most of the reserves already
used for applications not requiring high quality water.

Box 18.7. User’s Associations: the Llobregat delta aquifer

As explained in motre detail in Annex 2, the good quality
water of the large transmissivity, confined (Pleistocene)
aquifer of the Llobregat delta since the last centuty at-
tracted the development for rural and town supply of the
existing high grade pre—industrial water. But the intensive
exploitation since the first third of this century, and espe-
cially since the 1950s, for industrial uses has exhausted the
old water, which has been replaced by recently recharged
water from the contaminated river and a serious seawater
intrusion. The serious loss of water quality affects the
currently large local population and damages industrial
production. A groundwater uset’s association was created
in the 1970s, now recognized by law as a public entity,
with the goal of controlling the aquifer use and protecting
it. The results are encouraging, although the old water
(not strictly palacowater) has been mostly exhausted, al-
though the International Airport facilities are still using it
in part. Flow and salinity transport models are used to
help in the proposal of management actions.
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The coastal aquifer system is a key element in the wa-
ter resources system. This is well understood by the in-
habitants of the area and was clearly stated and demon-
strated by the Water Authority in the 1960s and 1970s,
when most of the management actions developed. The
starting point was the awareness of the danger created by
the advancing seawater intrusion tongues (an aquifer het-
erogeneity effect) and the need of reducing industrial pro-
duction costs by decreasing regional drawdown. At that
time the Barcelona’s Water Supply Company had already
started artificial recharge in the lower valley by condition-
ing the river bed upstream and by injection into wells of
excess treated river water from the treatment plant.

A local well owner’s association was promoted in 1975
by a group of factory managers, with the help of the Wa-
ter Authority, and the later incorporation of the most af-
fected Municipality, Prat del Llobregat. In 1976 a Manag-
ing Board was created and started working at the time the
Association’s Statues were prepared and approved by the
Government in 1982, under the possibilities contained in
the 1876 Water Act, which considered groundwater the
property of the abstractor, and surface water a public do-
main. After the enforcement of the 1985 Water Act,
which considers all water a public domain and promotes
groundwater usetr’s associations as a desirable manage-
ment tool, the Association was enlarged to cover all the
area affected by the aquifer system. The Association is
dominated by water supply companies (municipal or pri-
vate) and factories, but farmers are also represented
through the large number of wells they have or through
the respective municipal representatives. The Association
has a Board, a Technical Board and a Jury. At the begin-
ning the main tasks were to keep an updated well inven-
tory and to ask the Water Authority to carry out studies
and investment in the area. But little by little the Associa-
tion has enlarged its own observation network, has carried
out studies to protect its rights and has improved the in-
formation activities, all of this with a small budget (start-
ing from 3000 to the currently 50 000 euros per year) and
the technical contribution of the most active members.

The main tasks accomplished are:

e a complete inventory of wells and updating these




advisory action and control of new drilling
cessation of an exploitation of aggregates from the
aquifer area
control of excavation refilling
periodical survey of groundwater levels and salinity,
further to the network operated of the Water Author-
ity

e promotion of groundwater abstraction savings
through improvements in industrial processes and
controlling water distribution leakages, with the objec-
tive of retarding seawater intrusion and reducing ex-
ploitation costs

e actions to protect recharge areas and to restore them
when affected by major works such as new roads or
railways

e actions to grout abandoned and corrosion damaged
wells, and to secure the correct drilling of new ones

Seawater intrusion progression is under partial control due
to a series of industrial wells abstracting saline water,
mostly for cooking purposes. This is a non—ideal situation,
which is very sensitive to the closing or abandonment of
these wells. Attempts by the Water Authority for an engi-
neered solution to reduce saltwater potential by means of
temporarily pumped wells, or by artificial recharge of
freshwater (using the upper aquifer as a filter and storage
element) have failed until now due to poor design and
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implementation, and the lack of understanding of the
problem by decision makers.

A further problem which is appearing in the last two
decades is the foot dragging applied to the Association
development and action as a Public Corporation with the
capacity to share responsibilities. This is matter of sluggish
and uncertain development of the Water Act, unwilling-
ness of some public servants to transfer part of their pow-
ers to other organizations and the poor management ca-
pabilities of the new decision makers who are more inter-
ested in large investments and big water supply schemes
than in management of water resources and the good use
of existing natural and man made infrastructures. If the
lower Llobregat and delta aquifer system is destroyed, this
implies the development of an equivalent water system
able to provide similar services, in a complex area, with
little space for new infrastructures. The investment for
this alternative system is reckoned about 250 million eu-
ros, or about 0.5 euros m=3,

The preservation of the aquifer system is equivalent to
the operation costs of water works. When this is carried
out through general and special taxation, it can be ex-
pected that the corresponding part is used to preserve the
area, directly by the Water Authority or through the Users’
Association. But this is something resisted by the Water
Administration, which expects the user’s to provide or to
obtain from other sources additional money, putting them
in disadvantage with respect other citizens.



19 General conclusions

The PALAEAUX project has brought together up-to-date
geochemical, isotopic and hydrogeological information on
coastal groundwaters across Europe in a transect from the
Baltic to the Canary Islands. These data have been inter-
preted in relation to past climatic and environmental con-
ditions as well as extending and challenging concepts
about the evolution of groundwater near the present day
coastlines. Freshwater of high quality, originating from
different climatic conditions to the present day and when
the sea level was much lower, is found at depth beneath
the present coast in several countries. The implications of
the scientific results for management of aquifers in Euro-
pean regions are considered.

The final report is written to give an account of the
work carried out by each contractor and the principal
conclusions from this work are summarized at the end of
each section. In addition the integration of the subject
areas covered has been presented in a series of chapters
which should also be viewed as syntheses of the work
covered. These synthesis chapters therefore combine the
role of reviews of the state of the art in those topics con-
sidered by the consortium to be central to the PA-
LAEAUX work as well as presenting project results at the
European scale. The palacoclimatic history of Europe is
therefore discussed inasmuch as this is relevant to inter-
pretation of groundwater evolution. Isotopic and geo-
chemical methods, together with hydrogeophysical tech-
niques which are both investigative techniques central to
the project are reviewed and discussed in relation to the
new PALAEAUX results. The chapters on physical and
hydrogeochemical modelling should be viewed as conclu-
sion sections which take the interpretation of the different
scenarios suggested in the country sections as far as possi-
ble with the available data. The evolution of the European
groundwaters is then viewed at the regional scale consid-
ering the likely controls at the time of the ice retreat and
before the sea level rise, generally around 10 000 a BP
using as a base a series of coloured maps of the main
coastal regions of Europe. Finally the management chap-
ter provides a summary of the applications of the study
and lessons that need to be implemented

A number of new techniques have been introduced in
the project as a result of the European collaboration. In
particular state-of-the-art geochemical and isotopic meth-
ods have been applied widely in the partner countries.
Among the important and/or innovative techniques are

(xxvi) the use of 22Ra and chemical tracers to
improve timescales;
(xxvii) the use of noble gases to determine age,

palaco-temperatures and mechanisms of recharge, includ-
ing beneath ice cover;

(xxviii) the use of hydrogeophysical logging to
demonstrate the three dimensional qualities of palacowa-
ter distribution and to assist in problems involved in sam-
pling.

The conclusions may be further summarized under the
following categories, relating to the initial project objec-
tives.
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19.1  Aquifers as archives of palaeoclimate and pa-
laecoenvironment

Results from the present study have shown that informa-
tion on palacotemperature, past precipitation and recharge
regimes as well as air mass circulation can be deduced
from the geochemical evidence contained in European
coastal aquifers and these results augment conclusions
from earlier work. One of the main deductions from the
project is that an age gap can be recognized in some aqui-
fers (in UK, Switzerland and Belgium for example) which
indicates that no recharge took place at the time of the last
glacial maximum (LGM). In the UK East Midlands aqui-
fer, where there is excellent 'C control, no water ages are
found between 20 000 and 10 000 a BP and this timescale
for an absence of recharge is found elsewhere. This indi-
cates that these areas were free of ice cover but that seal-
ing due to permafrost was effective. Evidence from Esto-
nia however demonstrates that areas beneath ice sheets
received recharge during the LGM.

The stable isotopes 880 and 8?H in several aquifers in
northern Europe indicate a sharp distinction, typically of
1-1.5%o lower, between groundwaters which characterizes
the palacowater component relative to waters from pre-
sent day hydroclimatic origins. Noble gas recharge tem-
peratures provide convincing evidence in aquifers from
northern Europe that recharge occurred during the cooler
climates prior to the LGM and that recharge temperatures
(soil air temperatures) were some 6°C colder than at the
present day. New data from Denmark (6°C) and Belgium
(up to 7°C) support the evidence already published for the
UK and from Switzerland.

In Estonia groundwaters pumped from the Cambrian-
Vendian aquifer, which dips inland south from the Gulf
of Finland, contain the lightest known isotopic composi-
tdons in Eutope. These waters have 880 values of ap-
proximately —22%o and must represent water recharged
directly beneath the Scandinavian ice sheet. Difficulties in
interpreting the radiocarbon data prevent the precise dat-
ing of the recharge, but the noble gas data indicate a re-
charge temperature near 0°C.

In southern Europe, in contrast to groundwaters fur-
ther north a smooth record of radiocarbon ages is found,
indicating continuity of recharge through the LGM. Noble
gas recharge temperatures in the Aveiro Cretaceous aqui-
fer in Portugal for example, have indicated as elsewhere,
that atmospheric cooling of 5-6°C occurred before and
during the LGM. However in contrast to northern
Europe, an entrichment in 880 of around 0.6%o is found
in the groundwaters recharged during the late Pleistocene,
which is considered to reflect the isotopic enrichment in
the Pleistocene ocean water as well as the constancy in the
source of moisture from the Azores region of the Atlantic
as at the present day. These results emphasize that the
stable isotope signal in palacowaters may either reflect the
source or the temperature of the precipitation. Should the
age of deeper groundwater in the Canary Islands be con-
firmed as a palacowater then the absence of an isotopic
shift in this water supports the conclusion from Portugal



of a degree of constancy in the circulation of the Atlantic
air masses in the late Pleistocene.

19.2 Emplacement of groundwaters - depth and
extent

For most of the past 100 000 years the European conti-
nent was considerably larger than today and fresh surface
waters and related groundwater systems extended tens or
even hundreds of kilometres off the modern coastlines,
which have only been in place for the past 7000-8000
years (and are still evolving to a minor extent at the pre-
sent day). Sea levels considerably below those of the pre-
sent day existed for most of the Devensian period, provid-
ing an opportunity for recharge and movement of
groundwater beyond the present coastline as well as em-
placement to greater depths onshore than allowed by the
present day flow regime. The base level for flow exceeded
—120 m off the Portuguese coast as well as in the Atlantic
islands (Gran Canaria), but in the Channel the maximum
base level was —50 to =70 m OD and in the North Sea —30
to —50 relative to modern sea level, although local deeps,
due to glacial scouring, may locally have increased this to
—90 m. An interface (often a saline/freshwater interface) is
found at depth in many European coastal aquifers above
which freshwater of late Pleistocene age, as shown by “C
or stable isotope indicators, has penetrated to various
depths and is preserved in some of the larger aquifer sys-
tems. A second interface (typically freshwater/freshwatet)
may then be observed which marks the depth limit of
circulation of water from the modern era.

The greatest recorded depth of palaco-fresh water (to
about —500 m) is found in the UK East Midlands aquifer.
The timescale of this groundwater movement, shown by
radiocarbon data which have been calibrated and extended
using chemical tracers, probably represents a continuous
sequence of recharge over 100 000 a, at least since the
previous Eemian high sea levels; this would support the
evidence from speleothem growth for infiltration of
groundwater through the Devensian glacial period. It is
difficult to explain this depth of circulation purely by the
lowered Devensian sea level and some of this feature may
relate to groundwater emplaced during the previous (Ips-
wichian) period of glaciation.

In Estonia, the isotopic evidence indicates movement
of colder palacowaters to depths of —250 m. Dissolved
gases found in these waters indicates a 2-5 times excess
which is interpreted as evidence for recharge beneath the
ice sheet, but it is concluded that the pressure dissipation
here was likely to have been relieved laterally by tunnel
valleys. In Denmark which, like the East Midlands in the
UK was close to the stationary margin of the Weichseilian
(Devensian) ice sheet, the Ribe Formation now contains
water of Holocene age to around —200 m. There is evi-
dence from noble gases of residual late Pleistocene water,
although this may now have been largely displaced to the
discharge areas near the coast. It has been proposed by
Boulton e al. (1995) that the greater heads imposed be-
neath or adjacent to the margins of the European ice
sheet could have increased the depth of circulation of
groundwater. This model has been closely examined in the
present programme from field evidence, geochemical and
isotopic data in the aquifers and from modelling. Field
evidence in Denmark and Estonia suggests that there has
not been any deeper circulation and that most if not all or
the pressure release can be explained by lateral flow via
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tunnel valleys or the may be accounted for by the lateral
permeabilities of the sediments forming the near surface
aquifers. In the East Midlands where there is clear evi-
dence of penetration to —500 m, the geochemical data
support a continuous flow over the whole period of the
Devensian (rather than a drastic reorganization of the
groundwater over the relatively short period represented
by the ice advance). Modelling here suggests that the ef-
fect of the ice advance would have been to redirect flow
north to south (normal to the ice front) rather than to
increase the circulation depth; it is probable however that
this area lay to the south of the maximum ice advance.

In several other regions waters of Holocene age have
been recorded. In the Dogger aquifer of the Caen and
Atlantic coast regions of northern France the fresh water
end member is of Holocene age (7500-4500 a BP). This is
overlain by a slightly saline water which represents re-
charge of marine or estuarine water during the Flandrian
(Holocene) transgression; some of these areas are now
inland due to the deposition of recent sediments. Similar
explanations are given for saline water overlying fresh
water (of late Pleistocene age) in northern Kent (UK) as
well as in Dofiana in southern Spain. In this area it is
shown that the flow path of groundwater has taken some
6000 years to reach the discharge area which supplies the
Dofiana wetland area.

In the south coast aquifers of the UK, waters of late
Pleistocene and Holocene age are found to depths of be-
tween —250 and —300 m in the Chalk. The use of borehole
hydrogeophysical logging has helped to confirm the com-
plex stratification that may exist at present day coastlines.
Freshwater and saline water (of modern or ancient ori-
gins) may be found side by side. This may be related to
former drainage patterns with fresh water emplaced along
lines of river valleys with older, possibly more saline water
preserved in interfluve areas. However structural controls
may also be important (in the UK south coast area the
Alpine east-west structures locally inhibit coastward flow)
and saline water of connate origin may locally be pre-
served. In the underlying confined Lower Greensand ag-
uifer however fresh water of mid-Holocene age (6500 a
BP) is found to —450 m depth near the coastline which is
explained as relatively rapid recharge of water moving
offshore during the late Pleistocene and early Holocene,
which was then slowed down or stopped by the rising sea
level.

Indirect evidence is found from the present study that
fresh or brackish water, by implication that which was
recharged during the late Pleistocene, is found in aquifers
currently offshore. Freshwater has been proved histori-
cally in Tertiary and Quaternary sediments beneath the
Solent (southern England) and has been found in leached
drill-core sediments beneath the North Sea to the west of
Denmark. Reinterpretation of geophysical logs from the
Chalk south of the English coast in the Channel implies
that brackish water still exists at depth offshore. From
several studies (Portugal, UK, Denmark for example there
are strong implications that freshwater may be preserved
in confined beds offshore. This would be consistent with
results from the drilling off the eastern seaboard of the
USA where fresh/brackish waters were proven to depths
of 300 m to a distance of 100 m from the modern coasts.
The results of modelling show that such features may take
tens of thousands of years to erase.

In summary it seems that local geology as well as loca-
tion/elevation of past recharge areas played, and still play,



an important role in the flushing of groundwater, includ-
ing saline waters derived from earlier periods of recharge.
The sea level lowering and subsequent Holocene rise have
cleatly played an important additional role. There is how-
ever no evidence that the impact of ice cover had a major
impact on reorganization of groundwater flow.

19.3  Quality of palaecowaters

There is a marked contrast between northern and south-
ern Europe in the total mineralization of palaecowaters,
reflecting the different rainfall and recharge conditions as
well as the influence of marine aerosols. However the
main attributes of palacowaters are their high bacterial
purity, total mineralization less than that of modern waters
and being demonstrably free of man-made chemicals. As a
result of long residence times, some palacowaters may be
enriched in some beneficial trace elements whilst others
especially in reducing environments may have high iron or
other species requiring treatment.

In Estonia and in the UK freshwaters found at depths
up to 300 m in aquifers of Mesozoic to Palacozoic, are of
lower salinity than the present day recharge; modern wa-
ters contain additional solutes resulting from human im-
pacts. The low Cl in the East Midlands aquifer is almost
entirely the result of atmospheric inputs and the lack of
increasing salinity with depth is strong evidence for a lack
of cross-formational flow from adjacent formations con-
taining more mineralized waters. In Spanish coastal areas
and especially in Gran Canaria the palacowaters are typi-
cally of high salinity as a result of lower recharge and the
impact of marine aerosols. In other areas, especially aqui-
fers in Tertiary and Quaternary sediments (notably in Bel-
gium), the quality reflects the freshening of saline connate
or later saline water. As well as any residual salinity, these
waters show classical cation exchange sequences related to
the expulsion of saline water. These effects are well dem-
onstrated in the present study using hydrogeochemical
models.

19.4 The palaeo-modern interface

The development of aquifers in Europe during the past
50-100 years by abstraction from boreholes has generally
distutbed flow systems that have evolved over varying
geological timescales and especially those derived from the
late Pleistocene and Holocene. Inevitably boreholes pene-
trate time and quality-stratified aquifers resulting in mixed
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waters which are produced on pumping. In the present
programme the extent of this stratification has been dem-
onstrated by hydrogeophysical logging and depth sam-
pling. The use of interstitial water profiles has demon-
strated in more detail profiles in water quality.

A specific objective has been to be able to recognize
the extent to which waters from the modern (industrial)
era have penetrated into the aquifers, often replacing the
natural palacogroundwaters. A range of specific indicators
including *H, H/?He, %Kr and CFCs have been used to
detect this water influx but the human impacts may be
more easily recognized as a pollution front from general
chemical changes in the major ions, TOC, nitrate and
trace elements such as B which are largely of anthropo-
genic origin. In many instances the presence of confining
beds affords protection of the palacowater and later pris-
tine waters.

19.5 Implications for development

In the coastal regions where development pressures are
already severe, many problems come together including
issues relating to quantity and quality of water, seasonal
demand, pollution risks and ecosystem damage. The water
balance in many coastal areas may not be fully understood
and wells are drilled or deepened without the awareness
that palacowaters belonging to a former recharge regime
are being intercepted. In many areas there is induced re-
plenishment as modern (often polluted) waters are drawn
in. However in some aquifers the rates of withdrawal ex-
ceed the natural recharge and in effect a part of the re-
source is being mined.

In these areas there is a need for careful drilling to es-
tablish the age and quality layering as well as proper well
completion. Proper monitoring networks and strategies
need to be set up to follow the position of interfaces in
both the vertical and lateral planes. Correct management
is needed often for seasonal demands — this may be bene-
ficial, allowing winter recovery of water levels. The palae-
owater however is a high quality resource and should be
treated as a strategic reserve. It should receive priority for
potable use and not be wasted for agricultural or industrial
purposes which do not require waters of such high purity.
Conservation targets ate needed to allow for sustainability
including ecosystem preservation. Changes may be needed
in the administrative and legal framework to safeguard the
use of the palacowater.



20 References

Aamand, J.et al., 1999. Degradation of pesticides in groundwater.
Geological Survey of Denmark and Greenland, Report
for the Danish Environmental Protection Agency, in
press (In Danish).

AFEAS 1993. Production, Sales and Atmospheric Release
of Fluorocarbons through 1992. Alternative Fluoro-
carbons Environmental Acceptability Study (AFEAS),
Washington, DC.

Agertved, J., Rigge, K. & Barker, J. 1992. Transformation
of the herbicides MCPP and atrazine under natural
aquifer conditions. Ground Water, 30, 500-506.

Alley, R.B., Meese, D.A., Shuman, C.A., Gow, A.J., Tay-
lor, K.C., Grootes, P.M., White, J.W.C., Ram, M,,
Waddington, E.D., Mayewski, P.A. & Zielinski, G.A.
1993. Abrupt increase in Greenland snow accumula-
tion at the end of the Younger Dryas event. Nature,
362, 527-529.

Alley, WM. (Ed.) 1993. Regional Ground-Water Quality. Van
Nostrand Reinhold, New York, 634 pp.

Aloisi, ].C., Monaco, A., Planchais, N., Thommeret, J. &
Thommeret, Y. 1978. The Holocene transgression in
the Golfe du Lion, SW France. Paleogeographic and
Paleobotanical evolution. Géographie Physique et Quater-
naire, 32, 145-162.

Andersen, B.G. & Borns, H.V. 1994. The Ice Age World.
Scandinavian University Press, Oslo, Copenhagen,
Stockholm, 208pp.

Andres, G. & Geyh, M. A. 1970. Paliohydrologische
Studien mit hilfe von C tber den pleistozinen
Grundwasserhaushalt in Mitteleurop (Sudliche Frank-
enhalb). Naturwissenschaften, 59, 418.

Andrews J.N., Florkowski T., Lehmann B.E. & Loosli
H.H. 1991. Underground production of radionuclides
in the Milk River aquifer, Alberta, Canada Applied
Geochemistry 6, 425-434.

Andrews, J.N. & Lee, D.J. 1979. Inert gases in groundwa-
ter from the Bunter Sandstone of England as indica-
tors of age and palacoclimatic trends. Journal of Hydrol-
0gy, 41, 233-252.

Andrews, J.N., Balderer, W., Bath, A.H., Clausen, H.B,,
Evans, G.V., Florkowski, T., Goldbrunner, J.E., Iva-
novich, M., Loosli, H.H. & Zojer, H. 1984. Environ-
mental isotope studies in two aquifer systems. A com-
parison of groundwater dating methods. Isozgpe Hydrol-
ogy 1983 (Proc. Symp. Vienna, 1983), IAEA, Vienna,
1984, 535-576.

Andrews, J.N., Edmunds, W.M., Smedley, P.L., Fontes, J-
Ch., Fifield, L.LK. & Allan, G.L. 1994. Chlorine-36 in
groundwater as a palacoclimatic indicator: the East
Midlands Triassic sandstone aquifer (UK). Earth and
Planetary Science Letters, 122, 159—171.

Appelo, C.A.J. & Postma, D. 1993. Geochemistry, groundwater
and pollution. Balkema, Rotterdam, 536 pp.

Appelo, C.A.J. & Postma, D. 1996. Geochemistry, groundwater
and pollution. 3rd Edition. Balkema: Rotterdam.

Appelo, C.AJ. & Willemsen, A. 1987. Geochemical calcu-
lations and observations on saltwater intrusions. 1. A
combined geochemical/mixing cell model. J. Hydrol.
94, 313-330.

194

Appelo, C.A.J. 1994. Cation and proton exchange, pH
variations, and carbonate reactions in a freshening aq-
uifer. Water Resour. Res. 30, 2793-2805.

Appelo, C.AJ. 1994. Some calculations on multicompo-
nent transport with cation exchange in aquifers.
Ground Water 32, 968-975.

Aravena, R., Wassenaar, L.I. & Plummer, L.N. 1995. Es-
timating '*C groundwater ages in a methanogenic aqui-
fetr. Water Resources Research, 31, 2307-2318.

Atkinson, T. C., Briffa, K. R. & Coope, G. R. 1987. Sea-
sonal temperatures in Britain during the past 22 000
years, reconstructed using beetle remains. Nature, 325,
587-592.

Baas, J.H., Mienert, J., Abrantes, F. & Prins, M.A. 1997.
Late Quaternary sedimentation on the Portuguese
continental margin: climate-related processes and
products. Palacogeography, Palacoclimatology, Pa-
lacoecology, Vol. 130, Issue 1, pp 1-23.

Back, W. & Baedecker, M.J. 1989. Chemical hydrogeology
in natural and contaminated environments (Review
Paper). Journal of Hydrology, 106, 1-28.

Baonza, E., Plata, A. & Silgado, A. 1984. Hidrologia isotdpica
de las aguas subterraneas del Pargue Nacional de Dosiana y
zona de influencia. Cuadernos de Investigacion: C7;
Centro de Estudios y Experimentacién de Obras
Publicas, MOPU, Madrid, 1-139 + fig.

Barbecot, F., Dever, L., Hillaire-Marcel, C., Gibert, E.,
Travi, Y. & Marlin, C., 1999a. Isotopic evidence for
geochemical provinces in the Astian sandy aquifer
(Mediterranean coast, Southern France)". In: IAEA
(Editor), Isotope Techniques in water resources de-
velopment and management. IAEA, Vienna, Austria,
10 pp.

Barbecot, F., Marlin, C., Gibert, E. & Dever, L., 1997.
Geochemical evolution of a coastal aquifer to a
Holocene seawater intrusion (Dogger aquifer,
northern France). In: IAEA (Editor), Isotope
techniques in the study of environmental changes.
TIAEA, 1998, Vienna, Austria, pp. 275-282.

Barbecot, F., Matlin, C., Gibert, E. & Dever, L., 1998a.
Halogen geochemistry of a Middle Jurassic calcareous
aquifer in northern France. In: A. Hulston (Editor),
Water-rock  interaction,  WRI-9.  International
association of Geochemistry and Cosmochemistry,
Taupo, New Zealand, pp. 137-140.

Barbecot, F., Matlin, C., Gibert, E. & Dever, L., 1998b.
Identification et caractérisation d'un biseau salin dans
l'aquifére cotier du Bajocien-Bathonien de la région de
Caen (France). Comptes Rendus de 1'Académice des
Sciences, 326, p 539-544.

Barbecot, F., Travi, Y., Marlin, C. & L. Dever, 1999b.
Evaluation of groundwater circulation and volcanisme
influences in the Astian sandy aquifer (Mediterranean
coast, South of France). EUG 99 - Strasbourg;
28 Mars/1 Avril 1999. In Journal of Conference Ab-
stract, Volume 4 (1), March 1999, ISSN 1362-0886.
Cambridge Publications. p. 584.

Barbosa, B. 1981. Carta Geoldgica de Portugal, 1:50 000.
Noticia Explicativa da Folha 16-C, Vagos. Setrvigos
Geoldgicos de Portugal, Lisboa.



Bard, E., Arnold, M., Mangerud, J., Paterne, M., Labeyrie,
L., Duprat, J., Mélieres, M.-A., Sonstegaard, E. & Du-
plessy, J.-C. 1994. The North Atlantic atmosphere-sea
surface *C gradient during the Younger Dryas climatic
event. Earth and Planetary Science Letters, 126, 275-287.

Bard, E., Hamelin, B. & Fairbanks, R.G. 1990. Calibration
of the *C timescale over the past 30 000 years using
mass spectrometric U-Th ages from Barbados. Nature,
345, 405-410.

Barker, J.A. & Foster, S.S.D. 1981. A diffusion exchange
model for solute movement in fissured porous rock.
Quaterly Journal of Engineering Geology, 14, 17-24.

Barén, A., Calahorra, P.I., Custodio, E., Gonzilez, C.
1994. Saltwater conditions in Sa Pobla area and S’ Albufera
Natural Park, NE Mallorca island, Spain. Proc. 13 Salt
Water Intrusion Meeting, Cagliary, Italy. 243-257.

Bath A.H., Edmunds W.M. & Andrews J.N. 1979. Palaco-
climatic trends deduced from the hydrochemistry of a
Triassic Sandstone Aquifer, United Kingdom. In Iso-
tope Hydrology 1978, IAEA-SM-228/27, 545-568.

Bath, A H. & W.M. Edmunds 1981. Identification of
connate water in interstial solution of Chalk sediment.
Geochimica et Cosmochimica Acta 45: 1449-1461.

Bath, A.H., Edmunds, W.M. & Andrews, J.N. 1979. Pa-
leoclimatic trends deduced from the hydrochemistry
of a Triassic sandstone aquifer, United Kingdom. Iso-
tope Hydrology 1978 (Proc. Symp. Vienna, 1978), IAEA,
Vienna, 545-568.

Bath, A.H., McCartney, R.A., Richards, H.G., Metcalfe, R.
& Crawford, M.B. 1996. Groundwater chemistry in
the Sellafield area: a preliminary interpretation. Quar-
terly Journal of Engineering Geology. 29 (Suppl. 1), S39-58.

Bath, A.H., Milodowski, A.E. & Strong, G.E. 1987. Fluid
flow and diagenesis in theFast Midlands Triassic sand-
stone aquifer. In: Fluid Flow in Sedimentary Basins
and Aquifers (ed. J.C. Goff). Geological Society Special
Publication 34, 127-140.

Bayo, A., Custodio, E. & Loaso, C. 1997. Las aguas sub-
terrineas en el delta del Ebro. Rev. de Obras Piiblicas.
Madrid. 3368: 47-65.

Bear, ]. Hydraulics of groundwater. 1979. McGraw-Hill Series
in Water Resources and Environment Engineering,
New York, 569 pp.

Bellamy, A.G. 1995. Extension of the British landmass:
evidence from shelf sediment bodies in the English
Channel. In: Preece, R.C. (ed) Island Britain: a Quater-
nary perspective. Geological Society, London, Special
Publications, 96, 47—62.

Bentley, H.W, Phillips, F.M., Davis, S.N., Habermehl,
M.A., Airey, P.L., Calf, G.E., Elmore, D., Gove, H.E.
& Torgersen, T. 1986. Chlorine 36 dating of very old
groundwater: The Great Artesian Basin, Australia. Wa-
ter Resources Research, 22, 1991-2001.

Berger, G., Ambert, P., Geze, B., Aubert, M., Lénat, ].F.
and Aloisi, J.C., 1978. Carte géologique de la France au
1/50 000, feuille d'Agde et notice associée (31 pp).
Edition du BRGM.

Berglund, B.E. 1979. The deglaciation of southern Swe-
den 13 500-10 000 BP. Boreas, 8, 89—118.

Berner, R.A. 1981. A new geochemical classification of
sedimentary environments. Journal of Sedimentary Petrol-
0gy, 51, 359-365.

Berthelsen, A. 1979. Contrasting views on the Weichselian
glaciation and deglaciation in Denmark. Boreas, 8, 124—
132.

195

Bertleff, B., Ellwanger, D., Szenkler, C., Eichinger, L.,
Trimborn, P. & Wolfendale, N. 1993. Interpretation
of hydrochemical and hydroisotopical measurements
on palacogroundwaters in Oberschwaben, South
German alpine foreland, with focus on Quaternary
Geology. In Isotope Techniques in the Study of Past and Pre-
sent Environmental Changes in the Hydrosphere and the At-
mosphere, IAEA, Vienna, 337-357.

Beyerle U., Kipfer R., Imboden D. M., Baur H. & Graf T.
(in preparation) A mass spectrometric system for the
analysis of noble gases from water samples. .

Beyerle U., Purtschert R., Aeschbach-Hertig W., Imboden
D. M, Loosli H. H., Wieler R. & Kipfer R. 1998. Cli-
mate and groundwater recharge during the last glacia-
tion in an ice-covered region. Science 282, 731-734.

Bijlsma, S. 1981. Fluvial Sedimentation from the Fenno-
scandian area into the north-west European Basin dur-
ing the late Cenozoic. Geologie en Mijnbouw, 60, 337—
345,

Bishop, P.K, Lerner, D.N., Jakobsen, R., Gosk, E.,
Burston, M.W. & Chen, T. 1993. Investigation of a
solvent polluted industrial site on a deep sandstone —
mudstone sequence in the UK. Part 2. Contaminant
sources, distributions, transport and retardation. Jour-
nal of Hydrology, 149, 231-256.

Bjerkéus, M. 1998. The glacial erosional valley system of
the Hano Bay, Southern Baltic Sea. Baltica, 11, 33—40.

Bjorck, S. & Digerfeldt, G. 1986. Late Weichselian-Early
Holocene shore displacement west of Mt. Billingen,
within the Middle Swedish end-moraine zone. Boreas,
15, 1-18.

Bjorck, S. 1995. A review of the history of the Baltic sea
13.0-8.0 ka BP. Quaternary International, 277, 19—-40.

Bjorck, S., Kromer, B., Johnsen, S., Bennike, O., Ham-
marlund, D., Lemdahl, G., Possnert, G., Rasmussen,
T. L., Wohlfarth, B., Hammer, C. U. & Spurk, M.
1996. Synchronised terrestrial-atmospheric deglacial
records around the North Atlantic. Scence, 274, 1155—
1160.

Bjorck, S., Walker, M. J. C., Cwynar, L. C., Johnsen, S.,
Knudsen, K.- L., Lowe, J. J., Wohlfarth, B. & INTI-
MATE Members. 1998. An event stratigraphy for the
Last Termination in the North Atlantic region based
on the Greenland ice-core record: a proposal by the
INTIMATE group. Journal of Quaternary Science, 4, 283—
292.

Boaretto, E., Thorling, I., Sveinbjornsdottir, AE.,
Yechieli, Y. & Heinemeier, J. 1998. Study of the effect
of fossil organic carbon on C in groundwater from
Hvinningdal, Denmark. Radiocarbon, 40, 915-920.

Bohlke, J. K. & Denver, J.M. 1995. Combined use of
groundwater dating, chemical, and isotopic analyses to
resolve the history and fate of nitrate contamination in
two agricultural watersheds, Atlantic coastal plain,
Maryland. Water Resources Research, 31, 2319—2339.

Bonde, N. 1979. Palacoenvironment in the “North Sea”
as indicated by fish bearing Mo-clay deposit (Palaco-
cene/Eocene), Denmark. Meded. Werkgr. Tert. Kwart.
Geol., 16, 3-16.

Bose, M. 1995. Problems of dead ice and ground ice in the
central part of the North European plain. Conditions.
Qunaternary International. 28, 123—125.

Boulton G. S., Caban P. E. & Van Gijssel K. 1995.
Groundwater flow beneath ice sheets: Part I - large
scale patterns. Quaternary Sci. Rev. 14, 545-562.



Boulton, G. S., Slot, T., Blessing, K., Glasbergen, P., Lei-
jnse, T. & van Gijssel, K. 1993. Deep circulation of
groundwater in overpressured subglacial aquifers and
its geological consequences. Quaternary Science Reviews,
12, 739-745.

Boulton, G.S., Caban, P.E. van Gijssel, K., Leijsne, A.,
Punkari, M. & van Weert, F.H.A. 1995. The impact of
glaciation on the groundwater regime of northwest
Europe. Global and Planetary Change 12, 397—413.

Boulton, G.S,, T. Slot, K. Boulton, N.S., Caban, P.E., van
Gijssel, K., Leijnse, A., Punkari, M. & van
Weert, F. H. A. 1996. The impact of glaciation on the
groundwater regime on Northwest Europe. Global and
Planetary Change, 12, 397, 413.

Bowen, D.Q. 1986. Quaternary Geology. Pergammon. Ox-
ford. 221pp.

Boyle E. A. 1997. Cool tropical temperatures shift the
global s180.T relationship: An explanation for the ice
core 8180-borehole thermometry conflict? Geophysical
Res. Letters 24, 273-276.

Bredehoeft, J. 1992. Much contaminated groundwater
can't be cleaned up. Editotial. Ground W ater, 30, 6.

Bridgland, D.R. & D’Olier, B.1995. The Pleistocene evo-
lution of the Thames and Rhine drainage systems in
the southern North Sea Basin. In: Preece, R.C. (ed) Is-
land Britain: a Quatemary perspective. Geological Society,
London, Special Publications, 96, 27—45.

Broecker, W. S. & Denton, G. 1989. The role of ocean-
atmosphere reorganizations in glacial cycles. Geochimica
et Cosmochimica Acta, 53, 2465-2501.

Brown, J., Ferrians, O. J. Jr., Heginbottom, J. A. & Mel-
nikov, E. S. 1997. Circumarctic map of permafrost and
ground ice conditions. U.S. Geological Survey, Map CP-
45, scale 1:10 000 000.

Buchardt, B. 1978. Oxygen isotope palacotemperatures
from the North Sea area. Nature, 275, 121-123.

Buckley, D.K. & Edmunds, W.M. 1998. Geophysical log-
ging and chemical sampling of the Sompting Green-
sand borehole — Twenty Years on. BGS Technical Report
WD/98/10C.

Busenberg, E. & LN. Plummer.1992. Use of chlorofluoro-
carbons (CCLF and CCLF») as hydrologic tracers and
age-dating tools: The alluvium and terrace system of cen-
tral Oklahoma. Water Resources Research, 28, 22572283,

Busenberg, E. & Plummer, LN. 1997. Use of sulfur
hexafluoride as a dating tool and as a tracer of igneous
and volcanic fluids in ground water. Abstract with Pro-
grams — Geological Society of America, 29, 6, p. A-78.

Cameron, T.D.J., Bulat, J. & Mesday, C.S. 1993. High
resolution seismic profile through a Late Cenozoic
complex in the southern North Sea. Marine and Petro-
lenm Geology, 10, 591-599.

Cameron, T.D.]., Crosby, A., Balson, P.S., Jeffery, D.H.,,
Lott, Bulat, J. & Harrison, D.]. 1992. The geology of
the southern North Sea. HMSO. London. 152pp.

Cardenal, J. & Walraevens, K. 1994. Chromatographic
pattern in a freshening aquifer (Tertiary Ledo-
Paniselian aquifer, Flanders-Belgium). Mineralogical
Magazine 58A, 146-147.

Carreira P.M., Macedo M.E., Soares A.M.M., Vieira M.C.
and Santos J.B., 1993. Conttibuicao para o estudo do
mecanismo de salinizacao dos sistema aquifero da Ba-
cia do Baixo Sado, na regiao de Setubal. IX Semana de
Geoquimica e II Congresso de Geoquimica dos Paises
de Lingua Portuguesa, F. Noronha, M. Marques & P.
Nogueira (eds), Porto, 325-329.

196

Carreira, P. 1999. Paleodgnas de Aveiro. PhD thesis. Depar-
tamento de Geociéncias, U. de Aveiro. Aveiro, Portu-
gal.

Carreira, P.M., Soares, A.M.M., Marques da Silva, M.A,,
Araguias, L.A. & Rozanski, K. 1996. Application of envi-
ronmental isotope methods in assessing groundwater dynamics of
an intensively exploited coastal aquifer in Portugal. Isotopes
in Water Res. Management, IAEA, Vol. 2, pp 45-58.

Cerling T.E. 1984. The stable isotopic composition of
modern soil carbonate and its relationship to climate.
Earth Planet. Sci. Lett. 71, 229-240.

Cerling T.E., Solomon K.D., Quade J. & Bowman J.R.
1991. On the isotopic composition of carbon in soil
carbon dioxide. Geochim. Cosmochim. Acta 55, 3403—
3405.

Chapelle, F.H. & Knobel, L..L.. 1983. Aqueous geochemis-
try and the exchangeable cation composition of glau-
conite in the Aquia aquifer, Maryland. Ground Water 21,
343-352.

Chapelle, F.H. & Knobel, L.L. 1985. Stable carbon iso-
topes of HCO in the Aquia aquifer, Maryland: evi-
dence for an isotopically heavy source of CO». Ground
Water 23, 592-599.

Chapelle, F.H. 1983. Groundwater geochemistry and cal-
cite cementation of the Aquia aquifer in Southern
Maryland. Water Resources Res. 19, 545-558.

Chappell, J. & Shackleton, N.J. 1986. Oxygen isotopes
and sea level. Nature, 324, 137-140.

Chilton, J. et al, 1997. Groundwater in the urban envi-
ronment: 1.— Problems, processes and management.
Balkema: 1-682.

Christensen, T.H., Kjeldsen, P., Gravesen, P., Hinsby, K.,
Andersen, L.J., Refsgaard, ].C., Refsgaard, A. & Jen-
sen, K.H. 1992. Redamation of landfill leachate polluted
groundwater. Final Summary Report, Commission of
The FEuropean Community, contract: EV4V-0144-
DK(AM).

Christensen, T.H., Kjeldsen,P., Albrechtsen, H,,
Heron, G., Nielsen, P.H., Bjerg, P.L. & Holm, P.E.
1994. Attenuation of landfill leachate pollutants in aq-
uifers. Critical Reviews in Environmental Science and Tech-
nology, 24, 119-202.

Church, P.E. & Granato, G.E. 1996. Bias in groundwater
data caused by well-bore flow in long-screen wells.
Ground Water, 34, 262-273.

Clark, I.D. & Fritz, P. 1997. Environmental Isotopes in Hydro-
geology. Lewis, Boca Raton, 328 pp.

Clatk, J.F., Davisson, M.L, Hudson, G.B. & Macfar-
lane, P.A. 1998. Noble gases, stable isotopes, and ra-
diocarbon as tracers of flow in the Dakota aquifer,
Colorado and Kansas. Journal of Hydrolegy, 211, 151—
167.

CLIMARP. 1981. Seasonal reconstructions of the earth’s surface at
the last glacial maximum. Geological Society of America
Map Chart Series MC-36.

COHMAP. 1988. Climatic changes of the last 18 000
years:observations and model simulations. Science, 241,
1043-1052.

Collison, M.E., Fowler, K. & Boulter, M.C. 1981. Floristic
changes indicate a cooling climate in the Focene of
southern England. Nazure, 291, 315-317.

Collon P., D. Cole, B. Davids, M. Fauerbach, R.
Harkewicz, W. Kutschera, D.]. Mortrissey, R. Pardo,
M. Paul, B.M. Sherill, M. 1999a. Measurement of the
Long-Lived Radionuclide 8'Kr in Pre-nuclear and Pre-



sentday Atmospheric Krypton Steiner Radiochimica
Acta, accepted.

Collon P., Kutschera W., Loosli H.-H, Lehmann B.E.,
Purtschert R., Love A., Sampson L., Anthony D., Cole
D., Davis B., Morrissey DJ. Sherrill M., Steiner M.,
Pardo R. & Paul M. 1999b. 81Kr in the Great Artesian
Basin, Australia: a New Method for Dating very old
groundwater. In preparation.

Conant, B.H & Cherry, J.A. 1997. Internal characteristics
of a multiple source TCE-DCE plume in a sand aqui-
fer determined from detailed direct push sampling.
Abstracts with Programs - Geological Society of America, an-
nual meeting, October 20-23, Salt Lake City, Utah,
p. A-123.

Cook, P. G. & Solomon, D. K. 1997. Recent advances in
dating young groundwater: chlorofluorocarbons, *H/
SHe and %K. Journal of Hydrology, 191, 245-265.

Cook, P. G., D. K. Solomon, L. N. Plummer, E. Busen-
berg & S. L. Schiff. 1995. Chlorofluorocarbons as
tracers of groundwater transport processes in shallow,
silty sand aquifer, Water Resources Research, 31, 425-434.

Cook, P.G. & Herczeg, A. L (eds). 1999. Environmental
tracers in subsurface hydrology. Kluwer Academic Publish-
ers, in prep.

Cooper, H.H., Kohout, F.A., Henry, HR. & Glover, R.E,,
1964. Sea water in coastal aquifers. U.S. Geol. Surv.
Water-Supply Paper 1613-C, 84 pp.

Coplen, T.B. Uses of Environmental Isotopes. 1993. In:
Alley, W.M. (Ed.) Regional Ground-Water Quality. Van
Nostrand Reinhold, New York, 634 pp.

Craig H. 1961. Isotopic variations in meteoric waters.
Sience 133, 1702—1703.

Cuffey, K. M., Clow, G. D., Alley, R. B., Stuiver, M,,
Waddington, E.D. & Saltus, R. W. 1995. Large Arctic
temperature change at the Wisconsin-Holocene glacial
transition. Scence, 270, 445-455.

Custodio E., Batén, A., Rodriguez-Morillo, H., Poncela,
Bayo, A. 1992. Saline water in S’Albufera Natural Park
aquifer system, Mallorca island (Spain): a preliminary study.
Study and Modelling of Saltwater Intrusion into Aqui-
fers. CIMNE-UPC, Barcelona: 661—686.

Custodio, E. 1967. Etudes hydrogéochimiques dans le delta du
Llobregat, Barcelone (Espagne), Int. Assoc. Sci. Hydrol,,
Bull. 62: 135-155.

Custodio, E. 1968. Datacién de aguas en el delta del rio
Llobregat. Documentos de Investigacion Hidrologica,
n° 6. II coloquio de Investigaciones sobre el Agua,
Pamplona. Centro de Estudios, Investigacion y Apli-
caciones del Agua. Barcelona: 205-237.

Custodio, E. 1978. Geobidrogeologia de terrenos e islas voleanicas.
CEDEX, Madrid, Publ. 128: 1-303.

Custodio, E. 1981. Sea water encroachment in the Llobregat and
Besds areas, near Barcelona (Catalonia, Spain). Intruded and
Relict Ground—-Water of Marine Origin, SWIM-81.
Sveriges Geologiska Undersékning, Reporter och
Meddelandem 27: 120-152.

Custodio, E. 1991. La interpretacién hidrogeoquimica
como herramienta de estudio y valoracién de sistemas
acuiferos: aspectos metodoldgicos generales. Hidro-
geologia, Estado Actual y Prospectiva. CIHS—
CIMNE/UPC. Barcelona: 121-162.

Custodio, E. 1992. Hydrological and hydrochemical as-
pects of aquifer overexploitation. In: Selected papers on
aquifer overexploitation, International Association of Hy-
drogeologists, 3, 3—27. Heise, Hannover.

197

Custodio, E. 1992a. Coastal aquifer salinization as a conse-
quence of aridity: the case of Amurga phonolitic massif, Gran
Canaria Island. Study and Modelling of Saltwater Intru-
sion. CIMNE~UPC. Barcelona 81-98.

Custodio, E. 1992b. Efecto de la aridificacion de la recarga en las
caracteristicas hidrogeoquimicas de un acuifero en forma de sector
cirentar. Hidrogeologia y Recursos Hidraulicos. Madrid.
XVI: 355-369.

Custodio, E. 1992c. Progresiva degradacion de la cantidad y
calidad de los recursos de agna en el sistema acuitardo del Bajo
Llobregat. Anais 7° Congreso Brasileiro de Aguas Sub-
terraneas. Belo Horizonte. Associacido Brasileira de
Aguas Subterraneas: 18—48.

Custodio, E. 1993. Preliminary outlook of saltwater conditions in
the Dojiana National Park (southern Spain). Study and
Modelling of Saltwater Intrusion into Aquifers.
CIMNE-UPC. Barcelona: 295-315.

Custodio, E. 1995. The impact of vertical flow in bore-
holes on monitoring operations. Hydrogéologie 3, 93—12.

Custodio, E., Bay6, A., Pelaez, M.D. 1971. Geoguimica y
datacidn de aguas para el estudio del movimiento de las agnas
subterrdneas en el Delta del 1lobregat (Barcelona). Congreso
Hispano—Luso—Americano de Geologia Econdmica,
Madrid-Lisboa. 6: 51-80.

Custodio, E., Bruggeman, G.A. 1987. Groundwater problems
in coastal areas. Studies and Reports in Hydrology 45,
UNESCO, Paris: 1-576.

Custodio, E., Galofré, A. 1993. Study and modelling of
saltwater intrusion into aquifers. CIMNE-UPC. Bar-
celona: 1-780.

Custodio, E., Iribar, V., Manzano, M, Skupien, E. 1992.
Utilizacion de isétopos ambientales en el Valle Bajo y Delta del
rio Liobregat (Barcelona, Espana) para resolver problemas de
Slujo y de transporte de masa en los acuiferos. Use of Isotope
Techniques in Water Resources Development. Intern.
Atomic Energy Agency. Vienna: 385—414.

Custodio, E., Iribar, V., Manzano, M., Bayo, A., Galofté,
A. 1986. Ewvolution of sea water intrusion in the Llobregat
Delta, Barcelona, Spain. Proc. 9% Salt Water Intrusion
Meeting, Delft University of Technology: 133—146.

Custodio, E., Llamas, M.R. & Villarroya, F. 1998. The role
of the Spanish Committee of the International Asso-
ciation of Hydrogeologists in the management and
protection of Spain’s groundwater resources. Hydro-
geology Journal, 6, 15-23.

Custodio, E., Manzano, M., Iglesias, M. 1996. Andlisis
térmico preliminar de los acuiferos de Doriana. IV Simp.
Agua en Andalucia. STAGA—96. Almerfa. IT: 57-87.

Custodio, E., Palancar, M. 1995. Las aguas subterrdaneas en
Doitana. Rev. de Obras Publicas. Madrid. 142 (3340):
31-53.

Datling, W.G., Edmunds, W.M. & Smedley, P. 1997. Iso-
topic evidence for palacowaters in the British Isles.
Applied Geochemistry, 12, 813-829.

Das Gupta, A. & Yapa, PN.D.D. 1982. Saltwater en-
croachment in an aquifer: a case study. Water Re-
sources Research, 18, 546-556.

Dawson, A.G. 1992. Ice age earth. Routledge, London, New
York, 293pp.

De Breuck, W. 1991. Hydrogeology of salt water intru-
sion: a selection of SWIM papers. International con-
tributions to hydrogeology; Vol 11. Hannover: Heise.

De Smet, D., Martens, K., De Breuck, W. 1997. Optimali-
sation of the archiving and processing of aquifer data
with the objective of the development of an efficient
groundwater management. Database DAWACO -—



coordination (in Dutch). 61 p. + annexes. Project
commissioned by the Ministry of the Flemish Com-
munity, Administration for Environment, Natutre and
Land Use Planning, Department Water (order
GW9408 — repotrt TGO 94/47).

Deik, J., Stute, M., Rudolph, J. & Sonntag, C. 1987. De-
termination of the flow regime of Quaternary and
Pliocene layers in the Great Hungarian Plain (Hun-
gary) by D, 180, *C and noble gas measurements. In:
Isotope techniques in water resources development,
IAEA, Vienna, 335-350.

Denton, G.H. & Huges, T.]. 1981. The Last Great Ice Sheets.
John Wiley & Sons, New York, 484pp.

Dever, L., Matlin, C., Vachier, P., 1990. Teneurs en 2H,
180, 3H et en chlorures des pluies dans le Nord-Est de
la France (Chalon-sur-Marne) relation avec la
température et l'origine des masses d'air. Géodinamica
Acta, 4 (3): p 133-140.

Dias, J.M.A. 1985. Registos da migra¢io da linha de costa
nos udltimos 18 000 anos na plataforma continental
portuguesa sctentrional. Actas da I Reunido do Qua-
terndrio Ibérico, 1, 281-295.

Dinesen, B. 1994. Salt Mineralvand fra Danmarks dybere
Undergrund. Geological Survey of Denmark. IV Se-
ries, 4, 6, 4-20.

Dérr, H., Sonntag, C. & Regenberg, W. 1987. Field study
on the initial "¢ content as a limiting factor in !4c
groundwater dating. In: Isofgpe technigues in water resources
development, IAEA, Vienna, 73-86.

Downing, R.A., Edmunds, W.M. & Gale, I.N. 1987 Re-
gional groundwater flow in sedimentary basins in the
U.K. From Goff, ]J.C. & Williams, B.P.J. (eds), Fluid
Flow in Sedimentary Basins and Aquifers, Geological
Society Special Publication No.34 pp 105-25.

Downing, R.A., Price, M. & Jones, G.P. 1993. The hydro-
geology of the Chalk of north-west Eurgpe. Clarendon Press.
Oxford. 300pp.

Drever, J.I. 1997. The Geochemistry of Natural Waters. Surface
and  Groundwater Environments. 3rd Edition. Prentice
Hall: New Jersey.

Dubar, M. & Anthony, E.J. 1995. Holocene environ-
mental change and river mouth sedimentation in the
Baie des Anges, French Riviera. Quaternary Research, 43,
329-343.

Duplessy, J.C. 1990. Global changes during the last 20 000
yt.: The ocean sediment record. In: Bradley, R.S. (ed)
Global Changes of the Past. Office for Interdisciplinary
Earth Studies, Boulder, CO, 341-395.

Dupuis, J., Cariou, E., Coirier, B. & Ducloux, J., 1975.
Carte géologique de la France au 1/50 000, Feuille de
Marans et notice associée (19 pp). Edition du BRGM.

Echelmayer, K. & Harrison, D., 1990. Jakobhavns Isbra,
west Greenland: Seasonal variations in velocity — or
lack thereof. Journal of Glaciology, 36, 82—89.

Edmunds W M, Smedley P L & Spiro B 1996. Controls
on the geochemistry of Sulphur in the East Midlands
Triassic Aquifer, UK. In Isotopes in Water Resources
Management, pp. 107-122. IAEA, Vienna.

Edmunds, W M, Datling, W G, Kinniburgh, D G, Dever
L & Vachier P. 1992. Chalk groundwater in England
and France: hydrogeochemistry and water quality. Re-
search Report SD/92/2. British Geological Sutvey.

Edmunds, W. M., Bierens de Haan, S. & Tranter M. 1999.
Hydrogeochemistry of the South Downs Chalk Aqui-
fer. BGS Research Report (in press).

198

Edmunds, W.M, Bath, A.H. & Miles, D.L. 1982. Hydro-
chemical evolution of the East Midlands Ttiassic sand-
stone aquifer, England. Geochimica et Cosmochimica Acta,
46, 2069-2081.

Edmunds, W.M. & Bath, A.H. 1976. Centrifuge extraction
and chemical analysis of interstitial waters. Environ-
mental Science and Technology, 10, 467—472.

Edmunds, W.M. & Smedley, P.L. In press. Residence time
indicators in groundwater: the East Midlands Triassic
Sandstone Aquifer. Applied Geochemistry.

Edmunds, W.M. 1996. Indicators in the groundwater en-
vironment of rapid environmental change. In: Berger,
AR. & Iams, W.J. (eds), Geoindicators — Assessing rapid
environmental changes in earth systems. Balkema, Rotter-
dam, 135-150.

Edmunds, W.M. Cook, J.M., Datling, W.G., Kinniburgh,
D.G., Miles, D.L., Bath, A.-H., Morgan, .M. & An-
drews, J.N. 1987. Baseline geochemical conditions in
the Chalk Aquifer, Berkshire, UK. a basis for
groundwater quality management, Applied Geochemistry,
2,251-274.

Edmunds, W.M., Darling, W.G. e/ al., 1993. Water quality
in the Chalk of England and France - a hydrogeo-
chemical perspective, British Geological Survey: 43.

Edmunds, W.M., Lovelock, P.E.R. ¢ 4/, 1973. Interstitial
water chemistry and aquifer properties in the Upper
and Middle Chalk of Berkshire, England. Journal of Hy-
drology, 19, 21-31.

Ehlers, J. & Wingfield, R. 1991. The extension of the Late
Weichselian/Tate Devensian ice sheets in the North
Sea Basin. Journal of Quaternary Science, 6, 313-326.

Ehlers, J. 1994. Aljgemeine und historische Quartdrgeologie.
Enke, Stuttgart, 358 pp.

Eichinger I.. 1983. A contribution to the interpretation of
14C groundwater ages considering the example of a
partially confined sandstone aquifer. In Proceedings of the
11th International 14C Conference, Vol. 25(2) (ed. M.
Stuiver & R. S. Kra), pp. 347-356. Radiocarbon.

Ekwurzel, B., Schlosser, P., Smethie, W.M. Jr., Plum-
mer, L.N., Busenberg, E., Michel, R.L., Weppernig, R.
& Stute, M. 1994. Dating of shallow groundwater:
Compatison of the transient tracers H/?He, chloro-
fluorocarbons, and 8Kr. Water Resources Research, 30,
1693-1708.

Elkins, J.W., T.M. Thompson, T.H. Swanson, J.H. But-
ler, BD. Hall, S.O. Cummings, D.A. Fisher &
Raffo A.G. 1993. Decrease in the growth rates of at-
mospheric chlorofluorocarbons 11 and 12. Nazure, 364,
780-783.

Elliot, T. & Younger, P.IL.. 1993. Recent localized sul-
phate reduction and pyrite formation in a fissured
Chalk aquifer - Comments. Chemical Geology, 114, 131—
136.

Elliot, T., Andrews, J.N. & Edmunds, W.M. 1999. Hydro-
chemical trends, palacorecharge and groundwater ages
in the fissured Chalk aquifer of the London and Berk-
shire Basins, UK. Applied Geochemistry, 14, 333-3063.

Engesgaard, P. & Traberg, R. 1996. Contaminant trans-
port at a waste residue deposit. 2. Geochemical trans-
port modelling. Water Resources Research 32, 939-951.

Eronen, M. Late Weichselian and Holocene shore dis-
placement in Finland. Iz Smith, D.E. & Dawson,
A.G. (eds.) Shorelines and Isostasy. Academic Press, Lon-
don, 183-208.

Estonian Geological Survey 1994. Groundwater state
1994, Tallinn.



Evans, G V, Otlet, R L, Downing, R A, Monkhouse R A
& Rae, G. 1979. Some problems in the interpretation
of isotope measurements in the United Kingdom aqui-
fers. Isotope Hydrology 1978. Volume II, IAEA Vi-
enna, 679-708.

Fairbanks, R.G. 1989. A 17 000-year glacio-eustatic sea
level record: influence of glacial melting rates on the
Younger Dryas event and deep-ocean circulation. Na-
ture, 342, 637-642.

Falkland, A., Custodio, E. 1991. Guide to the hydrology
of small islands. UNESCO, Studies and Reports in
Hydrology 49, Paris: 1-435.

FAO 1970. Estudio hidrogeoldgico de la cuenca del Guadalquivir.
Technical Report. 1.AGL: SF/SPA 9. Roma. 1-115.
FAO 1972. Proyecto piloto de ntilizacion de aguas subterrineas
para el desarrollo agricola de la cuenca del Guadalquivir: ante-
proyecto de transformacion en regadio de la zona Almonte—
Marismas (margen derecha). Technical Report 1-AGL:

SF/SPA 16. Roma. 1-2: 1-263.

Fatela, F. J., Duprat, J. & Pujos, A. 1994. How southward
migrated the polar front, along the west Iberian Mar-
gin, at 17,800 years BP. Gaia, 8, 169-173.

Fetter, C.W. 1980. Applied Hydrogeology. Charles Merrill,
488pp.

Figge, K. 1980. Das Elbe-Urstromtal im Bereich der
Deutschen Bucht (Nordsee). Eiszeitalter und Gegenwart,
30, 203-211.

Figge, K. 1981. Begleitheft zur Karte der Sediment-
verteilung in der Deutschen Bucht. Deutsches Hydro-
graphisches Institut. Zu Nr. 2900, 13 pp.

Figge, K. 1983. Morainic deposits in the German Bight
area of the North Sea.- In: Ehlers, J. (ed): Glacial deposits
in North-West BEurgpe. 299—-303. Balkema, Rotterdam.

Fontes J.-Ch. 1992. Chemical and Isotopic Constraints on
14C Dating of Groundwater, , in "Radiocarbon after 4
decades”, Springer, 242-261.

Fontes, J.C. & Garnier, J.M. 1979. Determination of the
initial C activity of the total dissolved carbon: a review
of the existing models and a new approach. Warer Re-
sources Research, 15, 399—413.

Forman, S. L., Mann, D. H. & Miller, G. H. 1985. Late
Weichselian and Holocene relative sea-level history of
Broggerhalvoya, Spitsbergen. Quaternary Research, 217,
41-50.

Foster, S.8.D. 1975. The chalk groundwater anomaly — a
possible explanation. Journal of Hydrology, 25, 159—165.

Freeze, RA. & Cherry, J.A. 1979. Groundwater. Prentice-
Hall, Inc., Englewood Cliffs, New Jersey. P. 377.

Freeze, RA. & Witherspoon, P.A. 1967. Theoretical
analysis of regional groundwater flow: 2 - effect of wa-
tertable configuration and subsuface permeability
variation. Water Resonrces Research, 3, 623-34.

French, H. M. 1976. The periglacial environment. Longman
Group Limited, London & New York, 309p.

Frenzel, B., Pecsi, M. & Velichko, A. A. 1992. Atlas of
Paleoclimates and Paleoenvironments of the Northern Hemi-
sphere, Late Pleistocene-Holocene, Hungarian Academy of
Sciences, G. Fischer Verlag, Budapest-Stuttgart.

Friborg, R. 1996. The landscape below the Tinglev out-
wash plain: a reconstruction. Bull. Geol. Soc. Denmark,
43, 34-40.

Friedman, 1., O’Neil, J.R. 1977. Compilation of stable isotope
[fraccionation factors of geochemical interest. In Data of Geo-
chemistry. U.S. Geological Survey Professional Paper
440-KK, Washington D.C.: 1-11 + plates.

199

Frohlich, K, Ivanovich, M., Hendry, M.J., Andrews, J.N.,
Davis, S.N., Drimmie, R.J., Fabryka-Martin, J.,
Fritz, P., Lehmann, B., Loosli, H.H. & Nolte, E. 1991.
Application of isotopic methods to dating of very old
groundwaters: Milk River aquifer, Alberta, Canada.
Applied Geochemistry, 6, 465—472.

Garcin, M. 1994. El Oeste de Europa y la Peninsula Ibé-
rica desde hace-120 000 afios hasta el presente. Isosta-
sia glaciar, paleogeografias y paleotemperaturas. Publi-
cacion Técnica, 5, 1-85.

Garret, C., Thomson, K. & Blanchard, W. 1990. Sea level
flips. Nature, 348, 292.

Gasparini, A. 1989. Hydrochimie et géochimie isotopique de circu-
lations sonterraines en milien volcanique sous climat sémi—aride
(Grande Canarie, lles Canaries). Doctoral Thesis. Univer-
sité de Paris—Sud. Centre d'Orsay. Patis.

Gasparini, A., Custodio, E., Fontes, ].Ch., Jiménez, J.,
Nufiez, ].A. 1990. Example d'étude géochimique et isotopique
de circulations aquiferes en terrain volcanique sous climat sépmi—
aride (Amurga, Grande Canarie, llles Canaries). Journal of
Hydrology, 114(1990): 61-91.

Gelabert, B. 1998. Estructura geoldgica de la mitad occidental de
la isla de Mallorca. Instituto Tecnoldgico Geominero de
Espafa. Coleccion Memorias: 1-129 + 1 map.

Gerasimov, I. P. & Velichko, A. A. (eds) 1982. Paleogeogra-
phy of Eunrope during the last 100 000 years. Atlas-
Monograph, Nauka, Moscow (in Russian).

GEUS. Groundwater Monitoring. 1995. Geological Survey of
Denmark and Greenland, (In Danish, incl. English
summary).

GEUS. Groundwater Monitoring. 1998. Geological Survey of
Denmark and Greenland, (In Danish, incl. English
summary).

Ghiorse, W.C (ed) 1989. Deep Subsurface Microbiology.
Geomicrobiology Journal, Special issue on Deep Sub-
sutface Microbiology, 7, 1/2.

Glynn, P.D., Voss, CI. & Provost, AM. 1997. Deep
penetration of Oxygenated Meltwaters from Warm
Based Ice-sheets into the Fennoscandian Shield. Sub-
mitted for publication by the Nuclear Energy Agency
(OECD) in the Proceedings of the Workshop “Use of
Hydrogeochemical Information in Testing Groundwa-
ter Flow Models”, organised by the OECD/NEA Co-
ordinating group on Site Evaluation and Design of
Experiments for Radioactive Waste Disposal, SEDE,
in Borgholm, September 1-3, 1997.

Goodess, C.M., Palutikof, ]J.P. & Davies, T.D. 1990. A
first approach to assessing future climatic states in the
UK over very long timescales: input to studies of the
integrity of radioactive waste repositories. Climate
Change, 16, 115-140.

Gordon, D., Smart, P. L., Ford, D. C., Andrews, J. N,
Atkinson, T. C., Rowe, P. J. & Christopher, N. S. J.
1989. Dating of Late Pleistocene interglacial and inter-
stadial periods in the United Kingdom from speleo-
them growth frequency. Quaternary Research, 31, 14-26.

Gow, AJ., Epstein, S. & Sheehy, W., 1979. On the origin
of stratified debris in ice cores frm the bottom of the
Antarctic ice sheet. Journal of Glaciology, 23, 185—
192.

Goy, J. L., Zazo, C. & Cuerda, J. 1997. Evolucién de las
areas margino-litorales de la costa de Mallorca
(Baleares) durante el dltimo y presente interglacial:
nivel del mar holoceno y clima. Boletin Geoldgico y Min-
ero, 108, 455-463.



Graedel, T.E. & Crutzen, P.J. 1993. Atmospheric change
— An Earth System Perspective. Freeman, New York,
446 pp.

Graedel, T.E. & Crutzen, P.]. 1993. Atmospheric Change: An
Earth System Perspective. Freeman, New York, 446 pp.
Greenland Ice Core Project (GRIP) Members. 1993. Cli-
mate instability during last interglacial period recorded

in the GRIP ice core. Nature, 364, 203-207.

Gregersen, U. 1997. The depositional significance of 3-D
seismic attributes in the Upper Cenozoic of the Cen-
tral North Sea. Petroleum, Geoscience, 3, 291-304.

Gripp, K. 1964. Erdgeschicte von Schleiswig- Holstein. Karl
Wachholtz, Neumunster.

Gron, C., Wassenaar, L. & Krog, M. 1996. Origin and
structures of groundwater humic substances from
three Danish aquifers. Environment International, 22,
519-534.

Guiot, J. 1990. Methodology of the last climatic cycle re-
construction in France from pollen data. Palaeogeogra-
phy, Palaeoclimatology, Palaeoecology, 80, 49—69.

Guiot, J., Pons, A., de Beaulieu, J. L. & Reille, M. 1989. A
140 000-year continental climate reconstruction from
two European pollen records. Nazure, 338, 309—-313.

Hamblin, R.J.O., Crosby, A., Balson, P.S., Jones, S.M.,
Chadwick, R.A., Penn, L.E. & Arthur, M.J. The geol-
ogy of the English Channel. 1992. United Kingdom off-
shore regional report. HMSO. London.

Harrar, W.G., Williams, A., Batker, J.A. & Van Camp, M.
1999. Modelling scenarios for the emplacement of pa-
lacowaters in coastal aquifer systems. This volume.

Hathaway, ].C., Poag, C.W., Valentine, P.C., Miller, R.E.,
Schultz, D.M., Manheim, F.T., Kohout, F.A., Bothnet,
M.H. & Sangrey, D.A., 1979. U.S. Geological Survey
core drilling on the Atlantic shelf. Science, 206, 515—
527.

Headworth, H. & G.B. Fox 1986. The South Downs
Chalk aquifer: its development and manage-
ment.Journal of the Institution of Water Engineers &
Scientists: 345-361.

Heilmann-Clausen, C., Nielsen, O.B. & Gersner, F. 1985.
Lithostratigraphy and depositional environments in
the upper Palacocene and Eocene of Denmark. Geo-
logcal Society of Denmark, Bulletin, 33, 287-323.

Hendry M.J. & Schwartz F. W. 1988. An Alternative view
on the origin of chemical and isotopic patterns in
groundwater form the Milk River aquifer, Canada. Wa-
ter Resources Research. 24, 1747-1763.

Henry, H.R.,, 1964, Effects of dispersion on salt en-
croachment in coastal aquifers. In: Sea water in coastal
aquifers. U.S. Geol. Surv. Water-Supply Paper 1613-C,
70-84.

Hernandez-Molina, F. J. 1993. Dindmica sedimentaria y evolu-
cion durante el Pleistoceno terminal-Holoceno del margen noroc-
cidental del Mar de Albordn: Modelo de estratigrafia secuencial
de muy alta resolucion en plataformas continentales. PhD the-
sis, Universitat de Granada.

Hernandez-Molina, F. J., Somoza, L., Rey, J. & Pomar, L.
1994. Late Pleistocene-Holocene sediments on the
Spanish continental shelves: Model for very high reso-
lution sequence stratigraphy. Marine Geology, 120, 129—
174.

Hinsby, K. 1988. Geochemistry and nitrate reduction in an un-
confined sandy aquifer, the Karup Basin, Denmark. Unpub-
lished thesis, University of Copenhagen, 1988 (In
Danish).

200

Hinsby, K. 1988. Nitrate reduction and groundwater chemistry in
a sandy unconfined aquifer in the Karup Basin. Unpublished
thesis, University of Copenhagen, 1988. 153 pp. (In
Danish).

Hinsby, K., Harrar, W.G., Laier, T., Hojberg, A., Enges-
gaard, P., Jensen, K.H., Larsen, F., Boaretto, E. &
Heinemeier, J. 1999. Use of isotopes (*H, #C,13C, 80)
and CFCs for the analyses of groundwater flow and
transport dynamics: selected case and modelling studies
from sand aquifers and a deep clay aquitard in Denmark.
International Atomic Energy Agency, Use of isotopes for
analyses of flow and transport dynamics in groundwater systems,
TAEA-TECDOC-??, Vienna, in press.

Hinsby, K., Laier, T., Thomsen, A., Engesgaard, P., Jen-
sen, K.H, Larsen, F., Jakobsen, R., Busenberg, E. &
Plummer, LN. 1997. CFC-dating, and transport and
degradation of CFC-gases in different redox environ-
ments: two case studies from Denmark. Abstracts with
Programs — Geological Society of America, 1997 annual
meeting, October 20-23, Salt Lake City, Utah, p. A-77.

Hinsby, K., McKay. L.M., Jorgensen, P.R., Lenczewski,
M. & Gerba C. 1996. Fracture aperture measurements
and migration of solutes, viruses and immiscible creo-
sote in a column of clay-rich till. Ground Water, 34,
1065-1075 .

Hinsby, K., Thomsen, A., Laier, T., Engesgaard, P., Jen-
sen, K.H., Larsen, F., Busenberg, E. & Plummer, L.N.
1999. Transport and degradation of CFC gases in a
sandy aquifer with pyrite controlled nitrate reduction.
In prep.

Hiscock, K M & Lloyd, ] W 1992. Palacohydrological
reconstructions of the north Lincolnshire Chalk, UK,
for the last 140 000 years. ] Hydrol, 133, 313-342.

Hiscock, K. M. 1993. The influence of pre-Devensian
glacial deposits on the hydrogeochemistry of the Chalk
aquifer system of north Norfolk. Journal of Hydrology
144: 335-3069.

Hiscock, K.M., Dennis, P.F., Saynor, P.R. & Thomas,
M.O. 1996. Hydrogeochemical and stable isotope evi-
dence for the extent and nature of the effective Chalk
aquifer in north Norfolk, UK. Journal of Hydrology, 180,
79-107.

Houmark-Nielsen, M. 1989. The last interglacial-glacial
cycle in Denmark. Quaternary International, 3 /4, 31-39.

Huault, M.F., 1972. Recherches sporo-polliniques sur le
postglaciaire des vallées de 1'Orne et de la Dives,
Bulletin de la société limnéenne de Normandie, p 46—
57.

Hubbert, HK., 1940. The theory of groundwater motion.
Journal of Geology, 48, 785-944.

Iglesias, M. 1999. Caracterizacion hidrogeoquimica del flujo del
agua subterrdinea en ] Abalario, Doriana, Huelya. Doctoral
Thesis. Polytechnical University of Catalonia. Barce-
lona.

IGME 1982. Hidrogeologia del Parque Nacional de Dosiana y su
entorno. Instituto Geoldgico y Minero de Espafia. Ma-
drid. 1-120 + maps.

Ingerson, E. & Pearson, F.J., Jr. 1964. Estimation of age
and rate of motion of groundwater by the 14C-
method. In: Recent Researches in the Fields of Atmosphere,
Hydrosphere, and Nuclear Geochemistry, Sugarawa Festival
Volume: Maruzen Co., Tokyo, p. 263-283.

Iribar, V. 1992. Evoluciéon hidrogeoquimica e isotdpica de
los acuiferos del Baix Llobregat. Tesis doctoral. Facul-
tad de Geologfa. Universidad de Barcelona.



Iribar, V. 1992. Hidrogeoquimica y transporte de masa en el
acuifero profundo del delta del Rio Liobregat. Tesis doctoral.
Universitat de Barcelona, Fac. C. Geologiques. Barce-
lona.

Iribar, V., Custodio, E. 1992. Advancement of seawater intru-
sion in the Llobregat delta aquifer. In Study and Modelling
of Saltwater Intrusion. CIMNE — UPC. Barcelona:
35-50.

Iribar, V., Manzano, M., Custodio, E. 1991. Evaluation of
over—excploitation effects in the Baix Llobregat aguifers: by
means of environment isotope techniques. In Aquifer Over—
exploitation. Intern. Assoc. Hydrogeologists. Proc.
XXIIT Congtess, Puerto de la Cruz. 1: 535-538.

Isarin, R. F. B. 1997b. Permafrost distribution and tem-
peratures in Europe during the Younger Dryas. Perma-
frost and Periglacial Processes, 8, 313-333.

Isarin, R.F.B. 1997a. The climate in north-western Europe
during the Younger Dryas. A comparision of multi-
proxy climate reconstructions with simulation experi-
ments. PhD thesis, Vrije Universiteit.

ITGE 1992. Mapa Geoldgico de Espasa, 1/200 000, Serie
nueva, Isla de Gran Canaria. Instituto Tecnologico
Geominero de Espafa. Madrid. Memory + plates.

Jakobsen, R. 1995. Sulfate reduction, Fe-reduction and
Methanogenesis in Groundwater. Unpublished thesis,
Department of Geology and Geotechnical Engineer-
ing, Technical University of Denmark.

Japsen, P. 1993. Influence of lithology and Neogene uplift
on seismic velocities in Denmark: Implications for
depth conversion of maps. American Association of Petro-
lenm Geologist, Bulletin, 77, 194-211.

Jelgersma, S. 1979. Sea level changes in the North Sea
basin. In Ocle, E., Schuttenhelm, RT.E. & Wiggers,
AlJ. (eds.) The Quaternary bistory of the North Sea. Acta
Universitatis Upsaliensis: Symposium Universitatis
Upsaliensis Annum Quingentesimum Celebrantis, 2,
233-248.

Jessen, A.1925. Kortbladet Blaavandshuk. Danm. geol.
Unders. 1, 16, 76 pp. (In Danish).

Joeleht, A. 1998. Geothermal studies of the Precambrian
basement and Phanerozoic sedimentary cover in Es-
tonia and in Finland. Ph D thesis, University of Tartu.

Joffroy, M.E., Hillaire-Marcel, C., Ghaleb, B. & Dever, L.,
1997. Thermal ionization mass spectrometry
measurements of Ra-226 and U isotopes in soils,
surface and groundwaters. In: IAEA (Editor), Isotope
techniques in the study of environmental changes.
TAEA, 1998, Vienna, Austria, p 727-743.

Johnsen, S. J., Dahl-Jensen, D, Dansgaard, W. & Gunde-
strup, N. 1995. Greenland palacotemperatures derived
from GRIP bore hole temperature and ice core iso-
tope profiles. Tellus, 47B, 624—629.

Johnsen, S. J., Dansgaard, W. & White, J. W. C. 1989. The
origin of Arctic precipitation under present and glacial
conditions. Tellus, 41B, 452—468.

Jorgensen, N.O. & Holm, P.M. 1994. Isotope studies
(80O /190, D/H and %St/%St) of saline groundwater
in Denmark. Proceedings of the Helsinki Conference
"Future Groundwater Resources at Risk" 1994, TAHS
publ. n0.222, p. 231-238.

Jorgensen, N.O. & Holm, P.M. 1995. Strontium isotope
studies of "brown water" (organic-rich groundwater)
from Denmark. Proceedings of the International As-
sociation of Hydrogeologists, Congress, Edmonton, p.
291-295.

201

Juillard-Tardent, M. 1999. Gasiibersittigung an Paliog-
rundwassern in Estland. Diplomarbeit, Physikalishes
Institut, Bern University.

Kabailiene, M. & Raukas, A. 1987. Stratigraphy of lake
and bog deposits and climatic changes in the late-
glacial and Holocene on the Soviet Baltic Republics: a
review. Boreas, 16, 125-131.

Kalin, RM. & Long, A. 1994. Application of hydrogeo-
chemical modelling for validation of hydrologic flow
modelling in the Tucson Basin Aquifer, Arizona,
United States of America. In: Mathematical models and
their applications to isotope studies in groundwater hydrology,
IAEA-TECDOC-777, 209-254.

Karte, J. 1983. Periglacial phenomena and their signifi-
cance as climatic and edaphic indicators. Geo Journal, 1,
329- 340.

Karukipp, R. & Raukas, A. 1997. Deglaciation history. In:
Raukas, A. & Teedumie, A. (eds) Geology and mineral re-
sources of Estonia. Estonian Academy Publishers, Tal-
linn, 263-267.

Kessel, H. & Raukas, A. 1979. The Quaternary history of
the Baltic. Estonia. In: Gudelis, V. & Koénigsson, L.-K.
(eds) The Quaternary bistory of the Baltic. Uppsala, 127—
146.

Kinniburgh D.G., Milne C.J.& Venema P. 1995. Design
and construction of a personal-computer based auto-
matic titrator, Soi/ Science Society of America Jonrnal 59,
417-422.

Kinniburgh, D.G., Gale, LN., Smedley, P.L., Dar-
ling, W.G., West, J.M., Kimblin, R.T., Parker, A,
Rae, J.E., Aldous, P.J. & O’Shea, M.]. 1994. The ef-
fects of historic abstraction of groundwater from the
London Basin aquifers on groundwater quality. Applied
Geochemistry, 9, 175-195.

Kleman, J. & Borgstrém, 1. 1994. Glacial land forms in-
dicative of partly frozen bed. Journal of Glaciology,
40, 225-264.

Klint, M., Arvin, E. & Jensen, B.K. 1993. Degradation of
the pesticides mecoprop and atrazine in unpolluted
sandy aquifers. Journal of Environmental Quality, 22, 262—
266.

Kloppmann, W., Dever, L. & Edmunds, W.M. 1998.
Residence time of Chalk groundwater in the Paris Ba-
sin and the North German Basin: a geochemical ap-
proach. Applied Geochemistry, 13, 593—606.

Koch, B.E. 1989. Geology of the Seby-Fasterholt area.
Geological Survey of Denmark, Serie A, 22, 177 pp.

Kohout, F.A., 1964. The flow of fresh water and salt wa-
ter in the Biscayne aquifer of the Miamia area, Florida.
In: Sea Water in Coastal Aquifers. U.S. Geol. Surv.,
Water-Supply Paper 1613-C, 12-32.

Kohout, F.A., Hathaway, ]J.C., Folger, D.R., Bothner,
M.H., Walker, E.H., Delaney, D.F., Frimpter, M.H.,
Weed, E.G.A. & Rhodehamel, E.V.C. 1977. Fresh
groundwater stored in aquifers under the continental
shelf. Implications from a deep test, Nantucket Island,
Massachusetts. Water Resources Bulletin, 13, 373-386.

Konikow, L.F. & Arévalo, J.R. 1993. Advection and diffu-
sion in a variable-salinity confining layer. Warer Re-
sources Research, 29, 2747-2761.

Konikow, L.F. 1996. Numerical models of groundwater
flow and transport. In: Manual on mathematical mod-
els in isotope hydrogeology. International Atomic En-
ergy Agency, LAEA-TECDOC-910, Vienna, p. 59—
112.



Kozarski, S. 1974. Evidence of Late-Whiirm permafrost
occurrence in  North-West  Poland.  Quaestiones
Geographicae. 1, 65—-80.

Kromer, B. & Becker, B. 1993. German oak and pine *C
calibration, 7200-9400 BC. Radiocarbon, 35, 125-136.
Kutzbach, J., Gallimore, R., Harrison, S., Behling, P., Se-
lin, R. & Laarif, F. 1998. Climate and biome simula-
tions for the past 21 000 years. Quaternary Science Re-

views, 17, 473-500.

Labeyrie, J., Lalou, C., Monaco, A. & Thommeret, ]. 1976.
Chronologie des niveaux eustatiques sur la cote du
Roussillon de - 33 000 ans B.P.a nos jours. Comptes
Rendus de [ Académie des Sciences, 282D, 349-352.

Lahermo, P.W. 1988. Atmospheric, geological, marine and
anthropogenic effects on groundwater quality in Fin-
land. Water Science and Technology, 20, 33-39.

Lambeck, K. 1996. Glaciation and sea-level change for
Ireland and the Irish Sea since ILate Deven-
sian/Midlandian time. Jowmal of the Geological Society,
London, 153, 853-872.

Lambeck, K. 1997. Sea-level change along the French
Atlantic and Channel coasts since the time of the last
Glacial Maximum. Palaeogeography, Palaeoclimatology, Pa-
laeoecology, 129, 1-22.

Lambeck, K. 1999. Shoreline displacements in southern
central Sweden and the evolution of the Baltic Sea
since the last maximum glaciation. Journal of the Geologo-
cial Society, 156, 465—480.

Larsen, E. & Sejrup, H.-P. 1990. Weichselian land-sea
interactions: Western Norway-Norwegian Sea. Quater-
nary Science Reviews, 9, 85-98.

Larsen, F. & Postma, D. 1997. Nickel Mobilization in a
Groundwater Well Field: Release by Pyrite Oxidation
and Desorption from Manganese Oxides. Environ-
mental Science and Technology, 31, 2589—2595.

Larsen, G. & Dinesen, A. 1959. Vejle Fjord Formation
ved Brejning: Sedimenterne og foraminiferfaunaen
(oligocen — miocxn). Geological Survey of Denmark 11,
Reakrke, 82, 114 pp.

Laurent, A., 1993. La gestion en bien commun des eaux
souterraines : la nappe des sables astiens de Valras-
Agde (Hérault), une opération pilote en Languedoc-
Roussillon. These de doctorat Géosciences, spécialité
géologie et paléontologie Thesis, Montpellier II, 157

Pp-

Lawrence, A.R., Stuart, M.E., Barker, J.A. & Tester, D.].
1996. Contamination of Chalk groundwater by chlo-
rinated solvents: a case study of deep penetration by
non-aqueous phase liquids. Water and Environmental
Management, 10, 263-272.

Leduc, C., 1985. Hydrogéologie de la nappe astienne entre
Agdes et Valras. . These de doctorat Géosciences
U.S.T.L. Montpellier, 153 pp.

Lehmann B.E. & Purtschert R 1997. Radioisotope dynam-
ics — the origin and fate of nuclides in groundwater.
Applied Geochemistry 12, 727-738.

Lehmann, B.E., Loosli, H.H., Purtschert, R. & An-
drews, J.N. 1996. A comparison of chloride and he-
lium concentrations in deep groundwaters. In : Isotgpes
in Water Resources Management 3—17, IAEA, Vienna.

Lesage, S., Xu, H. & Novakowski, K.S. 1997. Distinguish-
ing Natural Hydrocarbons from Anthropogenic Con-
tamination in Ground Water. Ground Water, 35, 149—
160.

202

Liboriusen, J., Aston, P. & Tygesen, T. 1987. The tectonic
evolution of the Fennoscandian Border Zone in
Denmark. Tectonophysics, 137, 21-29.

Linick T. W., Long A., Damon P. E. & Ferguson C. W.
1986. High-precision radiocarbon dating of bristlecone
pine from 6554 to 5350 BC. Radiocarbon 28, 943-953.

Lippmann J., Osenbriick K., Ribel A., Sonntag C., Leh-
mann B., Purtschert R., Loosli H. and Tolstikhin I.
1998, Stabile Isotope und Edelgasgehalte von Poren-
wissern und Gesteinen aus Bohrkernen der SB 4 a/s
am Wellenberg. NAGRA Interner Bericht 97-07,
1998.

Llamas, M.R. 1991. Wetlands: an important issue in hydrogeol-
0gy. Selected Papers on Aquifer Overexploitation. In-
tern. Assoc. Hydrogeologists. 3(1992): 69-86.

Lloyd, ] W & Howard, K W F 1978. Environmental iso-
tope studies related to groundwater flow and saline
encroachment in the Chalk aquifer of Lincolnshire,
England. In :Isotope Hydrology, 1978, IAEA, Vienna,
311-323.

Loosli, H-H. & Oeschger, H. 1969. 37Ar and 8 Kr in the
atmosphere Earth and Planetary Science Letters, 7, 67-71.

Loosli, H.H. 1983. A dating method with 39Ar. Earth and
Planetary Science Letters, 63, 51.

Loosli, H.H. 1996. Dating of groundwaters in Switzerland and a
groundwater-dating approach for PALAEAUX. In PA-
LAEAUX: Background and Description of Study Ar-
eas, EC Fourth Framework Programme (Climatology
and Natural Hazards), ENV4-CT95-0156. British
Geological Survey, 1996.

Loosli, H.H., Blaser, P., Datling, W.G., Edmunds, W.M.,
Dever, L. & Walraevens, K. 1999a. Geochemical and
isotopic tools for the interpretation of groundwaters
emplaced during the late Pleistocene. This volume.

Loosli, H.H., Lehmann, B.E. & Balderer, W. 1989. Argon-
39, argon-37 and krypton-85 in Stripa groundwaters.
Geochimica et Cosmochimica Acta, 53, 1825-1829.

Loosli, H.H., Lehmann, B.E. & Dippen, G. 1991. Dating
by Radionuclides. In: Pearson, F.J. Jr. ez al., (eds) Ap-
plied Isotope Hydrology. A case study in Northern Switzerland.
Studies in Environmental Science 43. Elsevier, Am-
sterdam, 439 pp.

Loosli, H.H., Lehmann, B.E. & Smethie, W.M. 1999b.
Noble gas radioisotopes (¥’Ar, 8Kr, ¥Ar, 81Kr). In:
Cook, P.G & Herczeg, A. (eds) Environmental Tracers in
Subsurface Hydrology, Kluwer Academic Publishers, in
prep.

Loosli, H.H., Lehmann, B.E. & Smethie, W.R. 1999. No-
ble gas radioisotopes (7Ar, ¥Kr, ¥Ar, 81Kr). In Envi-
ronmental Tracers in Subsurface Hydrology, Kluwer Aca-
demic Press.

Lowe, J. J. & NASP Members. 1995. Palacoclimate of the
North Atlantic seaboards during the last gla-
cial/intetglacial transition. Quaternary International, 28,
51-61.

Lowe, J. J., Ammann, B., Birks, H. H., Bjorck, S., Co-
ope, G. R, Cwynar, L., de Beaulieu, J.-L., Mott, R. J.,
Peteet, D. M. & Walker, M. J. C. 1994. Climate
changes in areas adjacent to the North Atlantic during
the Last Glacial-Interglacial Transition (14-9 ka BP): a
contribution to IGCP-253. Journal of Quaternary Science,
9, 185-198.

Lunardini, V. J. 1995. Permafrost Formation Time. USAC-
CREL Report 95-8, Hannover, NH.

Lundqpvist, J. 1987. Glaciodynamics of the Younger Dryas
Marginal Zone in Scandinavia. Implications of a re-



vised glaciation model. Geografiska Annaler. 69A, 305—
319.

Lundqvist, J. 1992. Glacial stratigraphy in Sweden. Geologi-
cal Survey of Finland, Special Paper, 15, 43-59.

Lundqpvist, J. 1997. The last Scandinavian ice sheet and its
down-wasting. In: Martini, I.P. (ed) Late Glacial and
Postglacial Environmental Changes. QOnaternary, Carbonifer-
ous-Permian and Proterogoic. Oxford University Press,
New York, Oxford, 28-52.

Lykke-Andersen, H. 1995. Neotectonic in Denmark. In:
Geology of Denmark from the Cretaceous to present. Aarhus
Geokompendier nr. 1, Geologisk Institut, Aarhus Uni-
versitet, 1995 (in Danish).

Maatleveld, G. 1976. Periglacial phenomena and the mean
annual temperature during the last glacial time in The
Netherlands. Biuletyn Peryglagialny, 26, 57-78.

Mackay, D.M. & Smith, L.A. 1993. Organic Contami-
nants. In: Alley, W.M. (ed) Regional Ground-Water Qual-
#ty. Van Nostrand Reinhold, New York, 634 pp.

Madsen, B. 1998. Groundwater contamination clean up -
reality or illusion? I: Fonnum ez al., (eds) Environmental
contamination and remediation practices at former and present
military bases, Kluwer Academic Publishers, 257-265.

Maisonneuve, J. and Risler, J.J., 1979. La ceinture péri-
alpine “carbo-gazeuse” de I1'Europe occidentale.
Bulletin du BRGM (deuxieme série), 2(Section III)
109-120.

Maloszewski, P. & A. Zuber. 1991. Influence of Matrix
Diffusion and Exchange Reactions on Radiocarbon
Ages in Fissured Carbonate Aquifers. Warter Resources
Research, 27, 19371945,

Maloszewski, P. & Zuber, A. 1996. Lumped parameter
models for interpretation of environmental data. In:
Mannal on  mathematical models in isotope hydrogeology.
IAEA-TECDOC-910, IAEA, Vienna, p. 9-58.

Mangerud, J. 1991. The Scandinavian Ice Sheet through
the last interglacial/glacial cycle. I: Frenzel, B. (ed.)
Klimageschichtliche  Probleme der  letzten 130 000 Jabre.
Paldeoklimaforschung, 1, 307-330.

Mangerud, J., Andersen, S.T., Berglund, B.E. & Don-
ner, J.J. 1974. Quaternary stratigraphy of Norden, a
proposal for terminology and classification. Boreas, 4,
109-128.

Mangerud, J., Jansen, E. & Landvik, J.Y. 1996. Late Ceno-
zoic history of the Scandinavian and Barents Sea ice
sheets. Global and Planetary Change, 12, 11-26.

Manzano, M. & Custodio, E. 1987. Muestreo de agua intersti-
cial en acuitardos: aplicacion al delta del 1.lobregat. Hidro-
geologia y Recursos Hidrdulicos, Madrid. XII: 883—
887.

Manzano, M. & Custodio, E. 1998. Origen de las aguas salo-
bres en sistemas acuiferos deltaicos: aplicacion de la teoria de la
cromatografia inica al acuitardo del delta del Llobregat. 4
Congteso Latinoamericano de Hidrologfa Subterranea.
ALHSUD. Montevideo. 2: 973-998.

Manzano, M. 1991. Sintesis histérica y estado actual de los
trabajos sobre la hidrogeologia del rio Llobregat (Bar-
celona). CIHS Hidrogeologia, Estado Actual vy
Prospectiva. Ed. Centro Internacional de Métodos
Numéricos en Ingenierfa. Barcelona, 1991.

Manzano, M. 1993. Génesis del agua intersticial del acuitardo del
delta del Liobregat: origen de los solutos y transporte interactivo
con el medio sélido. Tesis doctoral. Universitat Politécnica
de Catalunya. Barcelona.

Manzano, M., Custodio, E. & Carrera J. 1992. Fresh and
salt water in the Llobregat delta aquitard: application

203

of the ion chromatography theory to field data. Study
and Modelling of Saltwater Intrusion. CIMNE-UPC.
Barcelona: 207-228.

Manzano, M., Custodio, E. & Jones, B. 1990. Progress in the
understanting of groundwater flow through the aquitard of the
Llobregat delta (Barcelona, Spain). Prof. Romaritz Hom-
age Book. Facultad de Ciéncias. Lisboa: 115-126.

Manzano, M., Custodio, E. & Poncela, R. 1991. Con-
tribucidn de la  bidrogeoquimica al  conocimiento  de la
hidrodindmica de los acuiferos del drea de Dojiana. 111 Simp.
Agua en Andalucfa. ITGE, Madrid. 2: 475-486.

Matlin, C., Barbecot, F., Bled, S., Gomez, E. & Dever, L.,
1998. Origine des eaux salées dans l'aquifére cotier du
Dogger captif sous le Marais Poitevin (Vendée).
RST98; 17¢me Réunion des Sciences de la Terre -
Brest, 31 Mars—3 Avril 1998. In RST98, ISSN 0249
7557; ISBN 2-85363-079-X, n° ed. 343, p. 156.

Marques da Silva M A, Custodio E & Bayo A. 1993. Saline
water in the Aveiro deep aquifer system. Study and
Modelling of Saltwater Intrusion into Aquifers.
CIMNE: Barcelona. pp697-701.

Marques da Silva, M.A. 1990. Hidrogeologia del Sistema Mul-
tiacuifero Cretdcico del Bajo 1 ouga — Aveiro (Portugal). PhD
thesis. Facultad de Geologia, U. de Barcelona. Barce-
lona, Spain.

Marty, B., Torgersen, T., Meynier, V., O’Nions, RK. &
Marsily, G. de. 1993. Helium Isotope Fluxes and
Groundwater Ages in the Dogger Aquifer, Paris Basin.
Water Resonrces Research, 29, 1025-1035.

Mateu, G., Rey, J. & Diaz del Rio, V. 1984. Las barras
submarinas de la zona interna de la Plataforma Conti-
nental frente al Mar Menor (Murcia, Espafia): estudio
sismico y cronobioestratigrafico. Thalassas, 2, 65-85.

Mazor E. 1972. Paleotemperatures and other hydrological
parameters deduced from gases dissolved in ground-
waters, Jordan Rift Valley, Israel. Geochemica et Cosmo-
chimica Acta, 36, 1321-1336.

Mazor, E. & Nativ. R. 1992. Hydraulic calculation of
groundwater flow velocity and age: examination of the
basic premises. Journal of Hydrology, 138, 211-222.

Mazor, E. & R. Nativ. 1994. Stagnant groundwater stored
in isolated aquifers, implications related to hydraulic
calculations and isotopic dating, reply, Journal of Hydro/-
0gy, 154, 409-418.

McCarthy, R.L., Bower, F.A. & Jesson, J.P. 1977. The
fluorocarbon — ozone theory, 1. Production and re-
lease — world production and release of CCLEF and
CCLF; (fluorocarbons 11 and 12) through 1975. A%~
mospheric Environment, 11, 491—497.

McDonald, M.G. & Harbaugh, A.W. 1988. 4 modular three-
dimensional finite-difference ground-water flow model. Tech-
niques of Water-Resources Investigations  006-
A1,USGS 576p.

McMahon, P.B. & Chapelle, F.H. 1991. Geochemistry of
dissolved inorganic catbon in a Coastal Plain aquifer.
2. Modelling carbon soutces, sinks, and 6'C evolu-
tion. Journal of Hydrology, 127, 109—135.

Meisler, H., Leahy, P.P. & Knobel, L., 1984. Effect of
eustatic sea-level changes on saltwater-freshwater in
the Northern Atlantic coastal plain. USGS Water-
Supply Paper 2255. 28 pp.

Melo, M. T. C., Marques da Silva & Edmunds, W.M.
1998. Evolugio Hidrogeoquimica do Sistema Mul-
tiaquifero Cretacico do Baixo Vouga - Aveiro, Portu-
gal. Proceedings Congresso da Agua, Lisboa, 23-28
Marco.



Melo, M. T. C., Marques da Silva & Edmunds, W.M.
1999. Hydrochemistry and Flow Modelling of the Aveiro Mul-
tilayer Cretaceous Aquifer. Physics and Chemistry of the
Earth (in press).

Metlivat L. & Jouzel J. 1979. Global climatic interpreta-
tion of the deuterium-oxygen 18 relationship for pre-
cipitation. Journal of Geophysical Research 84, 5029—5033.

Mertz, E.IL.1977. Ribe og omegns jordbundsforhold, en
ingenior-geologisk beskrivelse. Danm. Geol. Unders.
Rapport No. 8. (In Danish).

Michelsen, O. & Nielsen, L.H. 1993. Structural develop-
ment of the Fennoscandian Border Zone, offshore
Denmark. Marine and Petrolenm Geology, 10, 124—134.

Michelsen, O. 1994. Stratigraphic correlation of the Dan-
ish onshore and offshore Tertiary succesions based on
sequence stratigraphy. Bull. Geol. Soc. Denmark, 41,
145-161.

Miidel. A. 1974. Finds of ice-wedge casts in North-
Estonia. Estonian Geographical Society; Annual Y earbook
1971- 1972, Tallinn, 17-23.

Miller, K.G., Faitbanks, R.G. & Mountain, G.S. 1987.
Tertiary Oxygen Isotope synthesis, sea level history,
and continental margin erosion, Paleoceanography, 2, 1—
19.

Mogensen, T. & Jensen, L. N. 1994. Cretaceous subsi-
dence and inversion along the Tornquist Zone from
Kattegat to the Egernsund Basin. First Break, 12, 211—
222.

Mokrik, R. & Vaikmie, R. 1988. Palaecohydrogeological
aspects of formation of isotopic composition of
groundwater in the Cambrian-Vendian aquifer system
in Baltic area. In: Punning, J.-M.(ed) Isotope-geochemical
investigations in Baltic area and in Belorussia. Estonian
Academy of Sciences, Tallinn, 133-143.

Mokrik, R. 1997. The Palacohydrogeology of the Baltic
Basin. Tartu University Press, Tartu, 138pp.

Mondain, P.H., 1995. Plaine et marais du Sud Vendée et
de I'Ouest des Deux-Sevres. Etude globale pour la
gestion de la ressource en eau souterraine. Bureau
d'étude Calligée (La Roche-sur-Yon).

Monkhouse, R. A. & M. Fleet 1975. A geophysical inves-
tigation of saline water in the Chalk of the south coast
of England.QuarterlyJournal Engineering Geology 8:
291-302.

Mook, W.G. 1980. Carbon-14 in hydrogeological studies.
In Fritz,P. & Fontes ].C., eds. Handbook of Environ-
mental Isotope Geochemistry, Amsterdam, Elsevier: 49-74.

Morner, N. A. 1980. The Fennoscandian uplift: geological
data and their geodynamical implication. In: Morner,
N. A. (ed) Earth Rhbeology, Isostasy and Eustasy. Wiley,
Chichester, 251-284.

Minnich K. O. & Vogel J. C. 1962. Untersuchung an plu-
vialen Wassern der Ost-Sahara. Geol. Rundsch. 52, 611.

Minnich, K.O. 1968. Isotopen-Datierung von Grund-
wasser. Naturwissenschaften, 55, 158—163.

Neretniceks, I. 1981. Age dating of groundwater in fissured
rock: influence of water volumes in micropores. Water
Resonrces Research, 17, 421-422.

Nolte E., Krauthan P., Korschinek G., Maloszewski P.,
Fritz P. & Wolf M 1991. Measurements and interpre-
tations of 3Cl in groundwater, Milk River aquifer, Al-
berta, Canada Appl. Geochem. 6, 435—445.

Nygaard E. 1993. Hydrogeology of the Chalk of Den-
mark. In Downing, R.A.Hydrogeology of the Chalk of
North-West Europe. Oxford University Press.

204

Oeschger H., Lehmann B., Loosli H. H., Moell M., Neftel
A., Schotterer U. & Zumbrunn R. 1976. Recent Pro-
gress in low level counting and other isotope detection
methods.

Oliveira, T.IF. 1997. Capacidade Cationica no Cretdicico de
Aveiro e sua Influéncia no Quimismo da Agua. MSc thesis.
Departamento de Geociéncias, U. de Aveiro. Aveiro.

Oster, H., C. Sonntag & K. O. Miinnich. 1996. Ground-
water age dating with chlorofluorocarbons. Water Re-
sources Research, 32, 2989-3001.

Pankow & Cherry, J.A. 1996. Dense Chlorinated Solvents and
other DNAPLs in Groundwater. Watetloo Press, 522 pp.

Parkhurst D L 1995. User’s guide to PHREEQC — a
computer program for speciation, reaction-path, ad-
vective-transport, and inverse geochemical calcula-
tions. U.S.G.S Water-Resources Investigations Report
95-4227.

Parkhurst D.I. & C.AJ. Appelo 1998. PHREEQC- A
computer program  for speciation, reaction-path, —advective-
transport, and inverse geochemical calenlations. U.S. Geologi-
cal Survey.

Parkhurst, D.L. & Appelo, C.A.J. 1997. Enhancements to
the geochemical model PHREEQC; 1D advection and
dispersion, diffusion to stagnant zones, and reaction
kinetics zones, and reaction kinetics. EOS, Transac-
tions, American Geophysical Union, 78, 17, Suppl., p.
167.

Parkhurst, D.L. & Appelo, C.AJ. 1999. PHREEQC
(VERSION 2) — A Computer Program for Speciation, Reac-
tion-Path, 1D- Transport, and Inverse Geochemical Calcula-
tions. U.S. Geological Survey, Water-Res. Inv. Report
99.

Parkhurst, D.I.. & Plummer, LN. 1993. Geochemical
models. Ch. 9 in Alley, W.M. (Ed.) Regional ground-
water quality, Van Nostrand Reinhold, New York,
pp-199-225.

Parkhurst, D.L. 1995. PHREEQC — A Computer Program
for Speciation, Reaction-Path, Advective-Transport, and Inverse
Geochemical Calenlations, with Transport Addenda by C_A.J.
Appelo. U.S. Geological Survey, Water-Res. Inv. Re-
port 95-4227.

Parkhurst, D.L.. 1997. Geochemical mole-balance model-
ing with uncertain data. Water Resounrces Research, 33,
1957-1970.

Parkhurst, D.L., Plummer, L.N. & Thotstenson, D.C.
1982. BALANCE-A computer program for calculating
mass transfer for geochemical reactions in ground wa-
ter. US Geol. Survey. Water Resour. Inv. Rep. 82-14,
29pp.

Parriaux, A. 1997. The analysis of low concentration min-
eral traces: a new tool to determine the origin of water
and its pollution. In: Hydrochemistry. Proceedings of the
Rabat Symposium, April 1997, IAHS publ. no. 244,
p.125-132.

Pascaud, P. & Mauger, D., 1991. Carte hydrogéologique
du département du Calvados. BRGM, Caen.

Pearson F.J., Balderer W., Loosli H.H., Lehmann B.E.,
Matter A., Peters T., Schmassmann H. and Gautshi A.,
1991. Applied Isotope Hydrology; a case study in
Northern Switzerland. Elsevier, Amsterdam.

Pearson G. W. & Stuiver M. 1993. High-precision bide-
cadal calibration of the radiocarbon time scale 500—
2500 BC. Radiocarbon 35, 25-33.

Pearson Jr F. J., Balderer W., Loosli H. H., Lehmann B.
E., Matter A., Peters T., Schmassmann H. & Gautschi



A. 1991. Applied Isotope Hydrogeologiy, A case study in no-
thern Switzerland. Elsevier.

Pearson, F.J. & Hanshaw, B.B. 1970. Soutces of dissolved
carbonate species in groundwater and their effects on
carbon-14 dating. In: Isotope Hydrology, Proc. Symp.
IAEA, Vienna, 271-286.

Pedersen, G.K. & Sutlyk, F. 1983. The Fur Formation, a
late Palacocene ash-bearing diatomite from northern
Denmark. Geological Society of Denmark, Bulletin, 32, 43—
65.

Pelaez, M.D. 1983. Hidrodindmica en formaciones semiperme-
ables a partir de la composicion quimica y radioisotdpica del
agua intersticial: aplicacion a los limos intermedios del delta del
Liobregat. Tesis doctoral, Facultad de Ciencias Fisicas,
Universidad de Barcelona.

Peltier, W. R. 1994. Ice age paleotopography. Science, 265,
195-201.

Perens, R. & Vallner, L. 1997. Water-bearing formation.
In: Raukas, A. & Teedumie, A. (eds), Geology and min-
eral resonrces of Estonia, Estonian Academy Publishers,
Tallinn, 137-145.

Person, M., Taylor, J.Z. & Dingmain, S.L.. 1998. Sharp
interface models of salt water intrusion and wellhead
delineation on Nantucket Island, Lassachusetts Ground
Water, 36, 731.

Pewe, T. L. 1975. Quaternary Geology of Alaska. Geological
Survey Professional Paper 835, 145p.

Pinot, J. P. 1968. Littoraux wurmiens submergés a 1 ouest
de Belle-Ile. Bulletin de | Association Francaise pour | Etude
dn Quaternaire, 3, 197-210.

Piotrowski J. A. 1997. Subglacial groundwater flow during
the last glaciation in northwestern Germany. Sediment.
Geol. 111, 217-224.

Piotrowski, J. A. 1994. Tunnel-valley formation in north-
west Germany - geology, mechanisms of formation
and subglacial bed conditions for the Bornhéved tun-
nel valley. Sedimentary Geology, 89, 107-141.

Piotrowski, J. A. 1997. Subglacial hydrology in North-
Western Germany during the last glaciation: ground-
water flow, tunnel valleys and hydrological cycles. Qua-
ternary Science Reviews, 16, 169-185.

Pirazzoli, P. A. 1998. Sea level changes: the last 20 000 years.
Wiley, Chichester, 211pp.

Plummer, L.N. 1992. Geochemical modelling of water-
rock interaction: past, present, future. In Y.K. Kharaka
& A.S. Maest (Eds) Water rock interaction, Balkema,
Rotterdam, pp23-33.

Plummer, L.N. 1993. Stable isotope enrichment in pale-
owaters of the Southeast Atlantic Coastal Plain,
United States. Science, 262, 2016—2020.

Plummer, LN., J.F. Busby, R.W. Lee & B.B. Hanshaw.
1990. Geochemical Modeling of the Madison aquifer
in parts of Montana, Wyoming, and South Dakota.
Water Resonrces Research, 26, 1981-2014.

Plummer, L.N., Michel, R.L., Thurman, EM. & Glynn,
P.D. 1993. Environmental Tracers for Age Dating
Young Ground Water. In: Alley, W.M. (ed) Regional
Ground-Water Qunality. Van Nostrand Reinhold, New
York, 634 pp.

Plummer, L.N., Prestemon, E.C. & Parkhurst, D.I.. 1994.
An interactive code (NETPATH) for model]ing net
geochemical reactions along a flow path, version 2.0.
US Geol. Survey Water Resour. Inv. Rep. 94-4169,
130pp.

Pollock, D.W. 1989. Documentation of computer pro-
grams to compute and display pathlines using results

205

from the U.S. Geological Survey modular three-
dimensional finite-difference  ground-water flow
model, USGS Open File Report 89-391, 188 pp.

Poole, J. 1998. Report on noble gas analysis of fluids from Danish
PALAEAUX water samples. The Noble Gas Hydro-
geochemistry Laboratory, The Postgraduate Research
Institute for Sedimentology, Reading, UK.

Postma, D., Boesen, C., Kristiansen, H & Larsen, F. 1991.
Nitrate reduction in a sandy aquifer: Water chemistry,
reduction processes, and geochemical modeling. Water
Resources Research, 27, 2027-2045.

Punning, J.-M., Toots, M. & Vaikmde, R. 1987. Oxygen-
18 in Estonian natural waters. Isotopenpraxis, 17, 27-31.

Purdy, C.B., Burr, G.S., Rubin, M., Helz, G.R. & Mi-
gnerey, A.C. 1992. Dissolved organic and inorganic
14C concentrations and ages for coastal plain aquifers
in southern Maryland. Radjocarbon 34, 654—663.

Purtschert R., Beyerle U., Aeschbach-Hertig W., Kipfer R.
& Loosli H. H. (in preparation) Combined application
of hydrogeochemical, isotopical and noble gas meas-
urements on a prealpine paleogroundwater. .

Pyne, RD.G. 1995. Groundwater recharge and wells: a
guide to aquifer storage recovery. CRC Press, Florida,
USA.

Radwanski, A, Friis, H. & Larsen, G. 1975. The Miocene
Hagenor — Borup sequence at Lillebalt (Denmark): its
biogenic structures and depositional environment. Geo-
logical Society of Denmark, Bulletin, 24, 229-260.

Ramesh, R., Kumar, K.S., Eswaramoorthi, S. & Purvaja,
G.R. 1995. Migration and contamination of major and
trace elements in groundwater of Madras City, India.
Environmental Geology, 25, 126—130.

Rao, P.S.C. & Alley, W.M. Pesticides. 1993. In: Alley,
W.M. (ed) Regional Ground-Water Quality. Van Nostrand
Reinhold, New York, 634 pp.

Rasmussen, E.S. & Larsen, O.H. 1989. Mineralogi og
geokemi at det Qvre Miocene Gram ler. Geological Sur-
vey of Denmark, Series D, 81 pp.

Rasmussen, E.S. 1994. Sequence stratigraphic aspects of the
Tertiary successions from offshore Gabon, southern Denmark,
and the central Pyrenees. Unpublished Thesis, Aarhus
University.

Rasmussen, E.S. 1995. Vejle Fjord Formation: Mineralogy
and geochemistry. Bulletin of the Geological Society of Den-
mark, 42, 57-67.

Rasmussen, E.S. 1996. Sequence stratigraphic subdivision
of the Oligocene and Miocene succession in South
Jutland. Geological Society of Denmark, Bulletin, 43, 143—
155.

Rasmussen, E.S., Lomholt, S., Andersen, C., Vejbzk, O.V.
1998. Aspects of the structural evolution of the Lusi-
tanian Basin in Portugal and the shelf and slope area
offshore Portugal. Tectonophysics, 300, pp. 199-225.

Rasmussen, P. 1996. Monitoring shallow groundwater
quality in agricultural watersheds in Denmark. Envi-
ronmental Geology, 277, 309-319.

Rauert, W., Wolf, M., Weise, S.M., Andres, G. & Egger, R.
1993. Isotope-hydrogeological case study on the pene-
tration of pollution into the deep Tertiary aquifer in
the area of Munich, Germany. Journal of Contaminant
Hydrology, 14, 15-38.

Raukas, A. & Karukipp, R. 1994. Stagnant ice features in
the eastern Baltic. Zeitschrift fiir Geomorphologie, Neue
Folge. 95, 119-125.

Raukas, A. & Miidel, A. 1995. Fluvial activity in Estonia in
the Lateglacial and early Holocene. I: Frenzel, B. (ed)



European river activity and climatic change during the Lategla-
cial and early Holocene. Palicoklimaforschung, 14, 101-
112.

Raukas, A. 1991. Eemian interglacial record in the north-
western European part of the Soviet Union. Quaternary
International, 1012, 183-189.

Raukas, A. 1992. Late- and postglacial geological devel-
opment and human impact in Estonia. In: Hackens,
T., Lang, V. & Miller, U. (eds) Estonia: nature, man and
cuttural heritage. PACT, 37, 23-34.

Raukas, A. 1996. Late Quaternary coastal records of rapid
changes in the Eastern Baltic. Journal of Coastal Research,
12, 811-816.

Reilly, T.E. & Goodman, A.S., 1985. Quantitative analysis
of saltwater-freshwater relationships in groundwater
systems — a historical perspective. ]J. Hydrology, 80,
125-160.

Richard, N. 1996. Sedimentological examination of the
Late Weichselian sea-level history following deglacia-
tion of northern Denmark. Iz Andrews, J. T., Austin,
W. E. N,, Bergsten, H. & Jennings, A. E. (eds) Laze
Quaternary Palaeoceanography of the North Atlantic Margins.
Geological Society, London, Special Publications, 111,
261-273.

Rind, D., Peteet, D., Broecker, W., McIntyre, A. & Rud-
diman, W. 1986. The impact of cold North Atlantic
sea surface temperatures on climate: implications for
the Younger Dryas cooling (11-10 k). Climate Dynam-
ics, 1, 3-33.

Rioult, M., Coutard, J.P., Helluin, M., Pellerin, J., Larson-
neur, C., La Queriere, P. & Provost, M., 1989. Carte
géologique de la France au 1/50 000, feuille de Caen et
notice associée (104 pp). BRGM.

Robertson, W.D. & Cherry, J.A. 1989. Tritium as an indi-
cator of recharge and dispersion in a groundwater sys-
tem in central Ontario. Water Resonrces Research, 25,
1097-1109.

Robertson, W.D., Cherry, J.A. & Schiff, S.I.. 1989. At-
mospheric sulfur deposition 19501985 inferred from
sulfate in groundwater. Water Resources Research, 25,
1111-1123.

Rocha, F. & Gomes, C. 1993/94. Mineralogia de atgilas e
a reconstituicio paleogeografica dos depositos Plio-
Pleistocénicos da regido de Aveiro. Geociéneias, 8, 41—
48.

Rocha, F.J.F.T. 1993. Argilas Aplicadas a Estudos Litoestrati-
grdficos e Paleoambientais na Bacia Sedimentar de Aveiro.
Tese de Doutoramento. Departamento de Geocién-
cias, U. de Aveiro. Aveiro.

Rodrigues, A., Magalhies, F., Dias, J. M. A. 1991. Evolu-
tion on the north Portuguese coast in the last 1 8000
years. Quaternary International, 9, 67-74.

Rodriguez—Arévalo, J. 1988. Origen y movimiento del agna
intersticial en el acuitardo arcilloso de las marismas del Gua-
dalgquivir. Doctoral Thesis. Complutense University of
Madrid, Fac. C. Geoldgicas.

Romanovsky, N. N. 1985. Distribution of recent active ice
and soil wedges in the U.S.S.R. Iz Church, M. &
Slaymaker, O. (eds) Field and Theory: Lectures in Geocryol-
ogy. University of British Columbia, 154—165.

Rosbjerg, D. 1999 (ed) Mass transport in fractured aqui-
fers and aquitards. Selected papers from the confer-
ence "Mass transport in fractured aquifers and aqui-
tards", Copenhagen, May 14-16, 1998, Nordic Hydro/-
0gy, special issue, in prep.

206

Roy, C., 1987. Contribution a I'étude hydrogéologique de
la plaine jurassique du Sud de la Vendée. These de
Doctorat en  Sciences de Terre, spécialité
Hydrogéologie Thesis, Nantes, 248 pp.

Rozanski, K. & Florkowski, T. 1978. Krypton-85 dating
of groundwater. In: Isotope Hydrology 1978, wvol. II,
TAEA, 949-961.

Rozanski, K., Araguas-Araguas, L. & Gonfiantini, R. 1992.
Relation between long-term trends of oxygen-18 iso-
tope composition of precipitation and climate. Science,
258, 981-985.

Rozanski, K., Araguas-Araguas, L. & Gonfiantini, R. 1993.
Isotopic patterns in modern global precipitation. I
Swart, P.K., Lohmann, K. C., McKenzie, J. & Savin, S.
(eds) Climate Change in Continental Isotopic Records.
American Geophysical Union, Washington, Geo-
physical Monograph, 78, 1-37.

Rozanski, K., Johnsen, S. J., Schotterer, U. & Thompson,
L. G. 1997. Reconstruction of past climates from sta-
ble isotope records of palaco-precipitation preserved
in continental archives. Hydrological Sciences-Journal-des
Sciences Hydrologiques, 42, 725-745.

Rudolph J., Rath H. K. & Sonntag C. 1984. Noble gases
and stable isotopes in 14C-dated palacowaters from
Central Europa and the Sahara. Isotope Hydrology 1983,
467-4717.

Salvany, J.M, Custodio, E. 1995. Caracteristicas litoldgicas de
los depdsitos pliocuaternarios del Bajo Guadalguivir en el drea
de Donana: implicaciones hidrogeoldgicas. Rev. Soc. Geol. de
Espafa, Madrid, Spain 8(1-2): 21-31.

Sanford, W.E. 1997. Correcting for diffusion in carbon-14
dating of ground water. Ground Water, 35, 357-361.
Santa Marfa, L., Marim, A. 1910. Estudios hidroldgicos en la
cuenca del rio Liobregat. Bol. Comision Mapa Geologico

de Espafia, Madrid: 31-52.

Schlichter C., Maisch M., Suter J., Fitze P., Keller W. A,,
Burga C. A. & Wynistorf E. 1987. Das Schieferkohlen-
Profil von Gossau (Kanton Zurich) und seine strati-
graphische Stellung innerhalb der letzten Eiszeit.
Vierteljahresschrift der Naturforschenden Gesellschaft Ziirich
132(3), 135-174.

Schmidt, K.D. 1977. Water quality variations from pump-
ing wells. Ground Water, 15, 130-137.

Schilepp M. 1981. Klima und Wetter. In A#las der Schweiz;
(ed. E. Spiess), pp. 11. Verlag der Eidgendssischen
Landestopographie.

Schulz, H.D. & Reardon, E.J. 1983. A combined mix-
ing/cell/analytical model to desctibe two-dimensional
reactive solute transport for unidrectional groundwater
flow. Water Resour. Res. 19, 493-502.

Segar, D. 1993. The effect of open boreholes on ground-
water flows and chemistry. PhD thesis School of
Earth Sciences, Univ. of Birmingham, UK.

Seiler, K-P & Lindner, W. 1995. Near surface and deep
groundwaters. Journal of Hydrology, 165, 33—44.

Sejrup, H. P., Aarseth, L., Ellingsen, K.I., Reither, E. &
Jansen, E. 1987. Quaternary stratigraphy of the Fladen
area, central North Sea: a multidisciplinary study. Jour-
nal of Quaternary Science, 2, 35-58.

Sejrup, H. P., Haflidason, H., Aarseth, 1., King, E., Fors-
berg, C. I, Long. D. & Rokoengen, K. 1994. Late
Weichselian glaciation history of the northern North
Sea. Boreas, 23, 1-13.

Sha, L.P., Schwarz, C., Maenhaut van Lemberge, V., Cam-
eron, T.DJ., Zoéllmer, V., Konradi, P., Laban, C,
Streif, H. & Schiittenhelm, R'T.E. 1991. Quaternary



Sedimentary Sequences in the southern North Sea Ba-
sin. Final discipline report of the project: The Model-

ling and Dynamics of the Quaternary Geology of the
Southern North Sea and their Applications to Envi-
ronmental Protection and Industrial Developments.
Commission of the European Communities: Director-
ate General, XII, Science Programme Contract No.
SCI* -128-c 9 EDB.

Shackleton, N. J. 1987. Oxygen isotopes, ice volume and
sea level. Quaternary Science Reviews, 6, 183—190.

Shoemaker, E.M. 1986. Subglacial hydrology for an ice
sheet resting on a deformable aquifer. Journal of Glaciol-
0gy, 32, 20-30.

Siegenthaler U. & Oeschger H. 1980. Correlation of 180
in precititation with temperature and altitude. Nazure
285, 314.

Smedley, P I, Gallois R W Edmunds WM & Shand P
1995. Trace Elements in Anglian-Water Lower- Creta-
ceous Aquifers. BGS Technical Report, WD/95/45R,
103pp.

Smethie, W.M. Jr., Solomon, D.K., Schiff, SI. &
Mathieu, G. 1992. Tracing groundwater flow in the
Borden aquifer using krypton-85. Journal of Hydrology,
130, 279-297.

Smith, A.J. 1985. A catastophic origin for the palacovalley
system of the eastern English Channel. Marine Geology,
64, 65-75.

Smith, D. B., R. A. Downing, e al., 1976. The age of
groundwater in the chalk of the London basin. Water
Resources Research 12(3): 392-404.

Smith, D. B., R. L. Otlet, e a/., 1975. Stable carbon and
oxygen isotope ratios of groundwaters from the chalk
and Lincolnshire limestone.Nature 257: 783-784.

Solomon, D.K., Hunt, A. & Poreda, R.J. 1996. Source of
radiogenic helium 4 in shallow aquifers, implications
for dating young groundwater. Water Resources Research,
32, 1805-1813.

Soerensen, J.C., Gregersen, U, Breiner, M. & Michelsen, O.
1997. High-frequency sequence stratigraphy of Upper
Cenozoic deposits in the central and southeastern
North Sea areas. Marine and Petroleum Geology, 14, 99—
123.

Sorgenfrei 1958. Molluscan assemblages from the marine
Middle Miocene of South Jutland and their environ-
ments. Geological survey of Denmark, 11 rekke, 79, 166—
171.

Sorgenfrei, 1951. Oversigt over prakvartarets topografi,
stratigrafi og tektonik i omridet Fyn-Sydsjeland-
Lolland-Falster-Mon. Meddelser fra dansk geologisk foren-
ing, 12, 166-171.

Sorgenfrei, T. & Buch, A. 1964. Deep Tests in Denmark,
1935-1959. Geological Survey of Denmark, III. series,
no. 36.

Sowers T., Bender M., Labeyrie L., Martinson D., Ray-
naud D., Pichon J. J. & Korotkevich A. 1993. A
135 000-year Vostok-Specmap common temporal
framework. Paleoceanogr. 8, 737-766.

Starkel, L. 1995. Introduction to global palacohydrological
changes. In: Gregory, K. J., Starkel, I.. & Baker, V.R.
(eds) Global Continental Palaeobydrology. John Wiley,
Chichester, 1-20.

Stromberg, B. 1989. Late Weichselian deglaciation and
clayvarve chronology in east-central Sweden. Sweriges
Geologiska Untersikning. Ca73, 70pp.

Stuiver M. & Pearson G. W. 1992. Calibration of the radio-
carbon time scale, 2500—5000 BC. Springer.

207

Stuiver M. & Pearson G. W. 1993. High-precision bide-
cadal calibration of the radiocarbon time scale, AD
1950-500 BC and 2500. Radiocarbon 35, 1-23.

Stute M. & Sonntag C. 1992. Paleotemperatures derived
from noble gases dissolved in groundwater and in rela-
tion to soil temperature. In Isotopes of noble gases as tracers
in environmental studies, pp. 111-122. TAEA.

Stute M., Forster M., Frischkorn H., Serejo A., Clatk J. F.,
Schlosser P., Broecker W. S. & Bonani G. 1995b.
Cooling of tropical Brazil (5 °C) during the Last Gla-
cial Maximum. Science 269, 379-383.

Stute, M. & Deik, J. 1989. Environmental isotope study
(“C, 1BC, 180, D, noble gases) on deep groundwater
circulation systems in Hungary with reference to pa-
leoclimate. Radiocarbon, 31, 902-918.

Stute, M. & Schlosser, P. 1993. Principles and applications
of the noble gas paleothermometer. Iz: Swart, P.K,,
Lohmann, K. C., McKenzie, J. & Savin, S. (eds) C/-
mate Change in Continental Isotopic Records. American
Geophysical Union, Washington, Geophysical Mono-
graph, 78, 89-100.

Stute, M. & Talma, A.S. 1998. Glacial temperatures and
moisture regimes reconstructed from noble gases and
0180), Stampriet aquifer, Namibia. In: Isotgpe techniques
in the study of environmental change. IAEA. Vienna. pp
307-318.

Stute, M., Clark, J.F., Schlosser, P., Broecker, W.S. & Bo-
nani, G. 1995. A 30 000 yr continental paleotempera-
ture record derived from noble gases dissolved in
groundwater from the San Juan Basin, New Mexico.
QOunaternary Research, 43, 209-220.

Stuyfzand, P.J. 1991. A new hydrochemical classification
of water types: Principles and application to the
coastal-dunes aquifer system of the Netherlands. In
Hydrogeology of Salt Water Intrusion. A selection of SWIM
Papers (Ed. W. De Breuck). I.A.H. International Con-
tributions to Hydrogeology, vol. 11, 329-343. Ed.
Verlag Heinz Heise.

Surlyk 1997. A cool-water carbonate ramp with bryozoan
mounds: Late Cretaceous-Danian of the Danish Basin.
In: James, N.P. & Clake, J.B.A. (eds) Cool-water Carbon-
ates. Society of Economic Palacontologist and Miner-
alogist, Special Publication, 56, 293-307.

Svennson. H. 1992. Frost fissure patterns in the nordic
countries. Geografiska Annaler. T4A, 207-218.

Svensson, H. 1988. Ice -wedge casts and relict polygonal
patterns in Scandinavia. Journal of Quaternary Science, 3,
57-67.

Tamers M. A. 1967. Radiocarbon ages of groundwater in
an arid zone unconfined aquifer. In Isotgpe Technique in
the Hydrological Cycle, Vol. 11, pp. 143—152. American
Geophysical Union Monograph.

Tamers, M.A. 1975. Validity of radiocarbon dates on groundwa-
ter. Geophys. Surv. 2: 217-239.

Taylor, C. 1999. Carbon isotopes: processes and ground-
water residence times. In: Cook, P.G & Herczeg, A.
(eds) Emnvironmental Tracers in Subsurface Hydrology, In
prep.

Taylor, C.B, Fox, V.J., Brown, L.J. & Bekesi, G. Envi-
ronmental isotopes applied in a study of the hydro-
geology of the Manawatu aquifers, North Island, New
Zealand. Submitted to Journal of Hydrology.

Teixeira, C. & Zbyszewski, G. 1976. Carta Geoldgica de Por-
tugal, 1:50 000. Noticia Explicativa da Folha 16-A,
Aveiro. Servigos Geoldgicos de Portugal, Lisboa.



Tellam, J.H. 1992. Reversed flow test: a borehole logging
method for estimating pore water quality and inflow
rates along an uncased borehole profile. Groundwater
Monitoring Review, 146—154.

Thomsen, S. & Friborg, R. 1992. Mapping the deep-seated
aquifers in Southern Jylland. Vandreknik, 10, 544552,
(In Danish).

Thonnard, N., Mckay, L.D., Cumbie, D.H. & Joyner, C.F.
1997. Status of Laser-based krypton-85 analysis devel-
opment for dating of young groundwater. Abstracts
with Programs - Geological Society of America, 1997 annual
meeting, october 20-23, Salt Lake City, Utah, p. A-78.

Tolstikhin, 1., Lehmann, B.E., Loosli HH. &
Gautschi, A. 1996. Helium and Argon Isotopes in
Rocks, Minerals and related Groundwaters: a case
study in Northern Switzerland. Geochim. Cosmochim.
Acte.

Torgersen T., J.N. Andrews & J.-Ch. Fontes 1993. Com-
ment on ”Chlorine 36 dating of very old groundwater
3: Further results on the Great Artesian Basin, Austra-
lia”, Water Resour. Res. 29, 1871-1874.

Torgersen, T., M.A. Habermehl, F.M. Philips, D. Elmore,
P. Kubik, B. Geoffrey Jones, T. Hemmick &
Gove HE. 1991. Chlorine 36 dating of very old
groundwater, 3. Further studies in the Great Artesian
Basin, Australia Water Resour. Res. 27, 3201-3213.

Toth, J.A. 1963. A theoretical analysis of groundwater
flow in small drainage basins. Journal of Gegphysical Re-
search, 68, 4795-4811.

Travi, Y. 1993. Hydrogéologie et hydrochimie des
aquiferes du Sénégal. Hydrogéochimie du fluor dans
les eaux soutetraines. Mémoire N°95, 134 pp.

Trick, T. 1998. Impactos de las extracciones de agna subterranea
en Dosnana: aplicacion de un modelo numeérico con consideracion
de la variabilidad de la recarga. Doctoral Thesis. Polytech-
nical University of Catalonia. UPC Barcelona.

Trudell, M.R., Gillham, R.W. & Cherry, J.A. 1986. An in-
situ study of the occurence and rate of denitrification
in a shallow unconfined sand aquifer. Journal of Hydrol-
0gy, 86, 251-268.

University of Birmingham 1978. South Humberbank Sa-
linity Research Project, University of Birmingham, 99p
plus appendix volumes.

Vaikmae R., 1990. Isotope variations in the temperate
glaciers of the Eurasian Arctic. Int. J. Rad. Appl. Instr.,
Part E, Nuclear Geophysics 4, (1), 45-55.

Vaikmae R., Michel F.A. & Salomatin V.J., 1993. Mor-
phology, stratigraphy and Oxygen isotope composi-
tion of fossil glacier ice at Ledyanaya Gora, NW Sibe-
ria, Russia. Boreas 22, 205-213.

Vaikmie, R. & Vallner, L. 1989. Oxygen-18 in Estonian
groundwaters. Iz Fifth working meeting “Isotopes in Na-
ture”, Leipzig 25-29.September, Leipzig, 161-162.

Vallner, L. 1997. Groundwater flow. Iz: Raukas, A.&
Teedumie, A. (eds) Geology and mineral resources of Esto-
nia, Estonian Academy Publishers, Tallinn, 145-152.

Valocchi, A.J., Street, R.L. & Roberts, P.V. 1981. Trans-
port of ion-exchanging solutes in groundwater: chro-
matographic theory and field simulations. Water Resour.
Res. 17, 1517-1527.

van Camp, M. & Walraevens, K. Impact of Late-
Pleistocene and Holocene  palaco-environmental
changes on the fresh-salt water distribution in the Eo-
Oligocene aquifers under North-West Belgium. 757
Salt Water Intrusion Meeting, Ghent, 1998. Proceedings (in
press).

208

van Camp, M., Walraevens, K., de Breuck, W. 1998.
Groundwater investigation deep aquifer — phase 3. (in
Dutch). 53 p. + figures + plates + annexes. Project
commissioned by the Province of Zealand, Direction
Environment and Water, Department Water Man-
agement (teport TGO 96/43).

van Dam, J.C. (1997). Seawater intrusion in coastal aqui-
fers: guidelines for studying, monitoring and control.
FAO, Water Reports 11. Roma: 1-152.

van der Kemp, W.J.M., Appelo, C.A.J. & Walraevens, K.
1998. Inverse chemical modelling and radiocarbon
dating of palacogroundwaters: The Tertiary Ledo-
Paniselian aquifer in Flanders, Belgium. Submitted
Water Resources Research.

van Everdingen, R.O. (ed) Multi-langnage glossary of perma-
Jfrost and related gronnd-ice terms. International Permafrost
Association, The University of Calgary printing Ser-
vices, Calgary, Canada, 311p.

van Weert, F.H.A., van Gijssel, K., Leijnse, A. & Boulton,
G.S. 1997. The effects of Pleistocene glaciations on
the geohydrological system of Northwest Europe.
Journal of Hydrology, 195, 137-159.

Vandenberghe, J. & Pissart, A. 1993. Permafrost changes
in Burope during the Last Glacial. Permafrost and Peri-
Zlacial Processes, 4, 121-135.

Vanney, J. R. & Mougenot, D. 1981. La plate-forme con-
tinentale du Portugal et les provinces adjacents: ana-
lyse geomorphologique. Memdrias dos Servicos Geoldgicos
de Portugal, 26, 86pp.

Vanney, J.R. 1970. L’hydrologie du Bas Guadalguivir. Publ.
Dpto. Geografia Aplicada. CSIC. Madrid. 1-176.

Vasak, L., Krajenbrink, G.].W & Appelo, C.A.J. 1981. The
spatial distribution of polluted groundwater from rural
centres in a recharge area in the Netherlands — The
Veluwe. The Science of the Total Environment, 21, 105-112.

Velegrakis, A.F., Dix, J. K. & Collins, M.B. 1999. Late
Quaternary evolution of the upper reaches of the So-
lent river, southern England, based upon marine geo-
physical evidence. Journal of the Geologocial Society, 156,
73-87.

Verger, F. Bresson, G., Limasset, O., Barruol, J., Gabilly,
J., Ducloux, J. & Barusseau, J.P., 1975. Carte
géologique de la France au 1/50 000, feuille de
I'Aiguillon-sur-Mer et notice associée (22 pp). Edition
du BRGM.

Villumsen, A. 1985. Chemical limitations for increased ex-
ploitation of groundwater resources in Denmark. Scien-
tific Basis for Water Resources Management (Proceed-
ings of the Jerusalem Symposium, September 1985),
IAHS Publ. no. 153, 423-431.

Walker, M.J.C. 1995. Climatic changes in Europe during
the Last Glacial/Interglacial transition. Quaternary In-
ternational, 28, 63—76.

Walker, M.J.C., Bohncke, S.J P., Coope, G.R., O’Connell,
M, Usinger, H. & Verbruggen, C. 1994. The Deven-
sian/Weichselian Late-glacial in northwest Europe
(Ireland, Britain, north Belgium, The Netherlands,
northwest Germany). Journal of Quaternary Science, 9,
109-118.

Walraevens K., 1988. Groundwater quality in the Tertiary
Ledo-Paniselian aquifer in Belgium as a result of fresh-
water intrusion into sediments in chemical equilibrium
with the sea. Proc. 10th Salt Water Intrusion Meeting,
Ghent, 1988, 30—44.

Walraevens K., 1990. Natural isotope research on
groundwater from the semi-confined Ledo-Paniselian



aquifer in Belgium: application of 14C-correction
methods. Natuurwetenschappelijk Tijdschr. 72, 79-89.

Walraevens, K, 1988. Application of mathematical model-
ing of the groundwater flow in the Ledo-Paniselian
semi-confined aquifer. Computer modeling of groundwater
Slow problems. V.U.B. Hydrologie 14, 95-114.

Walraevens, K. & Cardenal, J. 1994. Aquifer recharge and
exchangeable cations in a Tertary clay layer (Bartonian
clay, Flanders-Belgium). Mineralogical Magazine 58A,
955-956.

Walraevens, K. & Cardenal, J. Preferential pathways in an
Eocene clay: Hydrogeological and hydrogeochemical
evidence. Physical Properties of Muds and Mudstones. Geo-
logical Society Special Publication (in press).

Walraevens, K. & Cardenal, J. Preferential pathways in an
Eocene clay: Hydrogeological and hydrogeochemical
evidence. In : Physical Properties of Muds and Mud-
rocks (eds. A. Aplin ez al., ). Geological Society Special Pub-
lication (in press).

Walraevens, K. & Cardenal, J. Reaction transport model-
ling of a freshening aquifer (Tertiary Ledo-Paniselian
aquifer, Flanders-Belgium) (submitted to Ground Wa-
ter).

Walraevens, K. & Lebbe, L. 1989. Groundwater quality in
the Tertiary Ledo-Paniselian aquifer in Belgium as a
result of fresh-water intrusion into sediments in
chemical equilibrium with the sea. 70h Salt Water In-
trusion Meeting, Ghent, 1988. Proceedings 30-44, Ghent
30-44.

Walraevens, K. 1987. Hydrogeology and hydrochemistry of the
Ledo-Paniselian in East- and West- Flanders, PhD thesis
(in Dutch). University of Gent, 350p.

Walraevens, K. 1990. Hydrogeology and hydrochemistry
of the Ledo-Paniseliaan semi-confined aquifer in East-
and West-Flanders. Academziae Analecta 52, 12—66.

Walraevens, K. 1990. Hydrogeology and Hydrochemistry
of the Ledo-Paniseliaan semi-confined aquifer in East-
and West-Flanders, AWLSK Brussel.

Walraevens, K., Van Burm, P., Van Camp, M., Lebbe L.,
De Ceukelaire, M. & De Breuck, W. 1990. Modélisa-
tion hydrodynamique des nappes aquiferes du socle
paléozoique et du Landénien dans les Flandres belges
et francaise.

Walter, A.L., Frind, E.O., Blowes, D.W., Ptacek, CJ. &
Molson, J.W. 1992. Modelling of multicomponent re-
active transport in groundwater. 1. Model develop-
ment and evaluation. Water Resour. Res. 30, 3137-3148.

Washburn, A. L. 1979. Geocryology. Edward Arnold, Lon-
don.

Washburn, A. L. 1980. Permafrost features as evidence of
climatic change. Earth Science Reviews, 15, 327-402.

Webb, T. III. & Kutzbach, J. E. 1998. An introduction to
“Late Quaternary climates: data syntheses and model
experiments”. Quaternary Science Reviews, 17, 465—471.

Weert, F.H.A. van, Gijssel, K. van, Leijnse, A. & Boul-
ton, G.S. 1997. The effects of Pleistocene glaciations
on the geohydrological system of Northwest Europe.
Journal of Hydrology, 195, 137-159.

Whitaker, W. 1910. The water supply of Hampshire.
Mem. Geol. Surv. England and Wales. British Geo-
logical Survey.

Wilson, G.B. & McNeill, G.W. 1997. Noble gas recharge
temperatures and the excess air component. Applied
Geochemistry, 12, T47-762.

209

Wilson, RD. & Mackay, D.M. 1993. The use of sulphur
hexafluoride as a conservative tracer in saturated sandy
media. Ground Water, 31, 719-724.

Wingfield, R'T'R. 1989. Glacial incisions indicating Middle
and Upper Pleistocene ice limits off Britain. Terra
Nova, 1, 538-548.

Wingfield, R'T.R. 1990. The origin of major incisions
within the Pleistocene deposits of the North Sea. Ma-
rine Geology, 91, 31-52.

Wohlfarth, B., Bjorck, S., Possnert, G., Lemdahl, G.,
Brunnberg, L., Ising, L., Olsson, J. & Svensson, N.O.
1993. AMS dating the Swedish varved clays of the last
glacial/interglacial transition and the potential difficul-
ties of calibrating Late Weichselian absolute chronolo-
gies. Boreas, 22,1 13-129.

Wunderly, M.D., Blowes, D.W., Frind, E.O. & Pta-
cek, C.J. 1996. Sufide mineral oxidation and subse-
quent reactive transport of oxidatioon products in
mine tailing impoundments: a numerical model. Warer
Resour. Res. 32, 3173-3187.

Wyssling L. & Wyssling G. 1978. Interglaziale Seeab-
lagerungen in einer Bohrung bei Uster (Kt. Zirich).
Eclogae geol. Hely. T1, 357-375.

Wyssling L. 1988. Hydrogeologische Erforschung des tiefliegenden
Grundwasserstromes im oberen Glattal/ ZH. Baudirektion
des Kantons Zurich, Amt fiir Gewisserschutz und
Wasserbau.

Xu, T., Samper, J., Ayora, C., Manzano, M., Custodio, E.
1999. Modeling of non—isothermal multi—component reactive
transport in field scale porous media flow systems. ]. of Hy-
drology, 214: 144-164.

Yeh, G.T. & Tripathi, V.S. 1989. A critical evaluation of
recent developments in hydrogeochemical transport
models of reactive multichemical components. Water
Resour. Res. 25, 93—108.

Yezhova, M., Polyakov, V., Tkachenko, A., Savitsky, L. &
Belkina, V. 1996. Palacowaters of Northern Estonia
and their influence on changes of resources and the
quality of fresh groundwaters of large coastal water
supplies. Geologija, 19, 37-40.

Younger, P.L. & McHugh, M. 1995. Peat development,
sand cones and palacohydrology of a spring-fed mire
in East Yorkshire, UK. The Holocene, 5, 59—67.

Younger, P.L. 1989. Devensian periglacial influences on
the development of spatially variable permeability in
the Chalk of southeast England.Quarterly Journal En-
gineering Geology 22: 343-354.

Younger, P.I.. 1993. Paleohydrogeological reconstructions
of the North Lincolnshire Chalk, UK, for the last
140 000 years - comment. Journal of Hydrology, 143,
505-510.

Zagwijn, W. & Paepe, R. 1968. Die Stratigraphie der
weichselzeitlichen Ablagerungen der Niederlande und
Belgiens. Eisgeitalter und Gegenwart, 19, 129-146.

Zazo, C., Goy, J. L., Lario, J. & Silva, P.G. 1996. Littoral
Zone and Rapid Climatic Changes during the Last
20 000 Years. The Iberian Study Case. Zeitschrift fiir
Geomorphologie, 102, 119-134.

Zazo, C., Goy, J. L., Somoza, L., Dabrio, CJ., Belluo-
mini, G., Lario, J., Bardaji, T. & Silva, P.G. 1994.
Holocene sequence of sea-level fluctuations in relation
to climatic trends in the Atlantic-Mediterranean link-
age coast. Journal of Coastal Research, 4, 933-945.

Zazo, C., Hillaire-Marcel, C.I., Goy, J.I.., Ghaleb, B. &
Hoyos, M. 1997. Cambios del nivel del mar-clima en



los dltimos 250 ka (Canarias Orientales, Espafa). Bo- transport at large scales. Journal of Hydrology, 158, 19—

letin Geoldgico y Minero, 108, 487—497. 46.
Ziegler, P.A. 1978. North-Western Europe: tectonics and Zuber, A. 1986. Mathematical models for the interpreta-
basin development. Geologie en Mijnbouw, 57, 589—626. tion of environmental radioisotopes in groundwater
Ziegler, P.A. 1982. Geological atlas of Western and Central systems. Handbook of Environmental Isotope Geo-
Eurgpe. Elsevier, Amsterdam. chemistry (P. Fritz & J.Ch. Fontes, ed.). Vol. 2. El-
Zuber, A. & Motyka, J. 1994. Matrix porosity as the most sevier: 1-59.

important parameter of fissured rocks for solute

210



Appendix: Project publications and presentations

The detailed scientific results of this project, after a full
peer-review process will be published shortly as a Special
Publication of the Geological Society of London.

In addition, the publications and presentations listed be-
low, which have been made (or are to be made shortly) by
PALAEAUX partners, have arisen from work funded
wholly or in part by the PALAEAUX project.

Appelo, C.A.J. 1997. ‘Multicomponent ion-exchange and
chromatography in natural systems’, pp 193-227. In
Lichtner, P.C,; Steefel, C.I; Oclkers, E.H. ed.), ‘Reac-
tive Transport in Porous Media’. Reviews in Mineral-
ogy, Mineralogical Society of America, vol. 34.

Barbecot, F., Matlin, C., Gibert, E. and Dever, L. 1997.
Origin of salty water in a coastal aquifer : example of
the Bathonian aquifer (North of France). European
Union of Geosciences Meeting. E.U.G. 9, Stras-
bourg,23-27 March 1997.

Batrbecot, F., Matlin, C., Gibert, E. and Dever, L. 1997.
Geochemical evolution of a coastal aquifer to a Holo-
cene sea-water intrusion (Dogger aquifer in northern
France). In International Symposium on Isotope
Techniques in the Study of Current and Past Envi-
ronmental Changes in the Hydrosphere and the At-
mosphere report, INEA-SM-349/15. In press

Barbecot, F., Matlin, C., Gibert, E. and Dever, L. 1998.
Identification d'un biseau salin dans l'aquifere cotier
du Bajocien-Bathonien de la region de Caen (France).
CRAS (Compte-Rendus de I'"Academie des Sciences de
Paris). In press

Batrbecot, F., Matlin, C., Gibert, E. and Dever, .. 1998.
Halogen geochemistry of a middle Jurassic calcareous
aquifer in northern France. Ninth International Sym-
posium on Water-Rock Interaction.

Barbecot, F., Matlin, C., Gibert, E. and Dever, .. 1998.
Apports des interactions fluide-roche a l'etude des
conditions de paleotecharge d'un aquifere coter : l'ex-
emple de l'aquifere calcaire de Bajocien-Bathonien de
la region de Caen (Calvados). Reunion des Sciences de
la Terre, Symposium 5c Circulation des fluides et in-
teraction fluide-roche. Brest, France, 31 Mars- 3 Avril
1998.

Buckley, D.K. 1996. ‘Report on geophysical logging of a
borehole at Tangmere Airfield near Chichester’. Tech-
nical Report No. WD/96/34C, Hydrogeology Seties,
British Geological Survey. Keyworth, Nottinghamshire.

Buckley, D.K. 1996. ‘A review and interpretation of geo-
physical logging performed for the Wareham
Groundwater  Project’.  Technical Report No.
WD/96/45C, Hydrogeology Serties, British Geological
Survey. Keyworth, Nottinghamshire.

Buckley, D.K. 1998. ‘Geophysical logging in boreholes of
the Chalk aquifer of the South Downs’. In Jones, H.K.
and Robins, N.S. (editors): ‘National groundwater sur-
vey: hydrogeology of the Chalk aquifer of the South
Downs’. Research Report, Chalk Aquifer Research Se-
ries, British Geological Survey. Keyworth, Nottingham-
shire. In press.

211

Buckley, D.K. and Edmunds, W.M. 1998. ‘Geophysical
logging and chemical sampling of the Sompting
Greensand borehole — twenty years on’. Technical Re-
port No. WD/98/10C, Hydrogeology Series, British
Geological Survey. Keyworth, Nottinghamshire.

Buckley, D.K.; Smedley, P.L.; Williams, A.T. 1996. ‘Re-
port on phase 2 investigations at Reculer, North
Kent’. Technical Report No. WD/96/66C, Hydrogeol-
ogy Series, British Geological Survey. Keyworth, Not-
tinghamshire.

Custodio, E. 1997. ‘Recarga a los acuiferos: aspectos gen-
erales sobre el proceso, la evaluacién y la incertidum-
bre’, pp 19-39. In ‘La evaluaciéon de la recarga a los
acuiferos en la planificacién hidrolégica.” Asociacion
Internacional de Hidrogedlogos - Grupo Espafiol. In-
stituto Tecnolégico Geominero de Espafia, Las Pal-
mas de Gran Canaria.

Custodio, E. 1997. ‘Evaluacién de la recarga por la lluvia
mediante métodos ambientales quimicos, isotopicos y
térmicos’, pp 83-109. In ‘La evaluacién de la recarga a
los acuiferos en la planificacién hidrolégica.” Asocia-
cion Internacional de Hidrogedlogos - Grupo
Espafol. Instituto Tecnolégico Geominero de
Espafa, Las Palmas de Gran Canaria.

Edmunds, W.M. 1996. ‘Groundwater quality in the Chalk -
Lulworth to Poole Harbour’. Technical Report No.
WD/96/49C, Hydrogeology Seties, British Geological
Survey. Keyworth, Nottinghamshire.

Edmunds, W.M. 1998. ‘Groundwaters as archives of palaco-
climatic and palacoenvironmental information in the
coastal areas of Furope’. Poster presentation at IGBP-
PAGES Open Science Meeting, London, 20-23 April
1998.

Edmunds, W.M. 1998. Groundwater emplacement in
European coastal aquifers since the late Pleistocene:
implications for development. Proc EU Workshop on
water related conflicts of interests in the Alpine envi-
ronment: Warmbad-Villach Austria.

Edmunds, W M. 1998. Management of coastal aquifers in
Europe: palacowaters, natural controls and human in-
fluence. Proc. European Climate Science Conf. Vienna. 8pp.

Harrar, B. and Hinsby, K. 1997. ‘Response of a coastal aqui-
fer system to base level changes during the Holocene’.
European Research Conference: Glacial-Interglacial Sea-
level Changes in Four Dimensions - Evidence of sea-
level and of Linked Environmental Changes at the Land-
Ocean Interface, Blarney, Co. Cork, Ireland, 5-10 March.

Hinsby, K. 1996. ‘The combined use of isotopes and CFC-
gases in groundwater studies: three case studies from
Denmark.” First Research Co-ordination Meeting of the
TIAEA, Co-ordinated Research Programme on: Use of
isotopes for analyses of flow and transport dynamics in
groundwater systems’. Université P. et M. Curie, Paris,
France, December 2-5.

Hinsby, K. 1996. ‘Management of Coastal Aquifers in
Europe - palacowaters, natural controls and human in-
fluence.” Presentation of the PALAEAUX project and
the Danish study area, Academy for the Technical Sci-
ences, region west, University of Aarhus, Denmark,
November.



Hinsby, K. and Harrar, W.G. 1997. ‘PALAEAUX - Man-
agement of Coastal Aquifers in Europe - palacowaters,
natural controls and human influence.” Poster presen-
tation of the EC-project “PALAEAUX?”, funded un-
der the EC Fourth Framework Programme (Climatol-
ogy and Natural Hazards), ENV4-CT95-0156. Euro-
pean Water Resources Association Conference ‘Op-
erational Water Management’, Copenhagen, Denmark,
3-6 September.

Hinsby, K.; Harrar, W.G. and Nyegaard, P. 1997. “The
Ribe Formation - A deep-seated coastal aquifer in
Western Denmark.” Poster presentation of the Danish
study atrea in the EC-project “PALAEAUX”, ENV4-
CT95-0156, at the European Water Resources Asso-
ciation Conference ‘Operational Water Management’,
Copenhagen, Denmark, 3-6 September.

Hinsby, K.; Larsen, F.; Nielsen, O.J and Laier, T. 1998.
‘The age of groundwater’. Naturens Verden, 2, In dan-
ish. (includes a short presentation of the PALAEAUX
project).

Hinsby, K.; Larsen, F.; Nielsen, O.J and Laier, T. 1998.
‘The age of groundwater’. Naturens Verden, 2. In dan-
ish. (includes a short presentation of the PALAEAUX
project).

Iglesias, M.; Lambdn, J.; Cardoso, G. and Custodio, E.
1997. ‘El balance de cloruros como indicador de la re-
carga: ejemplos recientes.” pp 357-366. In ‘La evalua-
cion de la recarga a los acuiferos en la planificacion
hidrolégica.” Asociacién Internacional de Hidrogeolo-
gos - Grupo Espafiol. Instituto Tecnolégico Geomin-
ero de Espafia, Las Palmas de Gran Canaria.

Loosli, H.H., Lehmann, B., Aeschbach-Hertig, Kipfer, R.,
Edmunds, W.M., Eichinger, L., Rozanski, K., Stute,
M., Vaikmae, R. 1998. Tools used to study palaeocli-
mate help in water management. Eos, 79, 581-582

Matlin, C., Barbecot, F., Gibert, E. and Dever, L. 1998.
Origine des eaux salees dans l'aquifere cotier du Dog-
ger captif sous le Marais Poitevin (Vendee). Reunion
des Sciences de la Terre, Symposium 5c¢ Circulation
des fluides et interaction fluide-roche. Brest, France,
31 Mars- 3 Avril 1998.

Melo, M.T; Marques da Silva, M.A. and Edmunds, W.M.
1998. ‘Evolugio Hidroquimica do Sistema Mul-
tiaquifero Cretacico do Baixo Vouga — Aveiro, Portu-
gal’. 4°. Congresso da Agua, Lisbon, 23-27 March.

Melo, M.T; Edmunds, W.M. and Marques da Silva, M.A.
1998. ‘Hydrochemistry and flow modelling of the
Aveiro multilayer Cretaceous aquifer.” XXIIT General
Assembly of the European Geophysical Society, Nice,
20-24 April 1998.

Oliveira, SN.P. 1997. “The impact of glaciers in ground-
water: Boulton’s theories and Modflow modelling of
the East Midlands Triassic sandstone aquifer’. MSc
thesis. University College London, London, UK.

van der Kemp, W.J.M.; Appelo, C.A.J. and Walraevens, K.
1997. ‘Inverse chemical modelling and radiocarbon

212

dating of palacowaters: accounting propetly for varia-
tions in soil CO; pressures and 6'°C. 3rd Mini Confet-
ence on Recharge Temperatures, Palacowaters and
Climate, 31 August — 4 September, Kastanienbaum,
Switzerland.

van der Kemp, W.J.M.; Appelo, C.A.J. and Walraevens, K.
1997. ‘Inverse chemical modelling and radiocarbon
dating palaco-groundwaters: the Tertiary Ledo-
Paniselian aquifer in Flanders, Belgium.” submitted to
W ater Resources Research.

Walraevens, K.; de Smet, D.; de Breuck, W.; Henriet, J.P.
and de Batist, M. 1996. ‘Palaco and present-day fluid
flow through Eocene clay layers in Flanders.” Clay
Club, Joint NEA/EC Workshop, Bern, 10-12 June.

Walraevens, K. 1997. ‘Preferential pathways in an Eocene
clay: hydrogeochemical evidence.” Mudrocks at the
Basin Scale: Properties, Controls and Behaviour, The
Geological Society, London, 28-29 January.

Walraevens, K. and Cardenal-Escatrcena, ] 1998. ‘Reaction
transport modelling of a freshening aquifer (Tertiary
Ledo-Paniselian aquifer, Flanders, Belgium’ submitted
to Water Resources Research.

Walraevens, K.; Cardenal-Escarcena, J.; de Smet, D. and
de Breuck, W. 1998. ‘Hydrogeological and hydrogeo-
chemical evidence for the present-day existence of
preferential pathways in the Bartonian clay.” Fluid
Flow Through Faults and Fractures in Argillaceous
Formations’, OECD, pp. 369-388.

Walraevens, K. 1998. ‘Natural isotopes in groundwater of
the Tertiary Ledo-Paniselian aquifer in FEast- and
West-Flanders.” Liber Amicorum in honour of Prof.
Dr. W. De Breuck (in press).

Williams, A.T.; Oliveira, S.; Barker, ]. 1998. ‘Using MOD-
FLOW to assess the possible impact of glaciation on
flow paths in the East Midlands Triassic aquifer’.
Technical Report No. WD/98/15, Hydrogeology Se-
ries, British Geological Survey. Keyworth, Notting-
hamshire.

There have also been newspaper articles and TV-features

about the PALAEAUX activities, especially from the ac-

tive Danish group:

Clean water from the past. Berlingske Tidende, 9.12.1997,
pp.1.

The hunt for virgin groundwater. Berlingske Tidende,
9.12.1997, section 4 (Univers), p.6-7.

Viking age rain is excellent drinking water. Jydske Vestkys-
ten, 6.1.1998, p.1.

The hunt for clean water from the ice age. Jydske Vestkys-
ten, 6.1.1998, section 1, p.3.

TV-syd (regional TV station), approx. 5 minutes on the
new well on Remo and the PALAEAUX project in
the 22.20 news, 9.2.1998.



