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Introduction

Background

The hydrogeology of coastal aquifers has been studied intensively during the past
decades, stimulated by both scientific interest and societal relevance. Practical hy-
drological problems in coastal areas are typically connected to contamination of fresh
water resources by seawater and include amongst others well field salinization, crop
damage and surface water quality deterioration. Proper management of available
groundwater reserves is impossible without knowledge of the spatial distribution of
fresh and saline groundwater and the processes that determine the evolution hereof.

The traditional conception of the spatial distribution of fresh and saline ground-
water in a coastal aquifer comprises a fresh water lens overlying a salt-water wedge
on land and saline groundwater below the seafloor (Hubbert, 1940). Application of
this concept is restricted to areas where the position of the coastline has remained
stable sufficiently long to reach equilibrium. This situation, however, is the excep-
tion rather than the rule as global sea level fluctuates on a geological timescale and
coastlines consequently migrate. Notably the effects of the sea level lowstand during
the last glaciation (Weichselian, 110 — 10 ka BP) and the subsequent sea level rise
during the Holocene (10 ka BP — present) are still recognized in coastal groundwa-
ters today (e.g Edmunds, 2001). As a result, saline groundwater is often encountered
far inland from the current coastline or, conversely, fresh groundwater is found up
to tens of kilometers offshore.

As the present-day distribution of fresh and saline groundwater in coastal aquifers
still reflects former environmental conditions, it is often unclear to what extent
the current situation is the result of long-term effects or recent (anthropogenic)
changes. Understanding the processes and factors that control the evolution of saline
water in the subsurface over periods of thousands of years is an academic challenge
and at the same time of important practical use for water resource evaluation and
seawater intrusion studies. Insights can be based on interpretations of the observed
groundwater composition and/or modelling studies. Applications of numerical codes
to study fresh-salt water dynamics on a geological timescale (e.g. Oude Essink, 1996;
Groen et al., 2000a; Kooi et al., 2000; Harrar et al., 2001; Person et al., 2001) are
relatively rare. The paleohydrological development of coastal groundwater systems
was given considerable attention, however, in hydrochemistry and isotope hydrology
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(e.g. Walraevens, 1987; Beekman, 1991; Appelo, 1994; Van der Kemp et al., 2000).

In the Netherlands, interest in groundwater salinization developed during the
second half of the 19*" century when the search for drinking water near the city of
Amsterdam revealed the occurrence of saline groundwater (Harting, 1852; Drabbe
and Badon Ghijben, 1888). At present, the Pleistocene coastal aquifers are among
the most heavily-investigated hydrogeological systems in the world. A dense net-
work of observation wells and systematic geo-electrical surveys have shown that the
subsurface salinity distribution is very heterogeneous.

Many authors attempted to explain the occurrence of saline groundwater in the
Pleistocene aquifer system of the Dutch coastal area (Lorie, 1899; Dubois, 1903;
Wintgens, 1911; Versluys, 1931; Geirnaert, 1972; De Vries, 1974; Appelo and Geir-
naert, 1991; Stuyfzand, 1993; Oude Essink, 1996) and competing theories developed
about the processes through which seawater entered the aquifers (Versluys, 1931;
Volker, 1961; Meinardi, 1974; Pomper, 1978; Beekman, 1991; Gieske, 1991). The
origin of the saline groundwater is still not fully understood, however, because many
studies remained of a qualitative character, had only local applicability or did not
consider and integrate all available data. This thesis strives to complement and ex-
tend previous work by adopting the quantitative methods available today, combining
numerical, chemical and isotopic techniques.

End and means

The primary objective of this thesis is to develop quantitative understanding of
the processes that caused salinization of groundwater in the coastal area of the
Netherlands! during the Holocene under natural conditions. It is expected that
understanding of the paleohydrological evolution and the connected processes from
this extremely well-documented area has generic applicability and can be used to
explain salinity patterns in aquifer systems where data are less abundant.

Even when a wealth of observations exists, the interpretation of the salinity dis-
tribution in aquifers is extremely complicated. Much of the uncertainty is related to
the fact that the circumstances under which the saline waters formed are unknown
or no longer exist. The timescales of reaction to changing boundary conditions
differ between hydraulic and hydrochemical systems, which often means that wa-
ter quality patterns are the result of multiple consecutive flow systems. Additional
complications arise from the fact that man has sometimes altered the hydrogeologi-
cal conditions to such an extent that it has become difficult to assess whether such
patterns reflect the natural situation. This is particularly the case in the Dutch
coastal area where water management and land reclamation practices have dramati-
cally changed the hydrological and topographical conditions during the last 1000 y.

n this thesis, the coastal area of the Netherlands denotes that part of the country in which
marine conditions were established during the Holocene and approximately coincides with the area
that has an elevation below sea level.
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An approach is used here that combines different earth-scientific disciplines in an
attempt to overcome these difficulties. The disciplines comprise:

hydrochemistry and isotope hydrology to constrain age and provenance of the
brackish and saline groundwater

study of the pore water composition of confining units to reconstruct former
environmental conditions and identify processes that controlled salinization

numerical transport modelling to simulate the conditions that existed when
the sea covered the present land surface during the Holocene

Quaternary geology to reconstruct paleogeographical developments

This thesis demonstrates that in order to understand the hydrogeology of coastal
areas, insights from all these individual subdisciplines have to be taken into account.

Thesis outline

The main body of this thesis consists of six chapters. Each chapter, except chapter 6,
is based on a paper that has been submitted to or accepted by peer-reviewed journals.
A subdivision into three parts was made, each part containing two chapters:

Part I reviews existing observations from the Pleistocene aquifers in the coastal
area. In chapter 1 the present-day salinity distribution is used to identify
patterns that may be related to the processes that caused salinization. Chapter
2 focuses on establishing the age and provenance of the brackish and saline
groundwater based on its stable isotope and radiocarbon signature.

Part II deals with the study of the pore water composition in confining units.
Chapter 3 presents the results of a study of a formerly-fresh clay bed below the
North Sea that currently becomes more saline by diffusion of dissolved salts
from the overlying seawater. A similar study was undertaken on the island of
Texel where anomalously-high Cl concentrations (i.e., higher than seawater)
are encountered, which will be discussed in chapter 4.

Part TII discusses the results of numerical transport modelling. In chapter 5
a relation between permeability and the rate of salinization by free convection
is sought. The effect of complicating factors such as sedimentation and the
presence of low-permeability strata in the subsurface is treated quantitatively
in chapter 6

The final chapter (synthesis) summarizes the main conclusions from the foregoing
chapters to provide an overview of the controls on salinization of coastal aquifers
during transgressions and discusses the hydrogeological implications.






Part I: review of existing
observations from the Pleistocene
aquifers






Chapter 1

Relation between geological history and
groundwater salinity

Abstract

A data set consisting of chemical (chlorinity) and geo-electrical measure-
ments was compiled from existing studies and archives to obtain an overview
of the large-scale subsurface salinity distribution in the coastal area of the
Netherlands. A critical review of all possible salinization mechanisms shows
that the origin of the brackish and saline groundwater is related to former
transgressions. The vertical salinity distribution of the groundwater indicates
that connate seawater dating from the Pliocene to Early-Pleistocene is not
the source of the brackish to saline groundwater in the overlying Pleistocene
fluvial aquifers. Instead, it derives from Holocene transgressions. The saliniza-
tion mechanism is discussed in relation to the paleogeographical development
during the Holocene and the occurrence of low-permeability strata. Finally,
freshening of the aquifers following retreat of the sea is briefly considered.

1.1 Introduction

A very complex salinity distribution is encountered in the coastal area of the Nether-
lands that is not in equilibrium with present-day hydrological boundary conditions
(Oude Essink, 1996). As will be elaborated in this chapter, the origin of the brackish
and saline groundwater is related to the geological history of the area that included
multiple transgressions during the past 2 My. Understanding the genesis of the
salinity distribution requires knowledge of the hydrological processes (e.g. diffu-
sion, compaction-driven flow, free and forced convection) that control the salinity
distribution on a geological timescale (> 1 ka). Identification of these processes is

This chapter is based on the paper: Post, V.E.A., Van der Plicht, H., Meijer, H.A.J., 2003.
The origin of brackish and saline groundwater in the coastal area of the Netherlands. Netherlands
Journal of Geosciences / Geologie en Mijnbouw 82, 131-145.
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complicated because the present-day groundwater composition has been strongly
affected by man-made changes of the boundary conditions during the recent past.

In the Dutch coastal area, a wealth of observations is available that are scattered
across many different archives and reports. Various authors have addressed the origin
of the brackish to saline groundwater (e.g. Volker, 1961; De Vries, 1981; Beekman,
1991; Gieske, 1991; Meinardi, 1991; Stuyfzand, 1993), but few publications integrate
data from these various sources. Both in this chapter and in chapter 2, a conceptual
model of the genesis of the current salinity distribution will be presented based on a
comprehensive collection of geological, chemical, isotopic and geophysical data. The
data will be presented in the form of maps and charts and the possible sources of
salt will be treated in detail. From the analysis, conclusions will be drawn on the
origin of the brackish to saline groundwater and the relevant hydrological processes
will be identified.

1.2 Physical setting

The coastal area of the Netherlands forms a part of the southeastern North Sea
coastal plain that extends more or less continuously from northern Denmark to the
north of France. The morphology generally consists of a polder landscape with an
elevation near or below sea level, bordered on the western side by a coastal dune belt
and on the eastern side by a fresh water lake (IJsselmeer), the more elevated terrain
of ice-pushed ridges and the Brabant Massif and recent river deposits of Rhine and
Meuse (figure 1.1).

1.2.1 Geological history

The North Sea covered most of the Netherlands during the Early Pliocene (figure
1.2) but both the coastline and the depocenters were shifting toward the northwest
at that time (Zagwijn, 1989). This shift continued into the Early-Pleistocene and
by 1.6 Ma BP marine influences had disappeared from the present coastal area.
The deltas of large rivers draining the Baltic region (the predecessors of the rivers
Elbe, Weser and Ems, referred to as eastern rivers) and of the rivers Rhine and
Meuse, merged to form one large delta complex. The expansion of the large delta
continued until the early part of the Middle Pleistocene. The regression reached a
maximum in the period between 900 and 450 ka BP, when the coastline was probably
in the vicinity of the Dogger Bank (Zagwijn, 1989). It was not until the Holsteinian
interglacial that the sea invaded the western part of the Netherlands again. Marine
sediments from this period are found locally in deep valley systems that had formed
during the Elsterian glacial stage (380 — 360 ka BP). During the following Saalian
glacial (180 — 130 ka BP), ice sheets covered approximately half of the Netherlands
(Zagwijn, 1974), which had a profound impact on the morphology of the landscape.
The ice formed subglacial basins of up to 100 m deep and ice-pushed ridges with
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Figure 1.1: Map of the Netherlands showing the area below mean sea level, ice-pushed
ridges and geographical names referred to in the text.

heights of more than 100 m (De Gans et al., 1986). Sea level rose during the Eemian
(130 — 110 ka BP) and the sea penetrated the former glacial basins and deep river
valleys (Zagwijn, 1983), resulting in widespread marine conditions in the western
part of the Netherlands (figure 1.2). During the Weichselian glacial (110 — 10 ka BP),
periglacial conditions prevailed and the Saalian relief was further levelled through
the deposition of so-called drift sands (fine-grained aeolian deposits) and strong
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Figure 1.2: Map of the Netherlands showing the depth of the base of the Quaternary strata
(Zagwijn and Doppert, 1978) and landward extent of the North Sea during the Pliocene
and three Quaternary transgressions (Zagwijn, 1974; Zagwijn and Doppert, 1978; Zagwijn,
1986).

erosion of elevated terrain (Zagwijn, 1974). The rivers Rhine and Meuse eroded two
extensive east-west running valleys (in the present floodplain of the Rhine and in
the IJsselmeer/West-Friesland area) that were separated by an area with little relief
(De Gans and Van Gijssel, 1996).

10
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These valleys were the first areas that were inundated when the North Sea reached
the present coastline approximately 7.5 ka BP. Groundwater levels increased as
a result of the sea level rise and due to the poor drainage of the relatively flat
area, widespread peat formation occurred (Basal peat). Sea level continued to rise
(Calais transgression: 8 — 3.8 ka BP) and the sea flooded large parts of the peat
areas (figure 1.2). Around 5 ka BP barrier islands had formed at almost the same
position as the present coastline, inland of which sand and clay were deposited in a
lagoonal and tidal flat area fringed by salt marshes. Several tidal inlets dissected the
barrier islands (Beets et al., 1992) and Basal peat was eroded here. Marine influence
gradually diminished inland of the barrier islands upon closure of the tidal inlets
since 5.5 ka BP (Beets et al., 1992) and once again peat growth occurred (Holland
peat). Large peat bogs with an elevation of up to 5 m above the present sea level
developed (Pons, 1992). A fresh water lake existed in the IJsselmeer area between
about 3 to 1ka BP (Zagwijn, 1986). Although the sea level rise had decreased
to about 5 10~* m/y around 2 ka BP (Beets et al., 1992), large peat areas in the
southwestern and northern part of the coastal area were invaded and eroded by the
sea (Duinkerke transgression: 3.5 ka BP and later, figure 1.2). Dunes developed on
top of the barrier islands from about 1 ka BP. An inland-sea (Zuiderzee) formed in
the IJsselmeer area around 0.7 ka BP following strong erosion of the northern peat
area.

Since Roman times, man has dramatically changed the natural landscape. Sys-
tematic drainage and reclamation of peat bogs and marshes started in early Medieval
times. This resulted in land subsidence owing to compaction and decomposition of
peat. Vast areas of peat disappeared by erosion during floods and excavation for
fuel, as a result of which many large lakes came into being. Several of these lakes
have been reclaimed since the Middle Ages. Land reclamation also occurred on tidal
flats in the southwestern and northern part of the coastal area, where dikes were
built to reclaim these areas from the sea. Dikes were also necessary to prevent rivers
from flooding. Due to compaction, decomposition, erosion and sea level rise the ele-
vation of the polders is currently below sea level. This way the characteristic polder
landscape of the Dutch coastal area was created.

1.2.2 Stratigraphy

The study area is part of the subsiding North Sea basin that is filled with unconsol-
idated Cenozoic sediments, varying in thickness from 400 to over 1000 m, overlying
Mesozoic strata (Zagwijn, 1989). The upper part of the Tertiary deposits consists
of marine sand, sandy clay and clay (Zagwijn and Van Staalduinen, 1975). The
depth of the base of the Quaternary sediments is shown in figure 1.2. The oldest
Pleistocene layers consist of fine-grained marine deposits that reach a thickness of
up to 200 m (Zagwijn and Van Staalduinen, 1975). A thick sequence of continental
deposits is overlying these marine sediments. In the northern part of the area, these
consist of coarse-grained fluvial deposits of the eastern rivers and the river Rhine.
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Figure 1.3: Schematic diagram of the generalized subdivision of the subsurface in aquifers
and aquitards. Section is roughly 200 km in length. Depths are approximate.

The total thickness of these deposits locally exceeds 200 m. In the southern part, the
sequence has a maximum thickness of approximately 100 m and consists of fluvial
sand and clay of the rivers Rhine and Meuse. In both the north and the south,
the upper part of the Pleistocene sequence consists of Eemian marine sediments, as
well as aeolian and fluvial sediments from the Weichselian. Their total thickness
generally does not exceed 20 to 30 m. Peat, lagoonal and marine clay together with
fine-grained sand from the Holocene are found at the surface throughout most of the
study area. Their average thickness amounts to 20 m although it increases from a
few meters in the eastern part of the area to over 50 m in former tidal inlets.

1.2.3 Hydrogeology

Significant lateral variations in lithology prohibit a simple subdivision of the subsur-
face into aquifers and aquitards that is valid for the entire area (Dufour, 1998). In
general, six aquifers are discerned which are shown schematically in a south-north
cross section in figure 1.3. Locally, subaquifers exist where clay layers of significant
thickness and extent occur (Van Rees Vellinga et al., 1981).

In the largest part of the area, the base of the aquifer system is formed by clays of
Pliocene and locally, clays of Early-Pleistocene age (Pomper, 1983). In the province
of Zeeland, the Tertiary marine sediments show a sandy facies and constitute an
aquifer (figure 1.3). Here, Oligocene clay forms the low-permeability base.

Fine-grained layers that form more or less continuous aquitards in the south
(for example, Early-Pleistocene fluvial clays), are absent in the northern part of the
area. Conversely, confining units such as Saalian glacial deposits or Eemian marine
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Figure 1.4: Schematic diagram of flow systems in the western part of the Netherlands (after
Griffioen, 1994). The cross-section measures approximately 60 km in reality.

clays do not occur in the southern part of the area. All aquitards are heterogeneous
both in their spatial distribution and hydraulic properties and many interconnections
between the aquifers are present.

Groundwater levels are artificially controlled by a dense network of ditches and
canals. Water levels in the polders are maintained by pumping excess rain and
seepage water into canals and rivers that eventually discharge into the North Sea.
Drainage density is smaller and groundwater levels are higher in the coastal dunes
and the elevated Pleistocene terrain in the east. Groundwater flow patterns are
mainly controlled by differences in surface water level between polders, lakes, canals
and rivers, resulting in a complex system of local to regional groundwater flow sys-
tems (figure 1.4).

Precipitation in the western part of the Netherlands (averaged over the period
1971 to 2000) ranges from 725 mm/y to 900 mm/y. Average evapotranspiration (ex-
pressed as Makkink reference evaporation) varies from 555 mm/y to 615 mm/y. Pre-
cipitation excess (precipitation — evapotranspiration) ranges from 120 to 320 mm/y
(Heijboer and Nellestijn, 2002).
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1.3 Measurements

In the coastal area of the Netherlands, thousands of groundwater observation wells
have been drilled and in many the chemical composition has been determined. The
abundance of the isotopes of the elements C, H and O has been measured in hun-
dreds of water samples. Geo-electrical soundings have been carried out systemat-
ically to map the salinity distribution at a regional scale (Van Dam, 1976). Also,
many resistivity logs from boreholes are available that provide information on the Cl
concentration of the groundwater (Van Dongen and Boswinkel, 1982). The isotope
measurements are discussed separately in chapter 2. In the present study, Cl concen-
trations in observation wells have been used to map the spatial salinity distribution
and borehole resistivity logs were used to study salinity variations within clay layers.

Chloride analyses from groundwater samples in observation wells were collected
from the archives of the Netherlands Institute of Applied Geoscience TNO - National
Geological Survey and the province of Noord-Holland. A three-dimensional version
of Hardy’s Multi Quadric Biharmonic interpolation method (Geenen, 1993; Van der
Meij and Minnema, 1999) was employed to visualize the spatial distribution of Cl
concentrations. Water samples taken prior to 1970 were excluded from the data set
to avoid interference from temporal variations; if duplicate analyses were available,
the most recent sample was included. The interpolation function to calculate the
unknown Cl concentrations in a grid with a horizontal node spacing of 1 km and a
vertical node spacing of 10 m was based on 3868 chloride analyses.

Information on the salinity of clay layers can solely be inferred from borehole
resistivity logs as well screens have been installed in permeable layers only. For this
purpose, a compilation of borehole measurements in the Netherlands by Van Dongen
and Boswinkel (1982) was used. These authors used resistivity logs and groundwater
samples to reconstruct the Cl concentrations vs. depth in 51 boreholes.

In this thesis, mc) denotes the Cl concentration. Based on their chlorinity, sam-
ples are subdivided into fresh water that has m¢; < 8.4 mmol/1 (300 mg/1), brackish
water with 8.4 < mc < 282 mmol/1 (300 — 10000 mg/1) and saline water with
282 < mg < 564 mmol/1 (10000 — 20 000 mg/1).

1.4 Results

The interpolated spatial distribution of chloride in groundwater is shown in figure 1.5.
Since the interpolation method is sensitive to variations in the density of data points,
these maps serve only to indicate regional trends in chlorinity. Actual measurement
points have been plotted to indicate the reliability. The maps show that major
occurrences of brackish to saline groundwater at shallow depth (< 20 m below mean
sea level) are found in the province of Zeeland and the southwestern part of the
province of Zuid-Holland, the northern part of the province of Noord-Holland and
the IJsselmeer area. Furthermore, upconing of brackish groundwater is observed
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Figure 1.5: Maps showing the spatial distribution of Cl concentrations at 20, 40, 80 and
120 m below mean sea level. Dots indicate the location of observation wells within 5 m
above or below the shown depth interval. No contours are shown in areas with too little
observations. Based on data from the province of Noord-Holland, Netherlands Institute of
Applied Geoscience TNO - National Geological Survey and Ouwerkerk (1993).
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beneath deep polder areas in the provinces of Noord-Holland and Zuid-Holland.
The most landward extension of brackish groundwater largely coincides with the
landward extension of the Holocene transgressions (compare figures 1.2 and 1.5).

Fresh groundwater up to depths of 100 m below sea level or more is found below
the coastal dunes, below the ice-pushed ridges and in the area of West-Friesland.
Other occurrences of fresh groundwater are in the province of Utrecht and the eastern
part of the province of Zuid-Holland and the southernmost part of the Zeeuws-
Vlaanderen area (not all shown in figure 1.5). Locally, such as south of Amsterdam,
individual pockets of fresh groundwater occur up to 80 m below the surface.

At depths greater than 100 m a seaward gradient is present, with Cl concentra-
tions decreasing from seawater values near the coastline towards lower values more in-
land. Chloride and resistivity profiles measured in boreholes that penetrate Pliocene
to Early-Pleistocene marine deposits, generally show an inversion (i.e., a decrease of
the salinity with depth) that coincides with the occurrence of low-permeability clay
layers in these strata (figure 1.6). The occurrence of these inversions is ubiquitous in
the area that has been affected by the Holocene transgressions (figure 1.7, cf. figure
1.2). Inversions are also found within the upper part of the Pleistocene sequence,
where they are mainly related to the occurrence of Early-Pleistocene fluvial clays,
Saalian glacial deposits or Eemian and Holocene marine clays. The more saline
water is found above or in these low-permeability layers, the fresher water below
(Pomper, 1981; Gieske, 1991; Stuyfzand, 1993).

1.5 Discussion

The spatial distribution of the Cl concentrations (figure 1.5) is not easily explained.
The vicinity of the North Sea and former transgressions will have played an im-
portant role, but other factors that influence the Cl concentrations in groundwater
cannot be ruled out a priori. Table 1.1 lists the sources and processes responsible
for high-salinity waters in coastal areas in general (cf. Stuyfzand and Stuurman,
1994). Before discussing the role of transgressions and connate seawater, the rele-
vance of the remaining entries from table 1.1 as a source of the brackish and saline
groundwater in the Pleistocene aquifers will be addressed.

1.5.1 Modern seawater

Land subsidence and over-exploitation of groundwater resources results in subsurface
encroachment of modern seawater in many coastal areas around the world, which is
commonly referred to as seawater intrusion (De Breuck, 1991). For the western part
of the Netherlands, basic hydrological calculations and hydrochemical data indicate
that the inland presence of intruded-contemporary North Sea water is limited to a
region of about 2 to 6 km from the coastline (Stuyfzand, 1993). Therefore, modern
seawater cannot be the source of the brackish groundwater that is found up to tens
of kilometers inland.
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1.5.2 Aerosols

Chloride aerosols mainly derive from sea spray (Vermeulen, 1977). The Cl concen-
tration in bulk (dry + wet) precipitation near the coastline amounts to approxi-
mately 2 mmol/l and decreases exponentially inland to a background level of about
50 pmol/1 (Stuyfzand, 1991). Of this value, 10 to 45 % is due to dry deposition of
chloride aerosols on the rain gauge (Ridder et al., 1984; Stuyfzand, 1993). The total
amount of atmospheric deposition on land surfaces can be 10 % higher than on bulk
collectors if bare or scarcely vegetated, or 200 to 400 % higher if covered by shrubs
or trees (Stuyfzand, 1993). The low concentrations of chloride in precipitation that
result from aerosols make them a minor source of Cl concentrations > 10 mmol/1 in
groundwater.

1.5.3 Evaporites

Zechstein salt layers are found in the eastern and northeastern part of the coastal
area and Cl concentrations of over 2 mol/1 have been reported in Eocene aquifers at
approximately 550 m below the surface (Glasbergen, 1981). There is some evidence
that shallow groundwater (within 100 m below the surface) overlying salt domes
(found at 200 m below the surface) might also be affected by rock salt dissolution
(chapter 2, Glasbergen and Mook, 1982). Rock salt does not occur in the western
part of the Dutch coastal area and can be ruled out as a source of dissolved solids
here.

1.5.4 Anthropogenic pollution

Little is known about the contribution of anthropogenic sources to the Cl concen-
tration of groundwater in the western Netherlands. Locally, contributions can be

Table 1.1: Sources and processes responsible for high-salinity groundwater in coastal areas
and associated chlorinity.

Source or process Approximate Remarks
chlorinity [mmol/1]

modern seawater 566 Can be lower due to fluvial input
transgressions, floods 566 Can be lower due to fluvial input
or mixing with fresh groundwater
connate seawater 566 Can be lower due to fluvial input
or mixing with fresh groundwater
aerosols 2 Bulk precipitation along the coast
salt formations 2000 Reported by Glasbergen (1981)
anthropogenic pollution® < 10
evapo(trans)piration <10 evaporated rain water
ultrafiltration < 100 dependent on original composition
freezing dependent on original composition

a = waste sites, road salt, salt disposal.
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expected from road salt (Werkgroep Midden West-Nederland, 1976), pollution by
chlorinated solvents and waste disposal sites (Van Duijvenbooden and Kooper, 1981).
An anthropogenic source that affects Cl concentrations on a regional scale is agri-
culture, where chloride is introduced to the environment through the application of
fertilizers and manure. Studies in agricultural areas in the southern parts of the
Netherlands, however, have shown that the highest Cl concentration of the ground-
water beneath agricultural land is approximately 1.5 mmol/]1 (Broers and Griffioen,
1992). Agricultural activities in the coastal area are not more intensive than these
investigated areas, so only a minor contribution to the total volume of brackish and
saline groundwater is to be expected.

1.5.5 Evapotranspiration

Strong evaporation sometimes leads to extreme salt concentrations in groundwater
in arid areas. In the Netherlands, evapotranspiration amounts on average to two-
thirds of precipitation (Dufour, 1998), which will increase concentrations by a factor
of 3. Locally, stronger evapotranspiration occurs depending on the vegetation. For
example, concentration factors as high as 5.8 have been found in the coastal dunes
below pine trees (Stuyfzand, 1993). The highest Cl concentrations in recharge waters
are in the order of 10 mmol/l in areas with high atmospheric deposition and strong
evapotranspiration. Higher concentrations are to be attributed to other sources of
chloride. Evapotranspiration of seawater, however, did contribute to the salinity of
groundwater in the coastal area as explained in chapter 4.

1.5.6 Ultrafiltration

Ultrafiltration (or reverse osmosis) occurs when groundwater flow due to a hydraulic
head gradient occurs across a clay layer that acts as a semi-permeable membrane.
Clay layers can act as natural membranes owing to their negative surface charge.
Since they prevent the passage of charged solutes such as chloride ions, ground-
water salinity on the inflow side of the clay layer will increase. Osmotic effects
have been recognized in a harbour sludge depot directly overlying a brackish-water
aquifer (Keijzer, 2000). To what extent this process plays a role in the coastal area
of the Netherlands remains unclear. Since the osmotic efficiency of natural mem-
branes rapidly decreases with salinity, however, it is assumed that ultrafiltration is
ineffective at seawater concentrations (chapter 4).

1.5.7 Freezing

It is known that freezing of groundwater causes migration of solutes and the role of
this process has been recognized in the formation of saline groundwater and brines
(e.g. Bottomley et al., 1999; Bein and Arad, 1992; Herut et al., 1990). Permafrost
conditions occurred in the coastal area during the glacial stages of the Pleistocene.
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Therefore, this mechanism must have influenced the salinity distribution at least to
some extent, as was previously proposed by Pomper (1978). In the present study,
there are no data that support the conclusion that freezing has contributed to the
salinity of groundwater (cf. chapter 4).

1.5.8 Transgressions

From the foregoing discussion, it follows that salinization of the Pleistocene aquifers
in the coastal area of the Netherlands must be due to either former transgressions
or the presence of connate seawater in the subsoil. A distinction between the two
is relevant here: salinization during a transgression refers to the introduction of
solutes in a fresh-water aquifer directly from the overlying or adjacent seawater,
whereas salinization by connate seawater refers to the introduction of dissolved salts
from marine sediments (deposited during a transgression) that still contain saline
interstitial water.

The Netherlands has experienced several transgressions during the Cenozoic. The
landward borders of the ones relevant here are depicted in figure 1.2. Marine sedi-
ments from the Pliocene to Early-Pleistocene, Eemian and Holocene transgressions
still contain connate seawater (e.g. Van Dongen and Boswinkel, 1982; Van Rossum,
1998) and their potential contribution to the salinization of the Pleistocene aquifers
will be discussed first. Then, salinization during the Holocene transgression will be
elaborated in detail.

1.5.9 Salinization from marine deposits

The oldest marine deposits containing connate seawater that could act as a source
of dissolved salts are the fine-grained sands and clays dating from the Pliocene and
Early-Pleistocene. Upward diffusive salt transport from these marine layers did un-
doubtedly cause salinization of the Pleistocene fluvial sands that contained fresh
water when they were deposited. It is unlikely, however, that they constitute the
source of the bulk of brackish to saline groundwater that is found in the aquifers
today as suggested by Meinardi (1991), since measurements in boreholes and obser-
vation wells show a chloride inversion at or below the boundary between Pliocene
and Early-Pleistocene marine strata and Pleistocene fluvial deposits. An example
is given by well 31E-0176 (figure 1.6, see figure 1.7 for its location). If the connate
seawater is the source of the brackish groundwater in the Pleistocene fluvial aquifer
and upward transport of dissolved solutes by diffusion occurs, an opposite gradient
would be observed. The reverse is indicated: the marine strata have been freshened
after deposition and dissolved salts from the overlying fluvial deposits migrate down-
ward. Similar findings were reported by Appelo and Geirnaert (1991), based on the
geochemical characteristics of sediment samples. Carbon-14 data further show that
the brackish groundwater above the salinity inversion is of Holocene age and that
the relic seawater below the inversion is much older (figure 1.6, chapter 2).

19



Chapter 1

pu [QmM]
1 10 10
0 |
20
mg, = 6.2 mmol/l
“a =69 pMC
40 ®
o
[$]
| 9
60 ) — 5 =
- 0: =
\ -8
80 Q>
m,, = 7.8 mmoll/l 2
kel
“a =63 pMC cE
100 B (A T W o
— mg, = 150 mmol/l|—| 3
E “a =44 pMC =
2 120
g /
‘©
=}
(2]
z 140
k]
[}
el
£ 160 --
8 \
180 (
2
Q
o
[e]
200 *g
Ly
3£
220 > 2 g
1 me. = 181 mmol/lH : =
14 _
240 a =34 pMC 2
2
N o
260 Mg = 83 mmol/l
“a =5pMC
- [ 110
1 10 10?
CI [mmol/l]

Figure 1.6: Graph of the Cl concentration (square markers) and long-normal resistivity
(prn, solid line) vs. depth in well 31E-0176 (location shown in figure 1.7). Column on
righthand side indicates sand (white) and clay layers (shaded). The top of the Early-
Pleistocene marine strata is found here at a depth of ~ 160 m. The decrease of the Cl
concentration below 245 m is very pronounced. Carbon-14 data by courtesy of R. Boekel-
man.
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Figure 1.7: Map of the Netherlands showing known occurrences of salinity inversions within
Pliocene to Early-Pleistocene marine deposits, compiled from data by Meinardi (1974),
Pomper (1981), Van Dongen and Boswinkel (1982), Van Wieringen and Willemsen (1982),
Boswinkel and Ritsema (1984), Gieske (1991), Hobma et al. (1993) and from the archives of
the province of Noord-Holland. Contour lines represent the depth of the top of the Early-
Pleistocene marine deposits below mean sea level (after Zagwijn and Van Staalduinen,
1975).
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The large number of boreholes in which this inversion is observed and their distri-
bution across the coastal area (figure 1.7) shows that this is a general phenomenon.
This suggests that the occurrence of relic Pliocene and Early-Pleistocene seawater
in the Pleistocene fluvial aquifers is an exceptional condition.

Although its contribution to the present volume of saline groundwater is small,
large amounts of dissolved salt are likely to have entered the Pleistocene fluvial sedi-
ments over the past 1.6 My by diffusion and also compaction-driven flow. The latter
results from natural compression of clastic sediments in response to sediment load-
ing, leading to an upward flux of expelled pore water in the order of 10~* m/y (Kooi
and De Vries, 1998). The combined salt flux due to diffusion and compaction-driven
flow is small compared to the average horizontal advective flux in the Pleistocene
aquifers owing to topography-driven flow that is likely to have prevailed during the
Pleistocene and hence most of this salt water has probably been removed.

There is little evidence of any large-scale contribution of connate seawater from
Eemian marine deposits. The occurrence of Eemian-brackish groundwater has been
documented in the northern part of the Netherlands, probably related to stagnant
flow conditions in the Pleistocene aquifer (Hoogendoorn, 1985). Although similar
occurrences in the western part of the Netherlands cannot be ruled out, they are
to be considered of local significance only as can be inferred from the fact that
the majority of brackish and saline groundwater samples have a 14C signature that
points towards a Holocene origin (chapter 2). Following the Eemian transgression,
a 100 ky period of fresh water circulation occurred during the Weichselian glacial
stage. Despite uncertainties about the characteristics of the flow regime, such as
reduced infiltration owing to permafrost (Bath et al., 1978; Walraevens et al., 2001),
low precipitation rates (Vaikmée et al., 2001) and increased groundwater velocities
during glacial periods (Van Weert et al., 1997), significant flushing of the Eemian
deposits is to be expected.

1.5.10 Salinization during the Holocene transgression

The North Sea gradually inundated the westward sloping Pleistocene surface as
global sea level began to rise at the beginning of the Holocene. Saline water was
carried on top of the fresh groundwater in the Pleistocene aquifers upon inundation.
Owing to its higher density, the saline water will sink into the fresh groundwater,
provided that the permeability of the underlying sediments is sufficiently high. In
this process, referred to as free convection, a boundary layer develops as dissolved
salts enter the aquifer by diffusion until it reaches a critical thickness at which it
becomes unstable and breaks up into salt plumes that descend to the aquifer bottom.
Fresh water is expelled by rising plumes. Whether or not free convection will occur
is controlled by the nondimensional aquifer Rayleigh number (Holzbecher, 1998):

ApgkH
Ra = ——— 1.1
"Dy (1.1)
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where Ap is the density contrast [kg/m3], g is gravitational acceleration [m/s?],
k is intrinsic permeability [m?], H is the height of the aquifer [m], p is dynamic
viscosity [kg/m/s] and Dy is the molecular diffusion coefficient [m?/s] including
both tortuosity and porosity. Typical Rayleigh numbers for the sandy aquifers in
the coastal area are in the order of 10° — 10°. This indicates that salinization by
free convection is likely to have occurred as these values exceed the critical value of
Ra =~ 40 by far. Associated vertical groundwater flow velocities are in the order of
meters per year and the corresponding time span for the salinization of an aquifer
with a depth of about 200 m is a few to tens of decades (chapters 5 and 6, Van der
Molen, 1989; Gieske, 1991).

These numbers hold for highly-permeable aquifer sediments. Low-permeability
strata will have greatly hindered free convection by (1) preventing the entry of saline
water at the top of the aquifer system and (2) by obstructing the (vertical) passage
of saline water as it moves through the aquifer. Both aspects will be discussed in
more detail below.

Many studies have shown that clay layers can protect underlying fresh water
aquifers from salinization for many thousands of years (e.g. Volker, 1961; Groen
et al., 2000b, chapters 3 and 6) as dissolved salts, without water flow, need to pass
primarily via diffusion. When the sea invaded the western part of the Netherlands
some 7.5 ka BP, peat covered large parts of the sandy Pleistocene surface, protecting
the underlying aquifer. In tidal inlets, however, erosion removed the peat layers,
so that the permeable aquifer sediments came in direct contact with the overlying
seawater and became prone to rapid salinization by free convection. A complication
arises from the fact that deposition of fine-grained material occurred on the "seafloor”
during inundation, so that a hydraulic resistance was built up and the salinization
process was retarded (chapter 6).

Gieske (1991) proposed that, in the southern part of the IJsselmeer area, saliniza-
tion during the Calais transgression was followed by freshening during the formation
of the Holland Peat and that clay and peat deposits from these periods protected
the fresh groundwater from salinization during the subsequent Duinkerke transgres-
sion. This suggests that the main phase of salinization must have occurred during
the early parts of the Calais transgression as during later stages free convection was
hindered or even impeded due to the presence of clay and peat. In the northern part
of the IJsselmeer area, however, marine conditions were absent until 1 ka BP when
the sea invaded the area and eroded the peat, resulting in favourable conditions for
free convection. Strong erosion since the Middle Ages also removed large parts of the
Holocene confining layers in the northwestern and southwestern parts of the coastal
area (Zagwijn, 1986). In the central part of the coastal area, widespread marine
conditions have not occurred following the closure of tidal channels since 5.5 ka BP
(except for marine incursions along the inlets of the river Rhine and the Oer-1J es-
tuary), which means that in this area salinization mainly occurred during the Calais
transgression.

Low-permeability layers have a retarding effect on salinization by free convec-
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tion irrespective of the depth at which they occur. Observations often show that Cl
concentrations decrease significantly over clay layers (Pomper, 1981; Gieske, 1991)
or that they contain relatively-fresh water (Van Dongen and Boswinkel, 1982). At
the same time, vast amounts of Holocene brackish to saline waters are present below
many other clay layers. This implies that (1) these layers are laterally-discontinuous
so that the saline water can flow around them and/or that (2) the permeability of
these layers locally is high enough to permit the passage of saline water. Although
clay layers have retarded the salinization process, they apparently have not always
been able to prevent salt water from entering the underlying sediments. Aforemen-
tioned effects are quantified in chapter 6 with numerical models.

1.5.11 Freshening of the aquifer system

At present, flushing of the saline groundwater takes place as fresh water infiltrates
due to natural and man-made hydraulic gradients.

The first stage of freshening began with the closure of barriers and final sedimen-
tation of back-barrier areas around 5.5 ka BP. Fresh water was introduced to the
former marine areas by riverine input and precipitation (Zagwijn, 1986). Hydraulic
gradients were small as only minor elevation differences existed in the coastal zone
(e.g. former barrier islands and levees) and significant freshening of the subsoil dur-
ing that stage is not expected. Elevation differences of several meters were created
upon formation of extensive peat bogs during the following 4 ka. Studies of modern
undisturbed peat bogs have shown that vertical seepage losses to the underlying
aquifer range between 10 and 30 mm/y (Van der Schaaf, 1998). Freshening of the
aquifers up to tens of meters is therefore likely under favourable conditions. Signif-
icant freshening occurred below the coastal dunes that developed since the Middle
Ages. Fresh groundwater is found here up to a depth of 120 m (figure 1.5).

The original peat bog topography has been almost completely transformed into a
man-made topography (polder landscape). As elevation differences of several meters
exist between individual polders and between polders and nearby surface waters
(lakes, rivers, drainage canals), groundwater flow systems developed that extend
up to tens of meters below the surface (e.g. Engelen and De Ruiter-Peltzer, 1986;
Schot and Molenaar, 1992). Infiltration from surface water and elevated areas such
as inverted tidal channels or peat remnants displaces the saline groundwater that
subsequently discharges in the deepest polder areas (figure 1.4). Lateral fresh water
inflow is also from the coastal dunes (Stuyfzand, 1993) and the Pleistocene sand
district (Schot and Molenaar, 1992). The presence of brackish water in Holocene
marine deposits (e.g. Van Rossum, 1998) shows that recharge of the Pleistocene
aquifer by precipitation mainly occurs via preferential flow paths in zones where
the Holocene confining deposits are relatively permeable or thin or where they are
dissected by tidal channels (De Louw et al., 2000; Post et al., 2002).
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1.6 Conclusions

The salinity distribution of groundwater in the Pleistocene aquifers in the coastal
area of the Netherlands shows a complicated pattern, especially in the upper 50 m
of the subsurface. The complexity of the observed pattern is mainly the result of
Holocene marine influence as well as superimposed variations that are the result of
local flow systems associated with man-made topography. At depths greater than
100 m, groundwater with the salinity of seawater is found near the coastline and
concentrations decrease landward.

The origin of brackish and saline groundwater is linked to the Holocene trans-
gression which can be concluded from: (1) indirect demonstration (the inability
of other processes that increase groundwater salinity to explain the observed con-
centration patterns), (2) the occurrence of salinity inversions near the boundary
between Early-Pleistocene marine and fluvial strata that exclude connate, Pliocene
to Early-Pleistocene seawater as a source of brackish and saline groundwater in the
Pleistocene fluvial deposits. Moreover, as will be discussed in detail in chapter 2,
14C analyses indicate that most groundwater samples have a conventional age less
than 10 ka.

Rayleigh numbers of the high-permeability Pleistocene sediments exceed the crit-
ical value by far. This suggests that salinization occurred primarily through free
convection. Although especially Early-Pleistocene and Saalian clay layers have pro-
tected the underlying aquifers from salinization, the lateral continuity and/or re-
sistance to groundwater flow of most aquitards was insufficient to counteract the
vertical intrusion of saline water.

Freshening of the aquifers occurred after the sea retreated. Except in the coastal
dunes and the elevated Pleistocene outcrops in the eastern part of the area, natural
hydraulic head gradients were relatively small compared to the gradients created
by human activities. This means that, although freshening also took place under
natural conditions, the main phase of groundwater flow did not occur until man
started to significantly alter the topography. Infiltration of meteoric water through
the Holocene confining deposits is along preferential flow paths.

25






Chapter 2

Hydrological processes and timing of
salinization inferred from natural isotope
variations

Abstract

This study is the first comprehensive review of natural isotope measure-
ments of groundwater in the coastal lowlands of the Netherlands. From ?H,
180 and Cl analyses it is inferred that a large part of the fresh groundwater
underwent evaporation prior to infiltration. Many samples have a high salin-
ity that can be attributed to mixing of modern precipitation or Rhine water
and seawater. Correcting for the seawater contribution shows that fresh wa-
ter end members of saline groundwater have more depleted %0 values than
the overlying (i.e., younger) fresh groundwater. This implies that infiltration
of evaporated meteoric water did not become significant until after the Holo-
cene marine incursions. Radiocarbon dating proves impossible in the study
area due to the large spatial variability of the *C activity of sedimentary-
carbon sources. The effect hereof is quantified. Carbon-14 still proves useful
for discrimination between old (Pliocene to Early-Pleistocene) and modern
(Holocene) seawater contributions to groundwater salinity. Newly-collected Sr
isotope measurements corroborate that salinization of aquifers occurred during
the Holocene and show that dissolution of Pliocene marine shells occurs in the
deeper parts of the aquifer system.

2.1 Introduction

Groundwater in coastal aquifers typically derives from different sources such as pre-
cipitation, river water and seawater, which all have distinct chemical and isotopic

This chapter is based on the paper: Post, V.E.A., Van der Plicht, H., Meijer, H.A.J., sub-
mitted to Journal of Hydrology. Use of natural isotope variations in groundwater to reconstruct
paleohydrological processes: the coastal aquifers of the Netherlands.
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characteristics. Superimposed variations result from physical, chemical and biolog-
ical processes (Yurtsever, 1997). Therefore, changes in environmental conditions
(e.g. climate, land use) are likely to be reflected by the isotopic composition of the
groundwater and its solutes.

Numerous studies report on the use of natural isotopes in coastal areas. Appli-
cations include identification of salinization sources (e.g. Jorgensen and Holm, 1994;
Hiscock et al., 1996; Oetting et al., 1996), reconstruction of hydrological processes
(e.g. Barker et al., 1998; Barbecot et al., 2000; Edmunds et al., 2001; Walraevens
et al., 2001), estimation of water budgets (e.g. Burnett et al., 2001) and groundwa-
ter age dating (e.g. Edmunds and Smedley, 2000; Van der Kemp et al., 2000; Loosli
et al., 2001; Plummer and Sprinkle, 2001).

Over the past decades, hundreds of isotope analyses have been collected in the
coastal lowlands of the Netherlands within several individual campaigns, but there
have been no systematic attempts to integrate these data. This contribution is the
first to present a comprehensive overview of the environmental isotope variations in
groundwater of the Dutch coastal area. The analysis is complemented by a study of
strontium isotope ratios, which was undertaken to test their feasibility for discerning
between different sources of intruded seawater.

Geological environments in the study area during the Quaternary varied in space
and time and included estuaries, tidal flats, lagoons, salt marshes, peat bogs and
rivers. Furthermore, the landscape and hydrology changed dramatically during the
last 1000 y as a result of human activities related to land reclamation, de-watering
and groundwater abstraction. Hydrological boundary conditions have thus changed
continuously throughout geological time, with alternating periods of marine and
terrestrial conditions. The primary objective of this study was to identify the prime
hydrological processes that influenced the composition of the groundwater.

Particular interest was paid to timing of episodes of aquifer salinization. Ra-
diocarbon measurements were available for several samples with a high salinity, but
radiocarbon dating suffers from some well-known complications (e.g. Geyh, 2000).
These mainly arise from mixing of water types with different ages and chemical reac-
tions between groundwater and carbon-bearing aquifer material. Inverse-modelling
techniques (Wigley et al., 1978) allow to correct for mixing effects and geochemical
reactions to improve age estimates. Today, computer codes are readily available to
carry out such calculations (Plummer et al., 1994; Parkhurst and Appelo, 1999).
The difficulties associated with application of this approach in a geological setting
such as the Dutch coastal area will be discussed.

2.2 Measurements
The data presented here were compiled from several regional groundwater surveys

and have been retrieved from the archives of the Center for Isotope Research (CIO)
and published reports. The water samples were taken from observation wells (figure
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Figure 2.1: Map of the Netherlands showing the area below mean sea level, ice-pushed
ridges and locations of the groundwater samples (squares) and GNIP stations (black circles).
Numbers in circles refer to geographical names used in the text: 1 = province of Groningen,
2 = West-Friesland area, 3 = Veluwe, 4 = Horstermeer polder area, 5 = Loosdrechtse plassen
area, 6 = city of Leiden and 7 = province of Zeeland.
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2.1) that were mostly positioned in the Pleistocene fluvial aquifers and analysed
at the CIO for 2H, 3H and '®O of water and '*C and '#C of dissolved inorganic
carbon (DIC). In many cases, chemical analyses were also available (table 2.1). For
a number of samples, information on the location and depth of the observation well
was missing.

Isotopic abundances are reported in § notation relative to V-SMOW (Vienna
Standard Mean Ocean Water) for 2H and 80 or V-PDB (Vienna Pee Dee Belemnite)
for 13C. Carbon-14 activity is expressed as percent modern carbon (pMC).

Inverse modelling calculations were carried out only for brackish or saline samples
of which all major ions were analysed and electro neutrality was less than 5 % off.
The quality of the chemical analyses was further checked following the criteria for
saturation indices as proposed by Griffioen et al. (2002).

The ?H and 'O contents of mean precipitation and the local meteoric water line
(LMWL) were determined from monthly precipitation measurements at the stations
from the Global Network for Isotopes in Precipitation (GNIP) at Braakman, De
Bilt, De Kooy and Wieringerwerf (figure 2.1). Samples were taken between 1981
and 1999 (IAEA/WMO, 2001).

Samples for Sr isotope analysis were obtained from well 31E-0176 (figure 2.1) in
December of 2002. Two ml of filtered groundwater were evaporated in ultra-clean
pfa teflon vials and converted to 100 ml 3N HNOj solutions that were loaded and
eluted on 0.17 ml Sr-Spec columns in order to obtain a purified strontium frac-
tion. This fraction was loaded onto a single zone-refined outgassed Re filament
with the TaCL5-H3PO,4 sandwiching technique. 87Sr/%6Srisotope ratios were deter-
mined by thermal ionization mass spectrometry using a Finnigan MAT 262 collect-
ing 10 blocks of 10 ratios using a dynamic triple jump with 16 s integration time
and 4 s stabilization time and a normalization of the 36Sr/%¥Sr to a preset value
of 0.1194, resulting in a 20 precision of 0.000006 to 0.000008. NBS-987 standard
[87Sr/86Sr = 0.710239 + 0.000008 (n=13; 20)] was measured to monitor the long-
term reproducibility of the measurements.

Table 2.1: Number of groundwater samples per isotope combination. For example, 701
samples were available in which §'*0 was measured and 551 samples were available in
which both 6*30 and §'3C were measured.

2H 180 3¢ 40 3H Cl Major ions
2H 208 208 163 104 112 189 105
180 701 551 225 388 606 208
3¢ 559 225 341 481 183
e 225 170 214 138
SH 398 355 159
Cl 655 208
Major ions 208
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2.3 Results

The local meteoric water line was determined from a least squares fit of the measured
§?H and 6'¥0 values [% | at the GNIP stations Braakman, De Bilt, De Kooy and
Wieringerwerf (R? = 0.92):

§2H = 7580 + 2.66 (2.1)

Mean precipitation (weighted by rainfall intensity) has §°H = —47.02 % and
080 = —7.11 % . Coastal stations show an enrichment of ¥O up to 0.5 % relative
to inland (> 10 km from the coastline) stations (Stuyfzand, 1991).

The observed §2H and 620 values of the groundwater samples show a wide range:
-62 % < ¢*H < -6.6 % and -10.01 % < 680 < -1.13 % (figure 2.2a). Chloride
concentrations (mc;) range from 0.1 to 500 mmol/] (figure 2.2). The mixing lines
of seawater (mc; = 566 mmol/l, 6180 = 0 % ) and modern precipitation (mc; ~
0.2 mmol/l, §'80 = —7.11 % ) and pre-industrial Rhine water (mc; ~ 0.3 mmol/1,
5180 ~ —9.4 % ) are also shown in figure 2.2a.

Fresh and brackish samples mainly plot above the mixing line of precipitation and
seawater. Saline samples tend to cluster around the mixing lines of precipitation or
Rhine water and seawater. Using the CI concentration as a measure of the amount
of seawater in the mixture, §'80 (and §2H) of the fresh water end member was
calculated according to (Mook, 2000):

5180, (ma1s —mer,f) — 0805 (me1m — mer,f)

(me1s — mctm)

5180 = (2.2)
where the subscripts f, m and s denote the fresh water end member, sample and
seawater end member respectively and mc; is the Cl concentration [mmol/l]. Since
mql,; < mci,s (= 566 mmol/1) it was neglected. The second term in the numerator
vanishes when it is assumed seawater equals standard mean ocean water so that
PH, =0%0,=0% .

Due to evaporation of ocean water, §2H, and §'%0, can be increased by ~ 6 %
and ~ 1 % respectively (Yurtsever, 1997), which can significantly affect the outcome
of equation 2.2 when mcj ,, — mci,s. The salinity of seawater (mc ) has also been
shown to be affected by evapotranspiration in the Netherlands (chapter 4). Figure
2.3 shows the error that is possibly introduced due to erroneous assumptions about
the composition of the seawater end member. The chart shows the calculated value
of 6180 1 as a function of mqy,m for two seawater end members that differ from ocean
water. One end member has §'80; = —1 % , mc1 s = 509 mmol/l, the other has
0, =1%, mq1,s = 623 mmol/l. When it is erroneously assumed that 5180, =0
% , mc1,s = 566 mmol/1, the calculated §'®*0; will deviate several per mil from the
true 180 at high mcy ., (figure 2.3).

Calculated values of §°H; and 6'®O; of the groundwater samples are shown
graphically in figure 2.4 along with the lines that represent evaporation of precipita-
tion and Rhine water. The slopes of these lines are based on observations in shallow
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Figure 2.2: Graphs of (a) §'®0 and (b) fresh water end member §'0 vs. Cl concentration of
groundwater samples from the coastal area. Lines represent mixing of modern precipitation
(dashed line) or Rhine water (dotted line) and seawater.

lakes in the Loosdrechtse Plassen area (figure 2.1) where §°H and 680 of surface
waters plot along a line with a slope d6?H/d6'80 = 5.4 (Hettling, 1985). Fresh and
brackish samples are mostly banded by the LMWL and the evaporation line of Rhine
water, with many data points scattered along the evaporation line of precipitation.
Saline samples show quite some scatter, which is partly due to the larger error at
high mcj,,, when correcting for seawater mixing (figure 2.3).

The data suggest that §'®0 becomes progressively-less enriched with increasing
mgy (figure 2.2b). The same trend is observed in many observation wells in which
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Figure 2.3: Graph of the calculated 6*¥0 of the fresh water end member in a seawater
mixture vs. Cl concentration of the mixture. The chart shows the values that would
be calculated when it is erroneously assumed that the seawater end member has mci,s =
566 mmol /1, 50 = 0% , whereas the true seawater end member has mci,s = 623 mmol/],
8805 =1 % (solid line) or mci,s = 509 mmol/], 6**0s = —1 % (dotted line). The true
fresh water end member has §'%0; = —7.11 % .

5180 values decrease with salinity and with depth (figure 2.5).

Carbon-14 activity (**a) in observation well 31E-0176 shows a sharp drop in the
Pliocene to Early-Pleistocene marine strata that coincides with a marked decrease
of groundwater salinity (figure 1.6). On the other hand, there appears to be no
correlation between 4a and the CI concentration for samples from the Pleistocene
aquifers (figure 2.6). A cumulative frequency plot of *a (figure 2.7) of samples
from the Pleistocene aquifers shows that of the brackish and saline samples (m¢; >
8.4 mmol/1), approximately 80 % have a conventional 4C age < 10 ka.

Brackish and saline samples almost all have tritium contents below detection
limits. Significant tritium activity is only measured in fresh groundwater samples.

The measured variation of 87Sr /%6Sr of the three brackish samples in observation
well 31E-0176 is small (0.709016 — 0.709063), but significant. Figure 2.9 shows the
measured values and the mixing line of Rhine water (mg, ~ 6 umol/l, 37Sr/8¢Sr ~
0.7084) and modern seawater (mg, ~ 89 umol/l, 37Sr /36Sr ~ 0.70918). In the chart
of figure 2.9a, 87Sr/%6Sr is plotted against 1/msg;, yielding a straight mixing line
(Faure, 1986). In the chart of figure 2.9b, mg; is plotted against mc). In both figures,
sample 1 (depth = 121 m below the surface) plots on the mixing line as opposed to
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Figure 2.4: Graph of 6°H vs. §'80 of the fresh water end members of groundwater samples
in the coastal area. Lines represent the local meteoric water line (62H = 76180 +2.66, solid
line), evaporation of precipitation (dashed line) and Rhine water (dotted line). Brackish
and saline samples that are encircled belong to a specific geographical region with numbers
in circles referring to the regions in figure 2.1.

samples 2 and 3 (depth = 242 m and 274 m below the surface, respectively).

2.4 Discussion

2.4.1 Water

The results presented in the previous section indicate that the two main processes
that influence the groundwater composition in the Dutch coastal area are (1) evapo-
ration and (2) mixing of fresh water and seawater. These two processes account for
the range in §2H and 680 values that is observed in the samples.

Evaporation is recognized by the 62H and §'®0 enrichment of fresh and brackish
samples compared to modern precipitation and Rhine water (figures 2.2 and 2.4).
Especially the fresh samples plot along the evaporation line of modern precipitation.
Groundwater §?H and §'®0; follow the same trend as lake waters, which suggests
that aquifers receive a significant part of their recharge from surface water.

Mixing of seawater and fresh water is especially clear in samples that have mg >
200 mmol/l and occurred in either (1) estuaries, tidal creeks, rivers, lakes and lagoons
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Figure 2.5: Graphs of the Cl concentration (open diamonds) and §'%O of the fresh water
end members (gray diamonds) vs. depth for wells 32G-0137, 6H-0053 and 31E-0176 (see
figure 2.1 for their location). Bars indicate the associated errors according to figure 2.3.
Shaded areas in the columns to the right of the charts indicate low-permeability sediments
(mainly clay), white areas represent sand layers. Data from Meinardi (1975), Glasbergen
and Mook (1982) and by courtesy of R. Boekelman

that existed during the Holocene or (2) the subsurface. Subsurface mixing, however,
is less rapid than surface water mixing as it occurs by diffusion and dispersion.

The fresh water component may constitute river water, precipitation or ambient
groundwater and vary in isotopic composition depending on its age (Weichselian vs.
Holocene) or hydrological evolution (enrichment of heavier isotopes by evaporation).

The decrease of 6'®0 ¢ with increasing mc; (figure 2.2b), implies that fresh water
that mixed with seawater, experienced less evaporation than fresh groundwater that
was not affected by mixing. In several observation wells, the relatively-enriched fresh
groundwater overlies the more saline groundwater (figure 2.5). Cation exchange pat-
terns show that the fresh water has displaced the more saline groundwater, which
is concluded from the positive base exchange index (Stuyfzand, 1993) of the fresh
samples as opposed to the negative or zero base exchange index of the more saline
samples. This suggests that the fresh water is youngest, meaning that the increased
contribution of evaporated water to groundwater recharge postdates the marine in-
cursions, which corroborates findings by Gieske (1991) in the IJsselmeer area (cf.
chapter 1).

Regional differences between the fresh water end members of the brackish and
saline groundwater exist (figure 2.4). The brackish samples from the Horstermeer
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polder area (figure 2.1 have §H; and §'®0; values that equal infiltrated meteoric
water below the adjacent ice-pushed ridge (Hettling, 1985) and probably represent a
mixture of seawater and fresh groundwater that discharges in this area. Saline and
brackish samples from the coastal dunes near the city of Leiden have (evaporated)
Rhine water as their fresh water end member. A tidal inlet was present here during
the Holocene that was connected to a major discharge channel of the river Rhine
(Beets et al., 1992). Here Rhine water mixed with encroaching seawater and sub-
sequently entered the aquifers. Fresh water end members from the West-Friesland
area plot on the LMWL and show an enrichment compared to modern precipitation
by as much as ~ 10 % for 2H and ~ 2 % for ¥0. In the province of Zeeland, the
fresh water end members plot well above the LWML, although this may partly be
due to uncertainty about the exact composition of the seawater end member (figure
2.3).

Beekman (1991) explained the values from the West-Friesland area by assuming
that recharge occurs mainly during summer when precipitation is enriched in the
heavy isotopes. This seems unlikely, however, given the upper limit in monthly
averaged 02H (~ 38.4 % ) and 680 (~ 5.8 % ) values in precipitation at the nearby
GNIP station at Wieringerwerf and the precipitation deficit during this period (cf.
figure 4.2). Observed groundwater values are well below the maximum §2H (~
14.9 % ) and 60 (~ 2.5 % ) values of individual storms, but these values are
associated with low-intensity rainfall when little recharge is expected. Therefore,
the explanation for these numbers remains unclear.

The large range of 62H and §'%0 in groundwater from the coastal lowlands
contrasts with groundwater from the Veluwe area, which has an isotopic composition
close to mean precipitation (Mook, 1968; Gehrels, 1999). In this more elevated part
of the Netherlands, there are no shallow occurrences of seawater and, because of the
thick unsaturated zone and lack of surface water, direct evaporation is small.

A noteworthy observation is sample 3C-0018 (figure 2.1) that plots well below the
mixing lines of seawater and precipitation or Rhine water (figure 2.2a). It is from
a depth of ~ 70 m below the surface and located directly above the Pieterburen
salt dome that protrudes through overlying Tertiary layers up to 218 m below the
surface (Zagwijn et al., 1985). Possibly the rock salt constitutes the source for
the observed additional salinity, but it is uncertain how the dissolved salt migrates
upward. Perhaps groundwater ascends preferentially via faults as was suggested
by Glasbergen and Mook (1982). Alternatively, the sample may represent diluted
seawater that was subject to evapotranspiration in a salt marsh as explained in
chapter 4.

2.4.2 Carbon-14

Radiocarbon measurements are useful for establishing the age of a groundwater sam-
ple. The problems with dating groundwater using *C are well-known and have been
given considerable attention in the literature (for a recent overview see Geyh, 2000).
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Figure 2.6: Graph of the *C activity (**a) vs. Cl concentration of groundwater samples
from the coastal area.

The measured *C activity must be corrected for alterations in the subsurface that
interfere with the decreasing activity due to radioactive decay since the groundwater
was isolated from the atmosphere. Even though the geochemical evolution of the
groundwater samples could satisfactorily be reconstructed in this study, it proved
impossible to obtain reliable ages owing to the presence of carbon sources with highly
variable ages. The effect hereof will be quantified below to illustrate the limitations
of radiocarbon dating in comparable geological settings.

There have been multiple phases of marine conditions in the coastal area during
the Cenozoic. Therefore, the '#C signal of brackish and saline groundwater may
reflect either: (1) mixing of old (Eemian or Pliocene to Early-Pleistocene), 14C-free
seawater and Holocene fresh water or (2) intrusion of the water during the Holocene.
The first step in the interpretation of *C data was thus to establish whether *C is
indicative of a Holocene origin of brackish and saline samples.

For this purpose, C activities measured at 5 different depths in observation
well 31E-0176 (figure 1.6) were examined. As was elaborated in chapter 1, the
lower salinity of the deepest sample compared to the overlying brackish groundwa-
ter implies that this sample represents relic Pliocene or Early-Pleistocene seawater.
Having an age > 1.6 Ma, the deepest sample is expected to be *C-free but still has
14q = 5 pMC, which might be attributed to admixing of younger (< 25 ka) fresh
water. It can not be excluded that the measured activity is due to pollution by
drilling fluid or shortcut flow in the well. The 4a of the brackish samples above the

37



Chapter 2

"“a [pMC]
10 50 100
100 . A 9]
| O All(n=275) ¢ Fresh (n=213) A Brackish/saline (n=50)| 4 p
A
80 - g
© g
(o)}
£ g
c
S 60 -
0] A
o
2 g
‘—é’ 40 -
g A
&) g
20 - A
3
A
g g
0
20 16 12 8 4 0

Conventional age [“C ky]

Figure 2.7: Cumulative frequency distribution of #C activities and corresponding con-
ventional ages of groundwater samples in the coastal area. The conventional *C age is
an estimate of the maximum groundwater age. It was calculated using equation 2.3 with
M gng = 100 pMC, which represents atmospheric 14C activity in 1950.

chloride inversion is conspicuously higher (figure 1.6). As follows from their higher
salinity, the 14C signature of these samples can not be due to mixing of Holocene
fresh water and Pliocene to Early-Pleistocene seawater, which means that the high
144 is indicative of a Holocene seawater contribution.

Since the salinity inversion in well 31E-0176 is a general phenomenon (figure 1.7),
high C activities of brackish to saline samples from other parts of the coastal area
are also considered to be representative for a Holocene origin. Moreover, if mixing of
Holocene fresh water and Pliocene to Early-Pleistocene seawater would control a
of the brackish and saline groundwater in the Pleistocene fluvial aquifers, a decrease
of "a with mc; along a mixing line would be observed as the seawater component
is 14C-free. Figure 2.6, in which a is plotted vs. mcj, shows that no such trend
exists.

Approximately ~ 80 % of all groundwater samples with m¢; > 8.4 mmol/l have
a C activity higher than 30 pMC (figure 2.7) and thus date from the Holocene.
Samples with an activity below 30 pMC possibly represent older waters but correc-
tion for geochemical reactions is likely to prove them younger than their conventional
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age.

Given the Holocene origin of the brackish and saline groundwater, the next
step towards calculating its age was to derive a reaction scheme that led to its
chemical composition in order to quantify the contribution of carbonate dissolution,
sedimentary-organic carbon (SOC) mineralization and methanogenesis to DIC. The
reaction scheme was calculated using the inverse-modelling option of the geochemical
code PHREEQC (Parkhurst and Appelo, 1999). Given an initial water composition
and the measured composition of the groundwater sample, the program calculates
mole transfers of reacting phases. The reactions that were considered are listed in
table 2.2. Carbon-13 was not used as a constraint because precipitation of calcite
and siderite was anticipated, in which case isotopes whose fractionation factor is not
unity cannot be used to constrain inverse-modelling calculations (Plummer et al.,
1994). Moreover, 6'3C of the precipitated mineral phases is unknown.

Salinization during the Holocene is assumed to have occurred mainly by free
convection. Fresh water and seawater mixed in large estuaries and tidal channels
that cut into the Pleistocene aquifers (De Mulder and Bosch, 1982; Beets et al., 1992).
This mixture subsequently sank into the underlying aquifer due to its higher density
than the ambient-fresh groundwater (chapter 5). Assuming that subsurface mixing
was only minor, the initial water composition for the inverse-modelling calculations
can be represented by a mixture of seawater and a single fresh water end member.
The fresh water end member was derived from the composition of pre-industrial
Rhine water (table 2.3). The relative contribution of the end members was calculated
for each sample from mg; of that sample.

Inverse-modelling calculations were carried out for 15 groundwater samples (table
2.3). The results indicate that oxidation of organic matter adds significantly to DIC
and that, in general, calcite and siderite precipitate (table 2.4). The deficit of sulfate
in the 