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a b s t r a c t

The Holocene geological evolution of the Belgian coastal plain is dominated by a transgression of the
North Sea, silting up of the coastal plain and human intervention (impoldering). This has led to a typical
pattern in groundwater quality which is discussed here for the central part of the coastal plain. Therefore,
a database with available groundwater samples is composed. Water type according to the Stuyfzand clas-
sification is determined and different hydrosomes and their hydrochemical facies are identified. Based on
this, the origin and evolution of the water types is explained using Piper plots and geochemical calcula-
tions with PHREEQC. Before the impoldering, salinising and freshening conditions alternated with a gen-
eral salinisation of the aquifer after about 3400 BP. This results in a dominance of brackish and salt NaCl
subtypes which are still found in the deeper part of the aquifer. The subsequent impoldering resulted in
an major freshening of the aquifer leading to NaHCO3, MgHCO3 and CaHCO3 subtypes. Overall, mixing,
cation exchange, carbonate mineral dissolution and oxidation of organic matter are identified as the
major processes determining the general water quality. The close link between geological evolution,
water quality and what is still observable today is illustrated with this example of the Belgian coastal
plain.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Coastal areas often exhibit a complex distribution of freshwater
and saltwater, or, in general, of different water types. The origins of
this distribution are many and varied (Stuyfzand and Stuurman,
1994; Costudio, 1997; Custodio, 2010; Post et al., 2003): seawater
intrusion due to overexploitation, fossil seawater from former
inundations, evaporation or dissolution of salt deposits, etc.
Stuyfzand and Stuurman (1994) for instance discern 11 sources
of salt. Understanding the origin of the fresh–saltwater distribution
and its dynamics is a prerequisite for effective management of
available water resources (e.g. van Dam, 1999). This paper maps
the occurrence of different water types in the Belgian coastal plain
and aims to describe the relevant processes accounting for the dif-
ferent geochemical characteristics in relation with Holocene coast-
al evolution.

Inland encroachment of seawater, due to overexploitation, is an
often encountered reason for the occurrence of saltwater (e.g.
Calvache and Pulido-Bosch, 1997; Stamatis and Voudouris, 2003;
Capaccioni et al., 2005; El Yaouti et al., 2009; Barlow and Reichard,
2010; Custodio, 2010). On the other hand, many coastal areas have
a complex fresh–saltwater distribution because of the presence of
ll rights reserved.
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fossil saltwater (Jones et al., 1999), for instance as a relic of Holocene
transgressions. Such is the case along the North Sea coast: the north
of France, Belgium (De Breuck and De Moor, 1972, 1974), the
Netherlands (De Vries, 1981; Stuyfzand, 1993a; Post et al., 2003;
Stuyfzand and Stuurman, 2008), and Germany (Grube et al., 2000;
Wiederhold et al., 2010). Other, similar settings are found in many
deltaic areas worldwide with similar hydro(geo)logical conditions
(Coleman, 1981; Oude Essink et al., 2010), including the Po, Missis-
sippi, Nile, Mekong, Chinese and Indian deltas and the US Atlantic
coast. The chemical composition of groundwater in such coastal
aquifers is mainly controlled by conservative mixing of freshwater
and seawater and a variety of water–rock interaction processes such
as cation-exchange, redox reactions, and carbonate mineral dissolu-
tion and precipitation (Jones et al., 1999; Appelo and Postma, 2005;
Andersen et al., 2005; Sivan et al., 2005). Beekman (1991) clearly
explained the evolution in water quality because of freshening as a
combined effect of cation exchange, calcite dissolution, and organic
matter degradation and this has been observed and described in
many aquifers worldwide (e.g. Stuyfzand, 1993a,b; Pulido-Leboeuf,
2004; Andersen et al., 2005; Sivan et al., 2005; El Yaouti et al., 2009;
Rusak and Sivan, 2010). Additionally, historic evolution of water
quality can still be seen by studying the patterns of groundwater
quality in an aquifer (Stuyfzand, 1999). As will be elaborated in this
paper, the Belgian coastal plain offers a good example of how these
water qualities can be linked to local geology, Holocene evolution
and human intervention.
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The hydrochemistry of the phreatic aquifer of the Belgian coast-
al plain is testament of the close link between Holocene geological
evolution and water quality as is observed in many coastal areas.
The fresh–saltwater distribution is determined by geological evo-
lution after the last Ice Age whereby the Holocene transgression
of the North Sea (Baeteman, 1999) resulted in silting up of the
coastal plain. The quality of recharge water changed thereby
spatially and temporally because of highly dynamic environments
(mud flats, saltwater marshes, freshwater marshes) and changing
influences of the sea in the area. Late-Holocene human activities
such as land reclamation (impoldering) resulted in a final freshen-
ing of the aquifer whereby the older brackish and saltwater was
replaced by fresh recharge water. With the exception of areas
where hydrological boundary conditions have been changed
recently (e.g. harbor development, ecological engineering inter-
ventions in nature reserves) the fresh–saltwater distribution in
the Belgian coastal plain is in equilibrium with the present-day
boundary conditions (Vandenbohede et al., 2010). This is in con-
trast with for instance the neighboring Dutch coastal plain (Oude
Essink, 2001; Oude Essink et al., 2010).

The objective of this paper is to determine and describe the dif-
ferent water types, which occur in the Belgian phreatic coastal
aquifer. The classification of Stuyfzand (1989, 1993b) will, there-
fore, be used. Subsequently, the origin and interconnection of these
water types is explained and this is related to the Holocene hydro-
geologic and geomorphologic evolution of the coastal plain. As
such the interaction between this evolution and the fresh–
saltwater distribution and its influence on the observed present-
day water quality is discussed. The central part of the Belgian
coastal plain is chosen because of the amount of available data
which has been collected over the last decades.
2. Hydrogeological setting

2.1. Location

The central part of the Belgian coastal plain is located between
Nieuwpoort in the south and the seaport of Zeebrugge in the north
(Fig. 1). It has a coastline of about 38 km and a width of about
2.5 km. The geology of the coastal plain consists of Quaternary
deposits forming the phreatic aquifer, underlain by a substratum
of Tertiary age. Fig. 2 shows a west–east cross-section based on
hydrogeological mapping of the sediments of the coastal plain
(Lebbe et al., 2006). The Quaternary deposits are highly heteroge-
neous comprising of siliclastic material with varying amounts of
shell debris and organic material: dune deposits, clay polder
deposits, sandy tidal channel deposits, peat and clay polder depos-
its, Quaternary cover and, Pleistocene deposits. There is no occur-
rence of halite, gypsum or dolomite in the deposits. The
thickness of the phreatic aquifer increases towards the coast and
is a maximum of 45–50 m in the vicinity of Oostende. The Tertiary
substratum consists of a succession of aquitards and aquifers
(Fig. 2). The Lower-Paniselian and Ypresian aquifer consists of san-
dy deposits whereas the Paniselian and Ypresian aquitard consists
of clays.
2.2. Hydrogeological evolution

Pleistocene sediments consist of fluvial and marine deposits
(mainly coarse sand) formed during the Emian interglacial. In the
subsequent Weichselian glacial the sea retreated from the area
and Emian deposits were partially eroded. Aeolian and fluvial
deposits (mainly sandy sediments) remain from this period. During
the subsequent Holocene, geological evolution of the study area
was determined by transgression of the North Sea and silting up
of the coastal plain (Baeteman, 1985; Baeteman et al., 1999).
Before 7500 BP, sea level rose at a rate of about 7 m/ka (Baeteman,
1999). Between 7500 and 5500 BP this rate diminished to about
2.5 m/ka resulting in large parts of the coastal plain being no longer
inundated by the sea. A mud-flat environment with mud and salt-
marsh deposits developed incised with tidal channels and gullies.
A more or less stable coastal barrier was present. During the early
part of this geological evolution, the phreatic aquifer was mainly
filled with saltwater. From 7500 BP, brackish and freshwater
marshes developed which resulted in a partial and mainly shallow
freshening of the aquifer. Especially at higher places in the coastal
plain, freshwater environments evolved. At some locations, salt
marsh vegetation evolved into reed with relict peat accumulations.
This was a highly dynamic system with lateral migration of the
tidal gullies, salt marshes and freshwater environments. The rate
of sea level rise diminished further to about 0.7 m/ka from 5500
BP onwards. This lower rate of sea level rise resulted in an expan-
sion of freshwater marshes and extensive peat layers are a reflec-
tion of this. During this period, many parts of the coastal plain
were no longer under the constant influence of the sea and only
became inundated temporally during major storm events.
Renewed invasion of the sea from about 3400 BP ended this period.
Probably less sediment supply from within the North Sea was
available. Former seaward deposits were eroded and transported
inland. The coastline was, therefore, also retreating inland and peat
marshes evolved again in a mud-flat environment. Tidal channels
drained the peat layers leading to compaction. With this renewed
invasion of the sea, seawater could recharge most of the coastal
aquifer. This changed finally because of land reclamation (so called
impoldering). Dikes around the tidal channels were built probably
as early as the 10th century AD, serving to protect the reclaimed
land from seawater. A dense network of drainage channels was
constructed for this land reclamation. The tidal channels them-
selves are thought to be reclaimed from the beginning of the
12th century AD onwards (Ervynck et al., 1999). From then on salt-
water could recharge the aquifer only during catastrophic flooding
events. Under normal conditions, freshwater recharged the aquifer,
displacing the older saltwater.

This recent freshening of the aquifer and the replacement of
older saltwater resulted in the current fresh–saltwater distribution
shown in Fig. 3 which was first mapped by De Breuck et al. (1974)
and updated by Vandenbohede et al. (2010). The map shows the
depth to the fresh–saltwater interface which is defined as the
1500 mg/L total dissolved solids (TDS) surface. Although this distri-
bution looks very complex, there is a strong correlation with the
geology. Freshwater lenses occur at the locations of the old tidal
channels. Because of the higher topographic level of these former
tidal channels (which evolved to channel ridges) and its permeable
(sandy) sediments, the drainage system is less dense. Conse-
quently, freshwater could easily recharge the aquifer, replacing
the older saltwater. This was not the case in the adjacent well-
drained areas where only a limited amount of freshwater could
recharge, the main portion being drained towards the sea. The
most distinct example of a freshwater lens is the ‘Houtave channel
ridge’, south of De Haan (Vandenbohede and Lebbe, 2002). A
similar example is to be seen in the area between Zeebrugge and
Blankenberge and a less deep freshwater lens occurs south of
Bredene. Another example is present in the area south of Oostende.

Comparison of previous data (De Breuck et al., 1974) with more
recent data has shown that the general fresh–saltwater distribu-
tion is in dynamic equilibrium (Vandenbohede et al., 2010) with
the current hydrological boundary conditions. In the last 35 a, no
major changes are found with the exception of areas where
important hydrological interventions have been undertaken such
as for harbor infrastructure or ecological engineering interven-
tions. This is in agreement with simulation results which show that



Fig. 1. Localisation of the study area with indication of the sampling locations (�) and cross-sections shown in Figs. 2 and 4. The central coastal plain is located within the
black border.

Fig. 2. West–east lithological cross-section through the study area. The location of the cross-section is indicated on Fig. 1. Tertiary substratum is indicated in white. The
0 mTAW forms the Belgian reference level and is 2.36 m below mean sea level.
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freshwater lenses reach a dynamic equilibrium within 200–300 a
(Vandenbohede and Lebbe, 2002).

3. Materials and methods

3.1. Water quality data

From various sources, a data base with 436 water samples was
compiled for this study. These were taken at 193 different locations
in the study area (Fig. 1). At most of the locations, screens are pres-
ent at different depths. Samples of both the deep and shallow parts
of the phreatic aquifer are available for most locations. Seventy-
four samples were collected for the study of De Breuck et al.
(1974) which resulted in the initial mapping of the fresh–saltwater
interface in the coastal plain. Studies and dissertations after 1974
provide a further 244 samples. A number of these studies were
done for the Flemish Land Use Agency. The Flemish Environmental
Agency manages a phreatic groundwater monitoring network.
Groundwater has been sampled twice a year since 2004 at most
of the locations of this monitoring network. A mean water compo-
sition is calculated for each monitoring point in the case where
time series are available, resulting in 106 samples. Finally, 12 sam-
ples were recently taken in the framework of the Interreg IVb pro-
ject, CliWat (Adaptive and sustainable water management and
protection of society and nature in an extreme climate), for which
the central part of the Belgian coastal plain is a pilot area.



Fig. 3. Depth to the fresh–salt water interface (represented by the 1500 mg/L total dissolved solids isosurface) in the phreatic aquifer of the central Belgian coastal plain as
mapped by Vandenbohede et al. (2010).
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Because of the large number of data, spread over a large time
span, it is difficult to give an overview of the different analytical
techniques. Moreover, this is in many cases no longer possible,
especially for the older samples. All samples were analysed by
accredited laboratories of universities or consultancies, using stan-
dard practices. The electrical balance was calculated for each sam-
ple before use in this study (Appelo and Postma, 2005). Samples
with a difference in electrical balance exceeding 5% were not
included.

3.2. Hydrochemical methods

The classification of Stuyfzand (1989, 1991, 1993a) is used to
subdivide the water samples in a number of water types. The
determination of a water type implies the successive determina-
tion of a main type, type, subtype and class of the water sample
(Table 1). Each of the four levels of subdivision contributes to the
total code (and name) of the water type. Chloride concentration
determines the main type of a water sample. Oligohaline (G), oli-
gohaline-fresh (g), fresh (F), fresh-brackish (f), brackish (B), brack-
ish–salt (b), salt (S) and hyperhaline (H) waters are distinguished.
Alkalinity, defined by HCO�3 concentration, determines the type.
Alkalinity varies from very low (<31 mg/L HCO�3 ) to extreme alka-
linity (>3905 mg/L HCO�3 ). The most important cation and anion
determine the subtype. The Stuyfzand classification deviates from
common practice where the cation or anion with the highest
concentration is chosen. First the dominating hydrochemical fam-
ily is determined both for cations (Ca + Mg, Na + K + NH4 or
Al + H + Fe + Mn) and anions (Cl, HCO3 + CO3 or SO4 + NO3 + NO2)
and then the dominating member of each family is chosen. This
methodology results in a possible denomination of otherwise rare
water types like MgHCO3, NH4HCO3 or AlSO4. The base exchange
index (BEX) defines the class. The BEX can be calculated in different
ways. Stuyfzand (2008) evaluated different methods and con-
cluded that for aquifer systems without dolomite, BEX equal to
Na + K + Mg � 1.0716 Cl (concentrations in meq/L) is the most
appropriate, because it not only indicates the right direction (fresh
or salt water intrusion), but also the magnitude of the exchange
reaction and side reaction with CaCO3. During the calculation,
BEX is not only screened on Cl but also on the quality of the hyd-
rochemical analysis (sum cations and sum anions) in order to
exclude false positive or false negative values (Table 1). With fresh-
ening the class becomes positive due to cation exchange. With
salinisation, the reverse is true. The classification of Stuyfzand is
well-known for its application in coastal areas for the determina-
tion of water types and the evaluation of geochemical processes
(e.g. Giménez and Morell, 1997; Stuyfzand, 1999; El Yaouti et al.,
2009; Vandenbohede et al., 2009; de Louw et al., 2010;
Giménez-Forcada et al., 2010).

Using the water types, hydrosomes and hydrochemical facies
are identified. As defined by Stuyfzand (1999), a hydrosome is a
3-dimensional unit of groundwater with a specific origin. Within
a given hydrosome, the chemical composition of water varies in
time and space due to changes in recharge composition and in flow
patterns, and due to chemical processes between the water and the
porous medium. These variations are used to subdivide a hydro-
some into a number of characteristic zones, called hydrochemical
facies, a term introduced by Back (1960). Different hydrosomes
and hydrochemical facies are identified by plotting the water types
on two cross-sections through the study area. Piper plots are used
to show the evolution of various water types into each other. Addi-
tionally, Piper plots also help to distinguish graphically between



Table 1
Classification of Stuyfzand (1993a).

Classification Units Limits Code

Main type Cl (mg/L) 0–5 G – oligohaline
5–30 g – oligohaline-fresh
30–150 F – fresh
150–300 f – fresh-brackish
300–1000 B – brackish
1000–10,000 b – brackish-salt
10,000–20,000 S – salt
>20,000 H – hyperhaline

Type HCO�3 (mg/L) <31 * – very low
31–61 0 – low
61–122 1 – moderately low
122–244 2 – moderate
244–488 3 – moderately high
488–976 4 – high
976–1953 5 – very high
1953–3905 6 – rather extreme
>3905 7 – extreme

Class BEXa <�(0.5 + 0.02Cl) �
>�(0.5 + 0.02Cl) and <0.5 + 0.002Cl and b 0
>0.5 + 0.02Cl +

a BEX = Na + K + Mg � 1.0716 Cl (meq/L).
b jBEXþ ð

P
c�
P

aÞ
j
P

c�
P

aj jð0:5þ 0:02Cl�Þ > 1:5j
P

c �
P

aj with
P

c and
P

a the sum of cations and anions (meq/L).
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different hydrochemical species based on the water types defined
by the Stuyfzand classification.

Finally, the aqueous geochemical modeling code PHREEQC (Park-
hurst and Appelo, 1999) was used to calculate freshening and salin-
isation as a column experiment and, evolution of redox zonation.
These results are compared with the samples. The freshening and
salinization modeling calculates the chemical changes because of
the displacement of saltwater by freshwater or vice versa. Therefore,
an 8 m long column, subdivided in 40 cells of 0.2 m is considered.
Porosity of the sediment column is 0.35 and dispersivity is 0.1 m.
4. Results and discussion

4.1. Water types

In this section, a description is given, using a table and a number
of figures, of the different water types, their composition and their
occurrence in the study area. Table 2 gives an overview of the dif-
ferent water types, their mean composition and standard devia-
tion. Fig. 4 shows two cross-sections through the study area with
an indication of the fresh–saltwater interface as defined in Fig. 3
and the occurrence of different water samples and their classifica-
tion. Cross-section B–B0 is more or less parallel to the coast and is
located in the polder. Cross-section C–C0 is situated perpendicular
to the coast and includes the coastal dunes and the polder behind
it. Fig. 5 is a Piper plot showing all the water samples indicated
according to the subtypes of the Stuyfzand classification. Finally,
Fig. 6a and c show the relative percentages of the major ions as a
function of Cl� concentration for all water samples. These relative
percentages are calculated as the ratio of the concentration of a
certain ion (in mmol/L)/ over the sum of all ion concentrations
(in mmol/L) in the sample.

Based on the origin of the groundwater, three main hydrosomes
can be distinguished: dune hydrosome (DH), polder hydrosome
(PH) and the relict Holocene hydrosome (RHH). The RHH com-
prises the brackish to saltwater which is found below the
1500 mg/L TDS isoline as mapped by De Breuck et al. (1974) and
Vandenbohede et al. (2010). Pore water of the RHH originates from
before the impoldering. The DH and PH comprise the freshwater
above the 1500 mg/L TDS isoline and contain the freshwater which
has replaced the older brackish and saltwater of the RHH. The DH
consists of freshwater which recharged in the dunes, whereas the
PH contains the freshwater which recharged in the polder. Since
both the DH and the PH originate from the displacement of older
salt by fresh recharge water, they will be treated together and
referred to as DH/PH from here on in this paper. Other tracers
(e.g. 18O or trace constituents) are necessary to clearly distinguish
between the DH and the PH but are not available. Some smaller
hydrosomes exist around major canals which are on a higher level
than the polder drainage level (for instance the canal between
Brugge and Zeebrugge). Even so, canal bank infiltration can influ-
ence some ditches. In that case, freshwater or saltwater which
were drained upstream infiltrate and this infiltration water has a
different quality than that present in the aquifer. These smaller
hydrosomes are excluded here from the discussion since these
must be mapped on a much more local and detailed scale. Finally
it should be noted that there is no presence of recently intruded
intruding North Sea water under the dunes or in the polder. The
freshwater lens under the dunes extends to the Tertiary substra-
tum preventing such intrusion of North Sea water.

Table 2 indicates that the number of encountered water types
defined by their subtype is somewhat limited: CaHCO3, MgHCO3,
NaHCO3, CaCl, CaMix, NaCl, NaMix and CaSO4. Moreover, water
types are clearly connected to the hydrosomes and identify differ-
ent hydrochemical facies. The DH and the PH consist mainly of the
CaHCO3 subtype. The CaHCO3 subtype is also the second most
occurring (29.5%) in the data set. It consists of oligohaline to
fresh-brackish waters and has relatively low TDS. The BEX is in
most cases positive or neutral. Only a small percentage of CaHCO3

waters have a negative BEX. The CaHCO3 subtype plots in the vicin-
ity of freshwater in the Piper plot. Calcium-HCO3 waters consist of
30–60% of HCO�3 and 10–30% of Ca2+ and these are positively cor-
related. Sodium content comprises between 5% and 30% of the ions
and its concentration is strongly positively correlated with the
Cl� concentration. A small percentage of the CaHCO3 subtype is
brackish. It differs from the fresh CaHCO3 subtype by its low Ca2+

(10–15%), high Na+ (20–25%), high Cl� (20–25%) and low HCO�3
(25–30%).

The fresh CaMix subtype is also found in the DH and in the PH. It
differs from the fresh CaHCO3 subtype because no clearly dominant
anion is present due to the slightly higher Cl� (15–30%) and lower



Table 2
Mean composition and its standard deviation for the major ions and cations (mmol/L) and total dissolved solids (TDS, mg/L) for the different water types found in the data set and
for sea water and rain water. The percentage (%) gives the relative occurrence of the different water types in the data set.

% Na K Ca Mg Fe NH4 Cl SO4 NO3 HCO3 TDS pH

(F-f)(3–4)CaHCO�3 1.4 Mean 2.16 0.11 5.57 0.54 0.04 0.24 3.99 0.65 0.02 9.60 1090 7.65
Stdv 0.61 0.04 4.15 0.35 0.06 0.37 1.29 0.48 0.03 7.27 708 0.43

(g-F-f)(3–4)CaHCOþ3 22.0 Mean 2.56 0.48 3.65 1.04 0.02 0.11 2.14 0.85 0.04 8.61 940 7.00
stdv 1.81 0.72 1.22 0.57 0.03 0.20 1.42 0.63 0.10 2.31 241 0.72

(F-f)(3–4)CaHCO30 5.4 Mean 2.15 0.13 4.07 0.51 0.02 0.12 2.91 0.79 0.04 6.96 844 7.15
Stdv 0.93 0.15 1.69 0.22 0.02 0.19 1.26 0.63 0.28 2.26 274 0.76

B4CaHCOþ3 0.7 Mean 7.63 1.01 4.64 0.83 0.05 0.13 8.83 0.36 0.01 10.19 1398 7.46
Stdv 1.17 0.69 0.43 0.09 0.07 0.02 0.64 0.24 0.02 0.18 20 0.11

(F-f)4MgHCOþ3 2.1 Mean 4.13 1.51 2.06 3.14 0.01 0.24 3.03 0.67 0.01 11.77 1210 7.03
Stdev 2.15 1.06 0.40 0.71 0.01 0.20 1.32 0.51 0.02 2.69 311 0.51

(F-f)(3–4)NaHCOþ3 8.0 Mean 9.20 0.76 1.45 0.94 0.03 0.32 4.37 0.34 0.05 10.09 1144 7.21
Stdev 3.69 0.52 1.08 0.60 0.04 0.30 2.20 0.45 0.10 3.06 323 1.45

B(4–5)NaHCOþ3 3.8 Mean 26.19 1.22 1.68 2.03 0.04 0.46 14.26 0.19 0.08 20.29 2557 7.74
Stdev 8.90 0.38 1.44 1.48 0.06 0.42 5.16 0.30 0.23 5.92 721 0.59

(B-b)(3–5)NaCl� 2.8 Mean 79.29 2.86 8.60 11.24 0.09 0.57 105.69 2.86 0.12 14.32 7476 7.12
Stdv 59.50 1.90 4.07 8.54 0.22 0.64 76.52 3.41 0.29 8.96 4866 0.68

S(3–6)NaCl� 12.7 Mean 341.38 7.12 16.28 40.63 0.11 1.08 419.88 11.35 0.12 28.55 27.587 7.10
Stdv 49.44 1.97 6.68 8.26 0.12 0.81 60.87 6.69 0.14 12.67 3677 0.32

(B-b)(3–6)NaCl+ 16.4 Mean 87.37 2.51 3.87 9.07 0.04 0.88 89.20 2.06 0.04 22.29 7234 7.38
Stdv 70.46 1.52 3.09 8.53 0.05 1.13 79.29 3.46 0.04 13.21 5497 0.68

S(3–6)NaCl+ 4.7 Mean 323.76 6.85 9.12 37.91 0.10 1.16 365.72 13.05 0.14 28.02 25.048 7.13
Stdv 49.46 1.11 2.98 8.16 0.11 1.26 61.36 8.42 0.20 17.63 3828 0.30

b(2–5)NaCl0 3.5 Mean 101.81 3.02 7.05 10.41 0.03 0.41 118.06 4.89 0.07 12.12 8408 7.48
Stdv 73.31 1.91 4.33 8.46 0.04 0.38 86.56 5.22 0.09 8.04 5758 0.52

S(2–6)NaCl0 5.9 Mean 344.85 7.78 12.40 42.32 0.14 1.18 408.50 15.38 0.15 24.59 27.329 7.12
Stdv 63.16 1.25 3.60 8.93 0.15 1.36 74.54 9.67 0.19 16.27 4856 0.22

(B-b)(3–5)CaCl 2.8 Mean 12.21 1.32 6.34 2.01 0.03 0.17 22.20 1.73 0.13 8.02 2095 7.55
Stdev 5.93 1.79 2.86 1.06 0.06 0.17 12.61 0.93 0.26 3.65 860 0.53

(F-f)(2–4)CaMix 4.3 Mean 3.57 0.49 4.21 0.83 0.06 0.19 4.82 1.64 0.00 6.07 1000 7.54
Stdev 2.06 0.16 2.06 0.39 0.07 0.26 1.99 1.05 0.00 3.04 453 0.66

(B-b)(3–4)CaMix+ 0.7 Mean 18.43 0.45 6.86 3.69 0.09 0.11 18.46 5.52 0.01 9.57 2586 6.64
Stdev 15.24 0.20 3.01 3.76 0.07 0.10 15.06 7.91 0.00 2.19 1763 0.51

(F-f)4CaSOþ4 0.5 Mean 5.06 1.05 10.27 1.64 0.08 0.05 3.86 7.76 0.02 10.73 2156 7.40
Stdv 1.57 0.96 0.07 0.32 0.04 0.03 1.64 0.38 0.02 0.64 128 0.06

(F-b)(2–5)NaMix+ 2.3 Mean 14.961 0.936 3.646 2.764 0.035 0.349 13.182 3.271 0.033 9.717 1984 7.53
Stdv 13.266 0.727 3.549 2.701 0.038 0.545 12.981 4.118 0.036 5.706 16.72 0.95

Rainwater 0.12 0.01 0.08 0.02 0.00 0.00 0.27 0.07 0.00 0.00 23.12 7.40
Sea water 406.00 8.50 8.75 50.00 0.00 0.06 474 24.5 0.00 2.6 30.550 7.60
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low HCO�3 (20–35%). The brackish CaMix subtype is very similar to
brackish CaHCO3 subtype but with slightly higher
Cl� (25–30%) resulting in the mix designation. The brackish CaMix
and CaHCO3 subtypes are mainly found in the transition zone
between the DH/PH and the RHH or in the RHH. Also found in the
lower part of the freshwater lenses or in the transition between
the DH/PH and the RHH are the NaHCO3 and MgHCO3 subtypes.
The NaHCO3 is thereby the third most appearing subtype (11.8%)
in the data set. It consist of fresh to brackish water samples and
contains higher Na+ (30–45%) than both seawater and freshwater.
The only difference between fresh and brackish NaHCO3 subtypes
is the higher Cl� and lower Ca2+ of the latter. The NaMix subtype
is quite similar to the brackish NaHCO3 only with significantly
lower HCO�3 (15–30%). The MgHCO3 subtype is characterized by
relatively high Mg2+ (10–15%) and low Ca2+ (5–12%). A few samples
are of the CaSO4 subtype, characterized by relatively high SO2�

4 , and
these are all found in the DH/PH. The CaCl subtype is situated
between CaHCO3 and the NaHCO3 and MgHCO3 subtypes but with
a relatively higher Cl� concentration.

The NaCl is the most abundant subtype found in the RHH. It is
also the most encountered (46%) subtype in the data set and
consists of both brackish and saltwater. It plots close to seawater
in the Piper plot. Salt NaCl subtypes have a similar composition
(absolute as well as relative concentrations) as seawater. They
are determined by high Na+ (37–41%) and high Cl� (46–50%). The
Ca2+ and HCO�3 concentrations are low but are higher than for pure
seawater. Brackish NaCl subtypes have lower Na+ (30–50%) and
Cl� (30–50%) and this is positively correlated with Cl�. The Ca2+

and HCO�3 are increased with respect to the salt subtype and
seawater.

Fig. 6a and c illustrate that the relative percentages of the major
ions correlate with the Cl� concentration. For high Cl� (<200 mmol/
L) these percentages are almost equal to those of seawater. With
decreasing Cl� the Cl� percentage decreases, as do the Na+ percent-
ages. This is in favor of HCO�3 and to a lesser extent, of Ca2+. Note that
Na+ can have a wide range of values for a given Cl� concentration
which is less so for other ions. For Cl� less than 10 mmol/L, Ca2+ per-
centage increases significantly, becoming the dominant cation. Also,
the Mg2+ and the SO2�

4 percentages increase.

4.2. DH and PH: cation exchange

The fresh water in the dunes and polders originates from rain
water, equilibrated with partial CO2 pressure in the soil and



Fig. 4. Two cross-sections through the study area (locations are indicated in Fig. 1), showing the depth of the Tertiary base of the phreatic aquifer, the depth of the fresh–salt
water interface (1500 mg/L total dissolved solids) and the sampling locations with indication of the water type.

Fig. 5. Piper plot showing all the water samples from the data set grouped according to their subtype in the Stuyfzand classification. The chemical evolution of salt water
displaced by freshwater (freshening) or vice versa (salinisation) as calculated with PHREEQC is indicated.
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Fig. 6. Relative percentage of the major anions and cations as a function of the Cl� concentration. (a and c) show this for the data set whereas (b and d) show this for the
freshening and salinisation experiment as calculated with PHREEQC.
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dissolution of carbonate minerals (in an open or closed system).
Apart from mixing whereby a transition zone develops between
the saline water and the replacing freshwater, cation exchange is
one of the major processes. Upon freshwater intrusion, Ca2+ expels
the previously adsorbed marine cations Na+, K+ and Mg2+ from the
exchanger according to the reaction (Stuyfzand, 1989, 1993a,b):

aCa2þ þ ½bNa; cK;dMg�exchanger () ½aCa�exchangerþ bNaþ

þ cKþ þ dMg2þ

This gives rise to a subsequent series of subtypes: from the NaCl
subtype of the saltwater, over NaHCO3 and MgHCO3 to CaHCO3 in
the fresh displacement water (Appelo and Postma, 2005). As dis-
cussed in the previous section, these subtypes are found in the
DH and PH and can be regarded as successive hydrochemical facies
within these hydrosomes. Consequently, cation exchange is a deter-
mining factor for groundwater composition and evolution. The
importance of cation exchange is further illustrated by the BEX.

Fig. 7a–c shows Na+, K+ and Mg2+ as function of Ca2+ for the
CaHCO3, MgHCO3 and NaHCO3 subtypes. The NaHCO3 are character-
ized by high concentrations of Na+ (up to 45 mmol/L) and Mg2+ (up
to 5 mmol/L), low concentrations of Ca2+ (less than 4 mmol/L) and
moderately high concentrations of K+ (between 0.2 and 2 mmol/L)
in comparison with the other subtypes. It represents the first stage
of cation exchange whereby Ca2+ in the recharge water is exchanged
for Na+ and Mg2+. The MgHCO3 main water type is characterized by
high concentrations of Mg2+ (between 2.3 and 4.4 mmol/L) and
moderate Ca2+ concentrations (between 1.5 and 2.8 mmol/L). This
is a further stage of cation exchange whereby Ca2+ from the recharge
water is exchanged mainly by Mg2+ from the exchanger. The Na2+

concentrations (less than 8 mmol/L) are much lower than in the case
of the NaHCO3 water type. The BEX is positive for both the NaHCO3

and MgHCO3 subtypes clearly indicating the freshening of the
aquifer. The CaHCO3 main water type shows a wide range of Ca2+

concentrations (1–7 mmol/L) and in general small Na+ (<5 mmol/
L), K+ (<1 mmol/L) and Mg2+ (<1.5 mmol/L) concentrations. Most
samples have a positive or neutral BEX, the latter indicating that
the sediments are sufficiently flushed with recharge water so that
a constant composition is reached. At locations where CaHCO3 sam-
ples with both positive and neutral BEX are found, the latter samples
occur at more shallower depths than the former.

Cation exchange was modeled using PHREEQC and compared
with observed concentrations. The sediment column used for the
calculation is initially filled with North Sea water, its composition
is given in Table 2. This is displaced by freshwater for which the
composition of the CaHCO30 type is used (Table 2). A cation
exchange capacity (CEC) of 6 meq/kg is used which is a typical
value for sandy Quaternary deposits (Stuyfzand, 1993b, 1999).
Finally, pore water is equilibrated with calcite. The result of this
calculation is given in Fig. 8a. It gives the Ca2+, Mg2+, Na+, K+ and
HCO�3 concentration as a function of pore volumes of water which
is flushed from the sediment column. When the sediments are
flushed once, breakthrough of the freshwater is observed and con-
centrations decrease. Sodium is the dominant cation, resulting in
the NaCl+, NaMix+ and finally NaHCOþ3 subtypes. For this latter sub-
type, Ca2+, Mg2+ and K+ concentrations are, respectively, 0.03, 0.13
and 0.34 mmol/L, which correspond very well with the range
observed in the data set. When sediments are flushed 2.15 times
Ca2+ and Mg2+ concentrations again increase slightly resulting in
the MgHCO3 main water type. Magnesium becomes 2.25 mmol/L
which falls in the observed range. The freshening calculated with
PHREEQC is also plotted on the Piper plot (Fig. 5). It illustrates



Fig. 7. Chemical composition of the PH and DH: concentrations of Na+, K+ and Mg2+ as function of Ca2+ for the CaHCO3, MgHCO3 and NaHCO3 subtypes of the dune and polder
hydrosome (a–c) and Ca2+ versus HCO�3 for the CaHCO3 subtype (d).

Fig. 8. Evolution of Ca2+, Mg2+, Na+, K+ and HCO�3 as calculated with PHREEQC for the freshening (a) and salinisation (b) experiment. The abscissa is expressed as the amount
of pore volumes of water by which the sediment column is flushed. The resulting water types are given above each figure.
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the evolution from the NaCl seawater towards the NaHCO3 subtype
and finally towards the CaHCO3 subtype and the origin of the dif-
ferent hydrochemical facies the subtypes represent. On a Piper
plot, the evolution of the different subtypes into one another is also
very well illustrated. Although it is very hard to distinguish
between the MgHCO3 and CaHCO3 subtypes because changes in
Ca2+ and Mg2+ compared to the other ions are relatively small.
Relative percentages calculated for the freshening modeling
(Fig. 6b and d) compare very well with the observations. Note,
however, that the percentage of Na+ should increase during the
freshening, until the last stage where it decreases due to the fact
that Ca2+ becomes the dominant cation. A number of samples
indeed show this increasing trend, although a number of other
samples show a decreasing trend. This will be discussed further
later in the paper.

The NaMix+ subtype is also found in the PH/DH and is the result
of cation exchange as indicated by Fig. 8a. It is a transition subtype
between the NaCl and the NaHCO3 subtype whereby there is no
clear domination of either Cl� or HCO�3 hence the Mix designation.
Like the NaHCO3 subtype it has low Ca2+ (between 1 and 2.5 mmol/
L), very low K+ (between 0.3 and 0.6 mmol/L) and Mg2+ (between
0.6 and 0.9 mmol/L), making Na+ the dominant cation with concen-
trations between 2.5 and 6 mmol/L. Finally, the fresh CaHCO3 sub-
type with a negative BEX is found in the PH/DH. As the salinisation
modeling shows (Fig. 8b), this is the first change pore water under-
goes by displacement of CaHCO30 with saltwater. The negative BEX
indicates salinisation which is most probably due to small shifts in
the fresh–saltwater interface because of recent changes in hydrau-
lic boundary conditions (for instance drainage levels, levels in
canals, influence of infrastructure etc.).

4.3. DH and PH: calcite dissolution and redox sequence

Fig. 7d shows Ca2+ versus HCO�3 concentration for the CaHCO3

subtypes in the data set. These represent the final stage of cation
exchange and it is the water type which is most abundant in the
DH and PH. Calcium concentrations range from 1 to 7 mmol/L
whereas HCO�3 concentrations range from 3 to 13 mmol/l. There
is no clear trend for samples with a positive or a neutral BEX.
The few samples with a negative BEX in general show the lowest



Fig. 9. SO2�
4 concentration versus depth for the CaHCO3, MgHCO3 and NaHCO3 main

water type (a) and O2, NO�3 , SO2�
4 , Mn2+, Fe2+, HCO�3 , Ca2+ and CH4 versus C added as

calculated with PHREEQC (b).
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HCO�3 concentrations but this could be due to the limited number
of examples. At locations where samples with a positive or a neu-
tral BEX are found, the latter occur at shallower depths. This is in
agreement with the final stage of cation exchange whereby the
pore water is in equilibrium with the composition of the exchan-
ger. This indicates that the shallow sediments are sufficiently
flushed with recharge water to reach equilibrium with the exchan-
ger. The composition of this CaHCO30 water was calculated with
PHREEQC and compared with the observed concentrations. There-
fore, rain water (Table 2) was equilibrated with a partial CO2 pres-
sure of 10�2 atm and with calcite dissolution (SI = 0). The result is a
Ca2+ concentration of 1.94 mmol/L and a HCO�3 of 3.95 mmol/L con-
sidering an open system or Ca2+ concentration of 4.48 mmol/L and
HCO�3 of 7.21 mmol/L considering a closed system. This compares
with the observed concentrations indicating that these two pro-
cesses indeed determine the composition of the fresh recharge
water. Finally, saturation indexes (SI) of the CaHCO3 subtypes were
calculated with PHREEQC. These are all between �0.5 and 0.6.
Taking into account analytical errors and the fact that minerals
in nature are never pure, Stuyfzand (1993a) indicates that equilib-
rium can be assumed between a SI of �1.0 to 0.3. A SI larger than
0.3 means supersaturation. In that respect all samples are in equi-
librium with the calcite phase or slightly supersaturated.

For dune sediments in the northern part of The Netherlands,
Stuyfzand (1993b, 1999) found that the upper part of the aquifer
consists of decalcified sediments whereby Ca2+ concentrations
are subsequently lower than deeper in the aquifer. Ampe (1999)
found that decalcification depths in the Belgian dune systems are
very shallow, except for an old dune system, which is outside the
study area. Even so, the decalcification is very limited (maximum
1 m) in the polder (De Leenheer and Van Ruymbeke, 1960). Deter-
mination of the carbonate content of Quaternary sediments indeed
points to relatively large concentrations. Franceschi (1975) and
Devos (1984) reported, for instance, a mean carbonate content of
between 2 and 8 wt.%. However, this wt.% can be as high as 25 in
horizons with accumulation of shell debris. Subsequently, there
is no clear trend of increasing Ca2+ concentrations deeper in the
aquifer as was reported by Stuyfzand (1993b, 1999) for Dutch
sediments.

Bicarbonate concentrations are increased by denitrification, Mn
reduction, Fe reduction and SO4 reduction, combined with the oxi-
dation of organic matter. This gives rise to the redox zonation
found along a streamline (e.g. Appelo and Postma, 2005). Recharge
water contains dissolved O2 and this is at first instance used for the
oxidation of organic matter. Secondly, NO�3 is reduced, followed by
the reduction of Fe-oxides leading to an increase of the Fe2+ con-
centration. Subsequently, SO2�

4 is reduced and the precipitation
of Fe sulfide causes a decrease in the Fe2+ concentration. Finally,
CH4 appears in the groundwater. Only a few reliable dissolved O2

measurements exist in the data set. Besides a few exceptions all
water samples contain NO�3 concentrations which are less than
0.8 mmol/L (European Union drinking water limit). Mean NO�3 con-
centration of all samples is 0.08 mmol/L with a standard deviation
of 0.15 mmol/L. Quaternary sediments in the study area contain a
relatively high amount of organic matter. The mean value is
between 0.1 and 0.5 wt.% in sandy sediments and this can increase
to several wt.% in clay layers (Franceschi, 1975; Devos, 1984).
Obviously, this is significantly higher in peat horizons which occur
frequently in the sand or clay layers. Consequently, NO�3 is readily
reduced, restricting the NO�3 concentrations in the groundwater.
Fig. 9a shows the SO2�

4 concentrations as a function of depth for
the CaHCO3, MgHCO3 and NaHCO3 subtypes. In general, SO2�

4 con-
centrations can be as high as 2 mmol/L in the first 5 m. Sulfate
concentrations, in general, become less than 0.2 mmol/L deeper
in the aquifer, illustrating the reduction of the SO2�

4 . Sulfate con-
centrations are enriched in the upper part of the aquifer mainly
by oxidation of pyrite, which is present in the polder sediments.
This can result in relative percentages as high as 12% of the total
composition (Fig. 6c). Because of the high SO2�

4 concentrations, a
few samples are of the CaSO4 subtype. This defines a hydrochemi-
cal facies which is characterized by relatively high SO2�

4 concentra-
tions which can have two origins. It can be due to the already
mentioned pyrite oxidation or secondly (and most likely for the
high concentrations) by agricultural pollution. The CaSO4 subtype
is exclusively found in shallow wells.

Fig. 9b illustrates this redox zonation with a PHREEQC calcula-
tion. Water quality of the CaHCO30 water type is used but with a
NO�3 concentration of 0.25 mmol/L and 10 mg/l dissolved O2.
Organic C is added stepwise and the solution is equilibrated with
calcite dissolution. Goethite and pyrolusite are sources of Fe and
Mn, respectively. Pyrite is allowed to precipitate. Fig. 9b shows that
O2 and NO�3 are reduced after the addition of 0.3 mmol/L C. With
the relatively high amounts of organic material present in the Qua-
ternary sediments, this explains the low NO�3 concentrations in
most of the samples. Sulfate concentrations become very low after
the addition of 2.1 mmol/L C. Due to the oxidation of organic
matter, HCO�3 concentrations increase.
4.4. Relict Holocene hydrosome

Subtypes encountered in the RHH are mainly NaCl waters but
occasionally, the CaCl subtype is found. A minority of samples clas-
sify as CaMix or NaMix. The discussion here will focus on the NaCl
subtype. Its Cl� concentrations are varied ranging from brackish to
saltwater (B, b and S main types). The HCO�3 concentration varies
greatly ranging from type 2 to type 6. This results in changing rel-
ative percentages of the major ions as a function of the Cl� concen-
tration as discussed before (Fig. 6a and b). BEX can be positive,
negative or neutral. Fig. 10 shows the Na+, K+, Ca2+, Mg2+,
SO2�

4 and HCO�3 concentrations versus the Cl� concentration for
the NaCl subtype. The concentrations of the different species



Fig. 10. Na+, K+, Ca2+, Mg2+, SO2�
4 and HCO�3 as function of Cl� for the NaCl subtype of the relict Holocene hydrosome. Concentrations for the freshening and salinisation

experiment calculated with PHREEQC are also indicated.
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versus Cl� concentration for the freshening modeling calculated
with PHREEQC are also plotted on these figures. Additionally, a
salinisation modeling was calculated, whereby freshwater (CaH-
CO30 subtype, Table 2) is replaced by North Sea water and the
resulting concentrations versus Cl� concentration are plotted on
Fig. 10. Results of the salinisation modeling are also given in
Fig. 8b, are plotted on the Piper diagram (Fig. 5) and the relative
percentages are given in Fig. 6b and d. The salinisation modeling
shows a typical sequence of water types which should result in
corresponding hydrochemical facies in the aquifer. The CaHCO30
evolves first in CaHCO�3 , the BEX illustrating the salinisation.
Subsequently, CaMix� and CaCl� are found and finally, NaCl- and
NaCl0 develop. The CaMix�, CaCl� and NaCl� are typically found
in the mixing zone.

Bicarbonate and SO2�
4 concentrations versus Cl� concentrations

show the same evolution for the freshening as for the salinisation
modeling and only the former is plotted (Fig. 9). In the freshening
calculation, all species show conservative behavior for the rela-
tively large Cl� concentrations encountered in the NaCl subtype
and plot on a straight line between the seawater and the fresh
replacement water. Consequently, mixing in the transition zone
between fresh and saltwater is the dominant process determining
the resulting groundwater composition. In the salinisation calcula-
tion, HCO�3 and SO2�

4 show perfect conservative behavior, only
influenced by mixing. Magnesium evolution is almost according
to a conservative mixing line, whereas the other species clearly
show non-conservative behavior. Sodium, K+ and to a lesser extent
Mg2+ are depleted during the salinisation whereas Ca2+ is enriched.
Sodium, K+ and Mg2+ present in the displacing saltwater are there-
by exchanged for Ca2+ present on the exchanger.

How does the data set compare to the freshening and salinisa-
tion calculations? Concerning Na+, the NaCl+ subtype has a slightly
greater Na+ concentration than the NaCl� subtype of a comparable
Cl� concentration. Samples with a positive BEX, indicating freshen-
ing, plot close to the freshening calculations, whereas samples with
a negative BEX, indicating salinisation, plot close to the salinisation
calculation. This is not the case for K+, where there is a relatively
large spread around the freshening line. More or less the same
applies for Mg2+ where the samples are scattered around the
freshening and salinisation line. Calcium shows the most striking
difference between the freshening and salinisation modeling. Most
of the samples plot between these two lines. In general, samples



A. Vandenbohede, L. Lebbe / Applied Geochemistry 27 (2012) 22–36 33
with a positive BEX plot closer to the freshening line, whereas sam-
ples with a negative BEX plot closer to the salinisation line. Conse-
quently, water samples from the RHH seem to indicate that both
freshening and salinisation has occurred in the RHH. Note also that
the NaCl subtype plots in the Piper plot along the freshening line as
well as along the salinisation line.

Indication of both freshening and salinising behavior is very
well illustrated by the relative Na+ percentage (Fig. 6a and b).
The PHREEQC calculations show an initial increase of the Na+ per-
centage during freshening due to exchange of Na+ for Ca2+. During
the final stages of the freshening, Na+ is exhausted on the exchan-
ger and the percentage decreases. Salinisation shows an increase of
the Na+ percentage which is completely different from the
decrease during freshening. The Na+ percentages of the actual sam-
ples plot between the calculated freshening and salinisation line.
This is not only indicating freshening as well as salinisation evi-
dence in the RHH but also a more complex evolution. Instead of
starting from the end members (seawater or fresh CaHCO30) brack-
ish water CaHCO3 or NaCl, NaHCO3 or MgHCO3 subtypes could for
instance become fresher or more saline because of the hydrogeo-
logical evolution.

The Ca/Cl, (Ca + Mg)/Cl and Mg/Ca molar ratios are, together
with the BEX, strong indicators for freshening or salinisation in
aquifers (Jones et al., 1999). These ratios are given for the NaCl
and CaCl subtypes in Table 3. A Cl/Na molar ratio of 1.16 is typical
for seawater. Brackish and salt NaCl� subtypes have a relatively
large Cl/Na ratios reflecting salinisation, its lower limit being in
the order of the seawater ratio of 1.16. Brackish and salt NaCl+ sub-
types have a lower ratio in line with the positive BEX indicating
freshening in the samples. Salt NaCl+ subtypes have a ratio in the
order of the seawater ratio whereas the brackish samples have a
distinctly lower ratio. Samples with a neutral BEX have Cl/Na ratios
between those found in samples with a positive or negative BEX.
The Ca–Cl samples have a relatively high Cl/Na ratio, especially
those with a negative BEX, reflecting salinisation. The (Ca + Mg)/
Cl molar ratios show a somewhat different pattern. Salt samples
(with either positive, negative or neutral BEX) show the same ratio,
between 0.10 to 0.16. The same applies for the brackish samples
for which the ratio is between 0.10 and 0.37. Note that the lower
limit of the (Ca + Mg)/Cl ratio is the same for brackish and salt sam-
ples. The CaCl subtype shows somewhat higher ratios. The fact that
there is no clear freshening or salinisation signal in the (Ca + Mg)/
Cl as in the Cl/Na is due to dissolution of carbonate minerals which
influences, besides the cation exchange, the Ca2+ concentration.
The Cl/Na ratio is mainly determined by cation exchange. The
Mg/Ca molar ratio also reflects carbonate dissolution. The Mg/Ca
of seawater is normally between 4.5 and 5.2. Most NaCl subtypes
have a much lower ratio indicating an increase of Ca2+ with respect
to conservative mixing of seawater and freshwater. The SI of calcite
for NaCl samples is between �0.5 and 1.0 indicating equilibrium or
slightly supersaturated conditions.

Stuyfzand and Stuurman (2008) identified two types of brackish
and salt relict Holocene transgression waters for the Netherlands.
Since the situation is comparable in the Belgian coastal plain, these
Table 3
Cl/Na and (Ca + Mg)/Cl molar ratios for the CaCl and NaCl subtypes.

Cl/Na (Ca + Mg)/Cl Mg/Ca

CaCl� 1.3–4.5 0.20–0.57 0.17–0.36
CaCl+ 1.14–1.48 0.45–0.56 0.34–0.44
(B-b)NaCl� 1.15–1.60 0.10–0.30 0.8–3.8
SNaCl� 1.10–1.35 0.10–0.16 1.81–4.00
(B-b)NaCl+ 0.64–1.10 0.09–0.37 0.39–5.31
SNaCl+ 1.10–1.16 0.11–0.15 1.19–6.95
(B-b)NaCl0 1.08–1.30 0.11–0.26 0.36–4.11
SNaCl0 1.14–1.27 0.11–0.15 2.67–5.03
also apply. The first is an open marine estuarine or tidal gully type.
It is formed in high energy areas open to the sea, with a sandy floor
limiting contact with clay and peat. This results in water quality
with relatively low alkalinity (5–10 mmol/L HCO�3 ). The second
type is the lagoonal type which must have infiltrated in low energy
areas protected from direct incursions by the sea, allowing abun-
dant contact with clay and peat. This results in higher alkalinity
(10–65 mol/L HCO�3 ) which combines with extremes in SO4 reduc-
tion due to the oxidation of organic matter. Fig. 10 shows HCO�3 as
a function of Cl� for the NaCl subtypes and this shows a wide range
of HCO�3 concentrations (up to 65 mmol/L) for all Cl� concentra-
tions. For many samples, SO2�

4 concentrations are significantly low-
er than the mixing line. Consequently, most samples in the data set
have high HCO�3 concentrations and are characterized by SO4

reduction, pointing to the lagoonal type predominating in the data-
set. This is in agreement with the fresh and brackish water marshes
which were present between 5500 and 3400 BP, the high organic
matter content of the sediments and the occurrence of significant
peat layers in large parts of the area. Distinction between the open
marine estuarine or tidal gully type and lagoonal type could be
made based on the SO2�

4 concentration. Samples which plot close
to the mixing line in Fig. 10 are of the former type, samples which
show lower concentrations are of the latter type. As indicated by
Stuyfzand and Stuurman (2008), CH4, increased nutrient concen-
trations and Cl/Br ratios are further indicators for the lagoonal
type. Only NHþ4 concentrations are available in the present dataset
and these increase with increasing HCO�3 concentrations. For HCO�3
concentration below 10 mmol/L, NHþ4 concentrations are less than
0.7 mmol/L. For HCO�3 concentrations of 60 mmol/L, NHþ4 concen-
trations increase and range between 2.5 and 4 mmol/L.

4.5. Groundwater ages

Sparse age determinations are available for coastal groundwater
but they are of interest. De Breuck and De Moor (1974) give radio-
carbon dates of a RHH water sample taken below the Houtave creek
ridge. It is a S4NaCl� type and its 14C age is 4000 ± 180 a. Devos
(1984) gives 5 14C ages, all of the samples from the the RHH. Two
samples are of the B4NaCl+ type and have ages of 1375 ± 95 and
2545 ± 150 a. A B4 NaCl� type is dated as 1975 ± 210 a. The oldest
samples are a b2NaCl0 type (8055 ± 75 a) and a B5NaHCOþ3 sample
having an age of 8370 ± 105 a. Sampling was carried out in the field
using the IAEA procedure (Tamers and Scharpensel, 1970). Total
Inorganic C (TIC) was precipitated as BaCO3 and these precipitates
were analysed at the Institut Royal du Patrimoine Artistique (IRPA)
at Brussels (De Breuck and De Moor, 1974) and in the Niedersäch-
sisches Landesamt für Bodenforschung at Hannover (Devos,
1984). The BaCO3 precipitate was converted to CO2 by acidification
and subsequently to CH4 that is used for the 14C analysis using a
proportional gas counter, the 13C being measured with a mass spec-
trometer. The 14C dating model of Münnich (1957) was used by
Devos (1984) whereas De Breuck and De Moor (1974) give conven-
tional 14C ages.

Vandenbohede et al. (2011) gives ages of 4 samples taken in the
freshwater lens south of Oostende using 3H/3He. The sampling for
the 3H/3He analysis and groundwater dating was performed with a
new technique for sampling of noble gases that employs diffusion
samplers developed by the University of Utah (Gardner and Solo-
mon, 2009). Samples for 3H and Cl� analyses were also collected.
The diffusion samples and the 3H samples were both analysed by
mass spectrometry. The 3H content was measured by the He in-
growth method, where the water sample is degassed, sealed and
left to sit for 6–12 weeks while 3H decays to 3He, which is then
determined. All these samples show young ages (<40 a).

These groundwater ages illustrate the pre-impoldering age of
the RHH while the wide range of dates in the RHH indicates the
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Holocene evolution which is reflected in the pore water composi-
tion. The groundwater ages in a freshwater lens illustrate the
young ages of the pore water. Pore water in the fresh water lenses
is consequently very recently infiltrated rain water.

4.6. Concentration ranges

Even within a given subtype, concentrations of a given species
can show a relatively large range. This is evident from Table 2,
the Piper plot (Fig. 5) and the relative percentages (Fig. 6). In this
section, the underlying reasons are discussed. As explained in the
previous section, the water quality observed in the RHH is not nec-
essarily the product of one clearly defined phase of freshening or
salinisation but could be due to subsequent phases of freshening
and salinisation, consequently, it is not necessarily the case that
one of the end products (saline NaCl0 or fresh CaHCO30) is the dis-
placed water type. The effect of this on the water quality is shown
in Fig. 11a and b. These figures show the previously discussed
water quality evolution when fresh recharge water displaces sea-
water or vice versa, which were calculated with the PHREEQC col-
umn modeling run. Fig. 11a shows water quality evolution if a
CaMix, CaCl or a brackish NaCl subtype is replaced by freshwater.
This is a situation which could have occurred during the general
late-Holocene freshening of the aquifer or during freshening peri-
ods (for instance because of the evolution of a freshwater marsh)
during earlier periods. Starting from a brackish NaCl� subtype,
the freshening line shows the same general evolution as when
starting from pure seawater. However, the intermediate water con-
tains relatively more Ca2+ and Mg2+ and relatively less Na+ and K+.
Consequently, this partly explains the spread of concentrations in
the NaCl and NaHCO3 subtypes. Starting from a CaCl subtype, evo-
lution through a CaMix to the CaHCO3 end subtype is seen. This
explains the positive as well as negative BEX which can be ob-
served in the CaCl, CaMix and CaHCO3 subtypes. Replacing a fresh
CaMix� subtype with freshwater results fairly quickly in a CaH-
CO30 subtype. Fig. 11b shows the opposite, whereby the evolution
of salinisation is calculated starting from different subtypes (brack-
ish NaCl, NaHCO3 and MgHCO3). This is a situation which could
have occurred for different scenarios during the Holocene
Fig. 11. Left figure (a) shows a Piper plot with freshening evolution starting from differen
transgression (lateral migration of tidal gullies to a fresh environ-
ment, inundation of brackish or freshwater marshes). Displacing
these water types with seawater shows the same evolution as dis-
placing freshwater. However, the intermediate waters contain rel-
atively less Ca2+ and Mg2+ and relatively more Na+ and K+.
Subsequently, it also partly explains the spread of concentrations
in the NaCl and NaHCO3 subtypes and in Fig. 11a the occurrence
of positive as well as negative BEX for the NaCl subtype. Starting
from a MgHCO3 subtype, salinisation leads to MgCl+ subtypes be-
fore evolving to NaCl subtypes.

A further influence on the concentration range is the variation
in cation exchange capacity (CEC). The freshening and salinisation
modeling is performed with a CEC of 6 mmol/kg but because of
variation in clay and organic matter content, CEC will also vary
(Appelo and Postma, 2005). A last important factor explaining
the spreading of subtypes on the Piper plot is the SO2�

4 concentra-
tion, especially for the CaHCO3 subtype. As is shown in Fig. 9a,
SO2�

4 concentration has a large range in the CaHCO3 subtype
because of different concentrations in the recharge water (due to
pyrite oxidation and/or agricultural contamination) and the degree
of SO4 reduction.

5. Conclusions

In the central Belgian coastal plain, three hydrosomes could be
distinguished: the dune hydrosome (DH), polder hydrosome (PH)
and relict Holocene hydrosome (RHH). These hydrosomes origi-
nated during the Holocene evolution of the coastal plain. The
RHH containing brackish to saltwater, is found in the deeper part
of the Quaternary phreatic aquifer, and dates from before land rec-
lamation (impoldering) which started from about the 10th century
AD. The PH and DH containing freshwater, are found in the upper
part of the Quaternary phreatic aquifer, and date from during and
after the impoldering.

Quaternary geological evolution was dominated by a continued
transgression of the sea and progressive silting up of the coastal
plain. Between 7500 and 5500 BP large parts were no longer inun-
dated by the sea because of a decrease in the rate of sea level rise. A
mud-flat environment with mud and salt-marshes developed and
t subtypes whereas (b) shows salinisation evolution starting from different subtypes.
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was incised by tidal channels and gullies development. At some
locations, salt marshes evolved into freshwater marshes with reed
vegetation. The aquifer was recharged by mainly salt and brackish
water and brackish and salt NaCl subtypes would have dominated
the aquifer. Additionally, freshening of the aquifer will have
occurred in the freshwater marshes and higher parts of the coastal
plain. The highly dynamic nature of the tidally dominated system
means that saline conditions could evolve into freshening condi-
tions and vice versa. For instance, lateral migration of gullies into
a freshwater marsh environment would lead to a transitioning from
freshening to saline conditions and mixing of fresh and saltwater.
From about 5500 BP, many parts of the coastal plain were no longer
under the constant influence of the sea and became only inundated
temporally during major storm events, enhancing the freshening of
the aquifer. This ended with a renewed invasion of the sea from
about 3400 BP, leading to a phase of general salinisation of the aqui-
fer. Consequently, a range number of water types is expected to be
found in the RHH because of this complex evolution of different epi-
sodes of salinisation and freshening of the aquifer. Consequently,
because of the dynamic environments that groundwater originated
from, it is almost impossible to delineate spatially or map, different
hydrochemical facies within the RHH. The most important water
types are brackish and salt NaCl subtypes with both positive and
negative BEX, illustrating mixing of fresh and saltwater and both
freshening and salinisation of the groundwater. However, brackish
NaHCO3, brackish CaCl, NaMix and CaMix exist, pointing to freshen-
ing as well as to salinisation of the groundwaters.

Because of the impoldering, the North Sea could no longer inun-
date the coastal plain and freshwater could recharge the aquifer.
Whereas the period preceding the impoldering is characterized
by locally (fast) changing alternation between freshening and
salinisation, the period after impoldering is generally characterized
by a freshening of the aquifer. The older brackish and saline
groundwater is replaced by fresh recharge water, leading to the
formation of freshwater lenses. The PH and the DH differ mainly
by location, the former is found in the polder and the latter in
the dunes. Along a streamline (for instance in a freshwater lens)
the following water subtypes (and hydrochemical facies) can be
distinguished: CaHCO30, CaHCOþ3 , MgHCOþ3 , and NaHCOþ3 . This
sequence mainly reflects cation exchange whereby Ca2+ exchanges
first for Na+ (and K+) and then for Mg2+ (and K+). Increases in HCO�3
and Ca2+ concentrations with respect to pure mixing of seawater
and fresh recharge water identifies carbonate mineral (calcite) dis-
solution as a second important reaction. Reduction of organic
material is a third mechanism determining the overall chemical
composition of the samples. Because of denitrification, NO�3 con-
centrations are in general very low, concentrations are all, but for
a few exceptions, well below the European limit of 50 mg/L. Oxida-
tion of pyrite in the upper part of the aquifer, followed by SO4

reduction deeper in the aquifer results in a wide range of SO2�
4 con-

centrations. In some cases SO2�
4 concentrations can be high enough

to be reflected in the water type leading to (F-f)(2–4)CaMix or even
(F-f)4CaSOþ4 . The latter is almost certainly due to agricultural
contamination.
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