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ABSTRACT

The Netherlands coastal area is part of the subsiding North Sea sedimentary
basin that has experienced multiple periods of transgression and regression during the
Cenozoic era. As a result, saline groundwater is still found in the coastal aquifers
today and, conversely, fresh water may be encountered below the seafloor. Fig. 1
depicts a map of the chloride concentrations at a depth of 30 m. It shows a complex
distribution of fresh- and saline water bodies which is strongly affected by human
activities (i.e. land reclamation) that have caused local flow systems.

Figure 1: Chloride concentrations at 30 meters below sea level.

Although the distribution of fresh- and salt water is fairly well known, the
origin of the saline water in the aquifer system, which extends to a depth of over 250
meters, is still poorly understood. Uncertainty exists on the age of the saline water as
well as on the way in which the saline water entered the aquifers.

Age dating of groundwater samples by means of 14C measurements is virtually
impossible owing to the complex geochemical alterations that take place in the
subsoil. However, 14C can be used as a qualitative parameter in the sense that if the
saline groundwater has any significant 14C activity, it must derive from the Holocene
transgression. Samples with very little or no 14C must date from either the Eemian
transgression or the Tertiary to Early Pleistocene transgressions. From the archives of
the Centre for Isotope Research in Groningen the results of 20 14C analyses were
retrieved of groundwater samples with a chloride concentration of at least 1000 mg/l.
All except one have a 14C activity that lies between 30 and 70 % pmc, which means
that the water must date from the Holocene. The samples were taken from depths of
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up to 250 meters, indicating that the saline water could reach considerable depths in a
relatively short time (hundreds to thousands of years).

From this notion of the time scale involved, the transport process responsible
for salinization can be inferred. Salt transport by diffusion is far too slow a process to
account for the presence of saline water of Holocene age at depths of tens to hundreds
of meters. Convection (advective flow resulting from unstable density stratification)
on the other hand results in a relatively rapid salinization, provided that the
permeability of the subsoil is sufficiently high. Initially, a boundary layer develops
that, after it has reached a critical thickness, breaks up into fingers that sink into the
aquifer, while the fresh water is expelled between them (see Fig. 2).

Figure 2: Salinization by free convection.

In the present study a numerical modelling exercise was undertaken to gain an
understanding of the factors that control vertical salinization. Two main difficulties
were encountered. Firstly, it is impossible to apply these models to an actual field
situation since the values of the hydraulic conductivity that are representative for the
study area require a mesh discretisation in the order of millimetres. This is due to the
fact that the size of the elements must be small enough to ensure a proper resolution
of the boundary layer and the fresh- and salt water fingers whose dimensions are
mainly controlled by the permeability [Kooi et al., 2000]. To overcome this
restriction, model simulations are carried out using a lower permeability while at the
same time a means is sought to extrapolate the model results to higher permeabilities.

An idea of the influence of upscaling of permeability on the behaviour of the
salt fingers during descent can be gained by comparing the time scales associated with
advective and diffusive transport. The time needed for the salt plume to reach the base
of the aquifer at depth H is:
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where  is the fluid viscosity (ML-1T-1), n is porosity, �  is the density contrast (ML-

3), g is gravitational acceleration (LT-2) and k is intrinsic permeability (L2). The
characteristic width ( � ) of fingers that emanate from a saline diffusive boundary
layer at the sea floor is:

 
gk

D

ρ
µλ

∆
≈ 80

2
1 (2)

50 m

50
 m



�

where D is the molecular diffusion coefficient (L2T-1), including effects of porosity
and tortuosity. An effective time scale for diffusion can now be defined as:
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The ratio of the time scales for advection and diffusion is then proportional to:
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This result shows that with increasing k the time scale for diffusive transport
becomes smaller compared to the time scale for advective transport which means that
at high values of k, diffusion can effectively smear out density contrasts. This then
again means that the rate of descent of the salt plumes becomes smaller than what
would be predicted based on theoretical relationships that assume a maximal (initial)
contrast. The increasing importance of diffusion at high permeabilities may seem
counterintuitive but stems from the fact that the width of the fingers is more strongly
influenced by k than is their rate of descent. A series of numerical simulations is
presently being carried out to substantiate this relationship and preliminary result look
promising.

The second difficulty associated with the numerical modelling has to do with
the boundary conditions at the top of the model domain. In many field situations,
erosion and/or sedimentation which took place coeval with the transgression,
continuously altered the near-surface hydraulic properties. In case of the Dutch
coastal area, it is to be expected that while initially salinization was through
convection as the sea directly overlaid the permeable aquifer deposits, it gradually
changed to diffusion as clayey layers were deposited. To properly simulate
salinization under such a scenario the model must be able to take the building up of
such a confining layer into account, which is the subject of our current research.

Figure 3: Measured chloride concentrations in well 20B-0024 that show a
significant decrease below the base of the aquifer system.

Once the saline water has entered the aquifer, mass transport is largely
determined by the regional flow regime, which may change in time because the
boundary conditions are changed by geological processes, for example changes in
water table elevation as a result of changing morphology and expulsion of formation
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water from compacting sediments. Model simulations indicate that slow freshening of
deep marine sediments has occurred over the past 2Ma but that the salt derived from
these sediments has been flushed from the overlying aquifers by continental
groundwater flow. These findings are corroborated by salinity measurements in deep
boreholes, which in many cases show a significant decrease in salinity at the base of
the aquifer system, see Fig. 3. This is once again an indication that the saline water
present in the subsoil today is a feature of the past couple of thousand years.

From the combination of the results of these model simulations, 14C
measurements and field observations on the salinity distribution, it appears that most
of the salt water in the Pleistocene aquifer system derives from the Holocene
transgression. This means that salinization has been relatively rapid and took place via
convection. Although the numerical models can not be used to simulate actual field
situations, they provide a useful tool to study the factors and processes that determine
the mode of salinization.
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