Evaluating the salinity distribution of a shallow coastal aquifer
by vertical multielectrode proﬁling (Denmark)
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Niels Bøie Christensen & Steen Christensen
Abstract A monitoring system, including ﬁve groups of
piezometers and ﬁve vertical multielectrode proﬁling
probes (VMEP), has been installed in an aquifer beneath
a coastal dune in Denmark. In order to assess the salinity
distribution within the aquifer, geoelectrical data were
gathered in March, June and September 2008, by
measuring a dipole-dipole and gradient array using multielectrode proﬁling. Interpretation of the processed resistivity data was performed by regularized inversion using a
one-dimensional, horizontally layered model of formation
resistivity. The standard deviation on estimated layer logresistivity was 0.01–0.03. By estimating two parameters
of a power function, observed ﬂuid conductivities derived
from samples of porewater were related to corresponding
estimated formation resistivities. The conductivity proﬁles
correlate with a winter situation in March with high sea
level, active recharge and signiﬁcant wave activity,
causing increased hydraulic heads, a thicker freshwater
lens and salt water overlying freshwater close to the sea.
In June, the thickness of the freshwater lens is reduced due
to less recharge and prevailing offshore winds, imposing
density-stable conditions and a sharper transition between
fresh and brackish water. During the autumn, aquifer
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recharge is enhanced and hydraulic heads increase,
resulting in a thicker freshwater lens.
Keywords Coastal aquifers . Geophysical methods .
Multielectrode proﬁling . Salinity distribution . Denmark

Introduction
Coastal aquifers are complex ﬂow systems driven by
processes varying on several timescales. Seasonal variations
in recharge may introduce delayed oscillations in the
submarine groundwater discharge (SGD) due to the percolation time of precipitation through the unsaturated zone
(Michael et al. 2005). Tidal oscillations and wave activity,
acting on a sloping beach, lift the aquifer water table and
subsequent aquifer waves are damped and lagged as they
travel inland (Nielsen 1990; Nielsen et al. 1997; Cartwright
et al. 2003; Li et al. 1999a). A seepage face may develop as
the ocean water retracts during ebb tide or storm events,
further complicating the boundary condition at the coastline
as studied both analytically (e.g. Li et al. 1999b; Turner
1993) and numerically by Li et al. (1997). The dynamic
nature of groundwater ﬂow in coastal aquifers thus incurs
large variations in porewater salinity in space and time.
Different quantitative methods can be adopted for
investigating groundwater ﬂow and solute transport in
coastal aquifers. Geochemical tracers and water sampling
studies are reported by e.g. (Povinec et al. 2006; Charette et
al. 2003; Swarzenski et al. 2007; Young et al. 2008; Burnett
et al. 2008; Moore 2007; Moore and de Oliveira 2008).
Numerical ﬂow modelling studies have been carried out by
e.g. (Vandenbohede and Lebbe 2006; Michael et al. 2005;
Christensen and Engesgaard 2000; Smith and Zawadzki
2003; Mao et al. 2005). Geophysical methods including
geoelectrical and electromagnetic geophysical surveys are
reported by e.g. Kafri et al. (1997); Turner and Ackworth
(2004) in combination with (1) gravimetry (Duque et al.
2008), (2) reﬂection seismics (Shtivelman 2000; Choudhury
et al. 2001), (3) magnetic resonance soundings (Vouillamoz
et al. 2007) and (4) numerical ﬂow modeling (Bouzouf et al.
2001; Koukadaki et al. 2007). An overview of different
approaches is given by Oberdorfer (2003).
The objective of the present study is to investigate the
seasonal changes in porewater salinity of a shallow aquifer
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top of the clay and the surface coarsens upwards. Thus,
the clay is ﬁrst overlain by ~8 m of silty ﬁne sand while
above, ﬁne to medium sand is found. However, to the east
(E1–E3), a 10–25 cm layer of clayey silt is found at about
−1 m, apparently separating the silty ﬁne sand from the
ﬁne-medium sand. Annual precipitation at the coast is
about 800 mm, while potential evapotranspiration is about
500 mm. Actual evapotranspiration is somewhat smaller
(maybe only half that value) on the beach and the dune
because of the sparse vegetation. In autumn and winter,
when precipitation is high and evapotranspiration low, the
excess rain water percolates through the vadose zone. In
the lagoon, where the water table is never much below the
surface, excess water may result in partial or total
ﬂooding. The coastal dune forms a shallow coastal aquifer
where recharging water percolates through the vadose
zone. Because the vadose zone on average is several
meters thick there will be a lag from when water inﬁltrates
in the top of the dune to when recharge of the aquifer
takes place. A dike surrounds the lagoon towards the bay,
but during fall and winter storms, when the sea level in the
North Sea and the bay rises, water will ﬂow into the lakes
in the lagoon through a small channel. During spring and
summer, the connection to the bay is closed during high
sea level by a sluice which prevents ﬂooding.
In the fall of 2007, a set of VMEP probes were
installed in ﬁve cased boreholes, E1–E5. In E1–E4, the
bottom electrode was placed at −5 m, while at E5 it was
placed at −3.7 m. Having placed the probes, the casing
was removed allowing the sediments to collapse around
the probes. The VMEP probes are constructed from a 60mm quadratic-glass ﬁbre tube with 6 mm wall thickness.
Electrodes, made of 10-mm stainless SAE (Society of
Automotive Engineers) grade 316 steel (Bringas 2004),
are placed around the glass ﬁbre tube every 0.25 m, and
connected through a sealed connection to the cabling
inside the tubes running to the upper end of the probe. To
give additional protection, the probe was ﬁlled with epoxy

below a coastal dune extending ~165 m perpendicular to
the coastline with a saturated thickness of ~10 m. Vertical,
geoelectrical probes with evenly distributed electrodes
have been installed in the aquifer. By measuring vertical
proﬁles, resistivity data are collected, processed and
interpreted using a model of formation resistivity with a
vertical resolution of 0.25 m. This paper presents details
of the instrumentation at the ﬁeld site and demonstrates
the method of vertical resistivity proﬁling and the
processing of resistivity proﬁles. The interpretation of
three VMEP (vertical multielectrode proﬁling) proﬁles,
taken in March, June and September 2008, is carried out
by regularized inversion using a layered, one-dimensional
model of formation resistivity. The relation between
formation resistivity and porewater salinity is obtained
by using a power law model (Turner and Ackworth 2004).

Field site and instrumentation
The ﬁeld site is located at the Danish North Sea coast on a
coastal barrier separating a bay (Limfjorden) from the sea
(Fig. 1). The barrier is transgressional and groynes have
been built every 500 m along the shore in order to protect
the beach against erosion. From the shore, the beach rises
to about 2.5 m approximately 60 m inland where wave
erosion during storm events has formed a 1–2-m-high
escarpment. Further to the east, a 100-m-wide ridge of 4–
5-m-high sparsely vegetated coastal dune separates the
beach from a ﬂat 1-km-wide inland lagoon featuring lakes
and vegetated areas which delineate the barrier towards
the bay (Fig. 2). During the Pleistocene, a thick clay
deposit was formed in the bay which at that time reached
further to the west. Today, the top of this deposit is located
at about −9 m at the ﬁeld site (all elevations are relative to
datum which is mean sea level, [masl]). Samples from ﬁve
boreholes (E1–E5, Fig. 2) drilled between the lagoon and
the beach show that generally the sequence between the
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Collecting geoelectrical data by means of electrode
proﬁling requires a complete protocol containing the
conﬁguration of potential and current electrodes for each
measurement. Apparent resistivity ρa [ohm metres, Ωm] is
deﬁned as the measured difference in potential ΔV [V]
normalized by the current I [A] and multiplied by a
geometric factor K [m] in the following equation:
a ¼ K

DV
I

ð1Þ

where K depends on the type of array. Quality control of
the resistivity data is done through a visual inspection of
Hydrogeology Journal (2010) 18: 161–171

Vertical multi electrode profiling
The choice of electrode conﬁguration is based on the
requirement for vertical resolution. Measurements are
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formation resistivity are obtained by regularized inversion
of the resistivity data based on a one-dimensional, multilayered earth model. The salinity distribution is estimated
by establishing a relationship between porewater conductivity and formation resistivity.
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after connecting the wiring at the end to a cable
terminating in a box at the surface. Due to the different
lengths of the probes, the number of electrodes varies: at
E1 and E5 there are 28 electrodes while at E2–E4 there are
32 electrodes. Approximately 1 m from each VMEP probe,
three 63-mm piezometers were installed with the screen top
at approximately 0, −2 and −4.5 m as illustrated in Fig. 3.
Each screen is 0.5 m long. Slug tests made in some of the
piezometers during 2007 indicated that the hydraulic
conductivity of the silty ﬁne sand is about 1.0•10−6 m/s
while that of the ﬁne to medium sand is 5.0•10−5 m/s.
The tidal amplitude is ~0.25 m at the ﬁeld site. Tidal
oscillations shift the coastline ~5 m horizontally. In the
lagoon, the response from tidal oscillations is expected to
be signiﬁcantly damped and lagged. During episodic
storm surges the sea level rises up to 2.5 m. The average
distance from E5 to the coastline is ~70 m. Episodic storm
surges can reduce the distance between the coastline and
E5 to less than 10 m and wave run-up may reach the probe
during such events. None of the VMEP probes were
inundated by seawater during the proﬁling in March, June
and September 2008.
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Fig. 3 A VMEP probe accompanied by three piezometers screened
at different depths
0
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carried out in two conﬁgurations. One is the gradient
conﬁguration where all potential dipoles of unit length are
measured between two current electrodes. The current
electrode distances are chosen as 9, 18, 21, 24, 25 and 27
unit lengths for the short probe and 9, 18, 24, 27, 28 and
30 unit lengths for the long probe with overlapping
sections. The second conﬁguration is the dipole-dipole
conﬁguration where current and potential dipole lengths
from one unit distance to 7 unit distances are used. The
dipole-dipole conﬁguration is good at deﬁning layer
boundaries, but the signal-to-noise ratio is not always the
best. The gradient conﬁguration has been shown to be
sub-optimal in most cases (Dahlin and Zhou 2004) and
provides a good signal-to-noise ratio for all measurements.
When an electrode has been used as a current electrode, it
will carry a potential for some time afterwards. During
this period, serious measurement noise will be the result of
using the electrode in a potential measurement. Therefore,
the measurement protocols are designed to maximize the
time between using an electrode as a current and a potential
electrode while keeping the overall runtime of the protocol to
a minimum. The runtime is ~20 min for each protocol
yielding one set of proﬁling data in ~40 minutes. Standard
MEP (multielectrode proﬁling) equipment, consisting of a
Terraohm RIP924 electrical resistivity meter, SAS2000
booster and an ES10-64 electrode selector, is connected to
the probe and data is gathered by a ﬁeld laptop using the
ABEM software ERIC v2.09 from www.abem.se. The
proﬁles in March were measured using a different SAS2000
booster, as the original booster malfunctioned during the ﬁeld
measurements. For all measurements, the signal-to-noise
ratio is good and reciprocal measurements were not collected.
The current was set to 200 mA in all measurements.

Processing
Bad data points may be caused by failure of the relays at one
of the electrodes, poor electrode-sediment contact due to dry
soil in the unsaturated zone, or shorting between cables due
to leaking salt water. Such data are often represented by
apparent resistivity values that are signiﬁcantly larger or
smaller compared to neighboring data points. Processing is
carried out by visually inspecting apparent resistivity values
plotted against their vertical position in the proﬁle (the
pseudo-section). Resistivity values differing considerably
from neighboring points are removed from the dataset. In
this study, the pseudo-section is calculated using the
software ERIGRAPH v2.18.09 from www.abem.se.
Figure 4a is an example of a pseudo-section in which an
outlier can be identiﬁed in the deepest part of a proﬁle.

Inversion of resistivity data
There are numerous approaches to the inversion of
geophysical data with a one-dimensional model consisting
of horizontal, homogeneous and isotropic layers. The one
used for the VMEP data is a well-established iterativedamped least-squares approach (Inman et al. 1973;
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Tarantola 1987; Menke 1989). Formally, the model update
at the n’th iteration is given by

1
1
mnþ1 ¼ mn þ GTn Cobs
Gn þ Cm1 þ lI 
 T 1


Gn Cobs ðdobs  gðmn ÞÞ þ Cm1 mprior  mn

ð2Þ

where m is the model vector containing the logarithm of
the model parameters, G is the Jacobian matrix containing
the derivatives of the data with respect to the model
parameters, T is the vector transpose, Cobs is the data error
covariance matrix, Cm is a model covariance matrix
imposing the vertical smoothness constraint of the multilayer models, λ is the Marquard damping factor, I is the
identity matrix, dobs is the ﬁeld data vector, g(mn) is the
nonlinear forward response vector of the n’th model, and
mprior is the prior model vector. The forward responses are
modelled in the wavenumber domain through recursion
formulas (Daniels 1978), and the Hankel transform from
wavenumber to space domain is calculated using the
ﬁlters of Christensen (1990). In this study, as is most often
the case, the data noise is assumed to be uncorrelated,
implying that Cobs is a diagonal matrix. There is also no
prior information included on the model parameters. The
model used for the inversion of all resistivity data is a
multi-layer model, where the subsurface is divided into 60
layers, 59 of which are 0.25 m thick and the bottom layer
stretches to inﬁnity. Thus, independent of the depth of
installation of the vertical probes, the model discretizes the
top 15 m of the subsurface, enough to cover all probe
intervals. In the iterative inversion, the layer boundaries
are kept ﬁxed and only the layer resistivities are changed
in the inversion. To avoid geologically unrealistic models
with rapidly varying resistivities, vertical constraints are
introduced through the model covariance matrix. The
model covariance matrix Cm is constructed by stacking
single-scale exponential covariance functions with different correlation lengths in such a way that they will
approximate a von Karman covariance function. According to Serban and Jacobsen (2001) this is possible if we
choose
F3;Ln 

20

N
X
j¼0


C exp 
j

j zj
j
C Ln  0:65




1
1
G þ Cm1
Cest ¼ GT Cobs

ð4Þ

where G is based on the ﬁnal model. The analysis is
expressed through the standard deviations (SD) of the
model parameters obtained as the square root of the
diagonal elements of Cest (e.g. Inman et al. 1973).

ð3Þ

where Φv, Ln is the von Karman covariance function of
order ν and correlation length Ln, C is the factor (C<1)
between the correlation lengths, N is the number of
stacked single-scale covariance functions, σ0 is the standard deviation of the correlation and z is the distance in
space. In this study, we have used ν=0.1, C=0.1, Ln =
100,000 km and N=10. This means that the covariance
function will contain correlation lengths between 0.65 cm
and 6,500 km, one per decade. This covers scales of
geological variability between the radius of the Earth and
pebbles. Using the broadband covariance functions
deﬁned above ensures that model structure on all scales
Hydrogeology Journal (2010) 18: 161–171

will be permitted if required by the data. Note that the
model covariance matrix only depends on the geometry of
the multilayer model and so needs to be calculated and
inverted only once for the whole data inversion process.
The broadband covariance function also has the desirable
property that, for a given σ0, the regularization level does
not depend on model discretization. Inversion was carried
out with an initial (prior) model with a resistivity of
10 Ωm in all layers, but with two different standard
deviations of the model covariance matrix: σ0 =0.1 and
σ0 =1.0. An appropriate level of regularization of the
inversion was decided pragmatically by inspecting the
results of using different values. In this case, there was
very little difference between the results for a wide range
of values because there is good data coverage in the depth
interval of the electrodes. Within the permissible range,
we chose a value of 0.1 which gives a tight regularization
and a value of 1.0 which gives a weak regularization.
Where data controls the ﬁnal model, the two models will
be almost similar and where data have only a weak
inﬂuence, the two models will differ because the model
with the tighter constraint of σ0 =0.1 is more strongly tied
to the prior model. The two models can be used to
evaluate inversion quality. The comparison of the two
models is supported by a comparison between the relative
uncertainty of the layer resistivities in the two cases. The
two curves will diverge where data has little inﬂuence on
the inversion result. As expected, the resistivity model can
be trusted only in the depth interval covered by the
electrodes. Figure 4b includes an example of two
estimated model curves of formation resistivity using
σ0 =0.1 and σ0 =1 respectively, in March 2008 for probe
E3.
The model parameter uncertainty estimate relies on a
linear approximation to the posterior covariance matrix,
Cest, given by

Relating formation resistivity to porewater
conductivity

Relating formation resistivity to ﬂuid conductivity
depends on the type of sediment and the conductivity of
the porewater. Archie (1942) provides a linear relation
between formation and porewater resistivity, ρf (Ωm) and
ρw (Ωm) respectively, which in terms of the electrical
conductivities σw and σf (S/m) is
w ¼ Ff

ð5Þ

where the proportionality constant F is the “formation
factor” which is related to the porosity of the sediment.
DOI 10.1007/s10040-009-0503-6
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Equation 5 is valid for sediments where the matrix
resistivity is high and where the porewater is the main
conductor. For clayey sediments containing freshwater
with conductivities less than 0.5S/m, the sediment itself is
a signiﬁcant conductor and formation resistivity becomes
a non-linear function of porewater conductivity. Porewater
with conductivities below 0.5S/m is present in the upper
part of the aquifer at the ﬁeld site and clayey silt is
encountered around −1 m (Fig. 2). Therefore formation
resistivity and porewater conductivity is related by a power
function as proposed by Turner and Ackworth (2004)
f ¼

A
Bw

ð6Þ

The parameters A and B in Eq. 6 are estimated by
linear regression of log-transformed observed porewater
conductivities.
log ðf Þ ¼ logðAÞ  B  log ðw Þ

ð7Þ

Water samples are gathered from piezometers with a
screen length of 0.5 m which makes it difﬁcult to
determine the exact depth for which the salinity of the
water sample is representative. Therefore, the estimated
formation resistivity used in the estimation of Eq. 7 is
calculated as an average over the three model layers
situated closest to the screen.

Results
March, June and September 2008 represent different
distributions of hydraulic head and salinity which depend

on both the sea level and aquifer recharge. Sea level
records and estimated recharge are found in Fig. 5.
Recharge was computed with a simple root-zone model
(Christensen 1994) using local daily precipitation and
evapotranspiration data and a 10 mm root-zone capacity.
The effect of tidal oscillations on the water table within
the beach is expected to be most signiﬁcant in March
where the coastline is closest to probe E5 compared to that
of June and September. The water table h(x,t) as a function
of time t and the distance from the coastline x in an
unconﬁned, homogeneous aquifer subject to tidal oscillations, and not considering recharge is
hðx; tÞ ¼ A cosðwt  kxÞekx

ð8Þ

pﬃﬃﬃﬃﬃﬃﬃﬃ
nw
where A [L] is the tidal amplitude; k ¼ 2KD
[L−1] is the
wavenumber in which n is the porosity; w [rad/T] the
angular frequency of the tidal oscillation; K [L/T] is
the hydraulic conductivity; and D [L] the height of the
mean sea level over the bottom of the aquifer (e.g. Kovac
1981). Equation 8 implies that tidal oscillations are
damped exponentially as a function of the wavenumber
and the distance from the coastline. Considering only the
upper sandy sequence extending down to −1 m and using
parameter values speciﬁc to the ﬁeld site, a maximum tidal
wave amplitude of less than 1 mm is expected at E5 in
March, June and September which indicates that the
dynamic effect of tidal oscillations on the water table is
negligible at E5. The lifting of the aquifer water table due
to tides is ≈5 cm as estimated by the analytical model of
Nielsen (1990; p. 2132). The wave setup at the coastline is
~0.4 times the off-shore root-mean-square wave height
Hrms (Turner et al. 1996). The offshore Hrms relevant to
the ﬁeld site, varies between 25 and 75 cm (Woolf et al.
2002) implying a wave setup of between 10 and 30 cm at
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the coastline. Thus, the impact of tides on hydraulic head,
at the VMEP proﬁle is relatively small under normal
climatic conditions.
In the processing of the ﬁfteen proﬁles gathered in
March, June and September, only 0.8% of the data were
eliminated from the dataset. The standard deviation
obtained from Eq. 4 on estimated log-resistivity is
generally between 0.01–0.03 except at E1 in September
where uncertainties increase from 0.02 to 0.20 between
−3.75 and −2.25 m, which can be attributed to missing
data from ﬁve electrodes at this depth (Table 1). It may be
related to either a missing contact with the connecter
sockets or to intruding water which, despite all efforts to
encapsulate the wiring within the probe, may have
breached the ﬁller. Data residuals are largest in March
and September at E1 and E5. The differing residuals may
be related to the use of a different booster in March which
may incur different levels of noise on the resistivity
measurements. This however, does not explain why the
data residuals are higher in September, as the proﬁling in
June and September was carried out using the same
equipment. Residuals can be reduced by increasing the
number of model layers and/or increasing the predeﬁned
uncertainty on observed, apparent resistivity. Thus, for
different distributions of salinity, a ﬁner model discretization may be required to obtain low residuals.

Porewater conductivity
Figure 6 contains three contour proﬁles of the water-sample
salinity in March, June and September 2008. Water
samples gathered from the piezometers situated at −4.5
and −2 m have salinities of >20,000 and <2,500 ppm,
respectively. It is not possible to delineate the freshwater/
salt water transition zone between −4.5 and −2 m on the
basis of water samples alone for any of the proﬁles.
The parameters A and B of Eq. 7 were estimated from
observed porewater conductivity and modeled formation
resistivity gathered in March, June and September
(Fig. 7).
Models relating formation resistivity and porewater
conductivity can also be estimated on the basis of
observations from March, June and September separately
(Fig. 8). For each of these models, the individual 95%
prediction interval was computed (95% conﬁdence limits
for an individual observation, Draper and Smith (1981))
and then compared with the observations made at the two
other times (the prediction intervals are not shown on
Fig. 8 since they would make the ﬁgure almost unreadable). Because the measurements made in March are
widely scattered around the regression line, the prediction
Table 1 VMEP data residuals and standard deviation (SD) on logtransformed parameters
VMEP 2008

March

June

September

Data residual
Parameter SD (10−2)

1.9–4.1
1–2

1.0–2.4
1–2

1.8–3.5
1–3 (20)
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interval for March is wide and contains all measurements
made in June and September. Contrary to this, the data for
June and the data for September are closer to each of their
regression lines, and the prediction intervals for the June
and September models are therefore narrower. As a
consequence, data from June is found to fall systematically outside the prediction interval for the September
model, and vice versa. This indicates that the model
relating formation resistivity and porewater conductivity
for June is signiﬁcantly different from the model for
September. However, as the clay content is insigniﬁcant at
its maximum of 4.5% in the clayey silt, there is currently
no physical explanation for the models to be different. The
separate models are used for converting the resistivity
proﬁles in June and September as they are statistically
distinguishable. The resistivity proﬁle in March is converted by using the general model based on all available
observations (A and B from Fig. 7).
The estimated values of porewater conductivity based on
formation resistivities with a standard deviation less than
0.03 on log-transformed parameters (except for E1 between
−3.75 and −2.25 m) are found in Fig. 9.
March
Hydraulic heads are at a maximum in March compared to
observed heads in June and September. The sea level was
high compared to that of June and September, decreasing
from 100 to 81 cm during the proﬁling (relative to datum
which is mean sea level). The coastline was ~45 m from
E5. The hydraulic gradient between E1 and E2 is directed
towards the lagoon which may be attributed to aquifer
discharge into lagoon surface water which provides a
pathway for rapid surface-water runoff. The conductivity
proﬁle suggests a thick freshwater lens due to favorable
recharge conditions throughout January–February. In
March, saline water tops freshwater at E5. A freshwater
zone of 0.14 to 0.27 S/m extends to −2.1 m at E1, −2.7 m
at E2, and −3.0 m at E3 and E4, topping a transition zone
where porewater conductivity gradually increases from
0.27 to 4.45 S/m. The thickness of this transition zone
varies from 0.75 m at E1–E2, 1 m at E3 and 1.25 m at E4.
At E5 porewater conductivity decreases from 3.45 to
2.32 S/m between 0.6 and −1.7 m, and from 1.21 to
0.82 S/m below −1.7 m, implying saline water topping
freshwater in an unstable density distribution. The lower
conductivities observed at 0.8–1.5 m at E5 may be
attributed either to recent freshwater inﬁltration or to the
presence of a 2 m long PVC pipe enclosing the upper part
of the probe down to 1.5 m, installed to secure the probe
from waves during storm events.
June
Very low recharge took place throughout April–May 2008
because of low precipitation which, combined with a
relatively low average sea level due to prevailing offshore
winds, ultimately lowered the aquifer water table in June
by 0.5–1 m below that of March 2008. The sea level
DOI 10.1007/s10040-009-0503-6
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Fig. 6 Interpolation of water sample salinity March, June and September 2008; (line with circles) water table; (line with crosses) water
sample point; equidistance=2,500 ppm

decreased from 9 cm to −25 cm during the proﬁling and the
coastline was ~65 m from E5. As in March, a hydraulic
gradient towards the lagoon is present between E1 and E2.
In June, at E1–E4 conductivities suggest more saline
conditions compared to March, except at E5 where saline
water overlies fresh water in March. The freshwater zone
conductivities span 0.14–0.37 S/m while the transition zone
varies between 0.37–4.55 S/m. At E5, a zone of 0.29–
0.71 S/m reaches −3 m where conductivities increase
further to 0.71–1.39 S/m. The width of the transition zone

between freshwater and brackish water varies from 0.5 m at
E1–E2, 0.75 m at E3 and 1 m at E4 thus illustrating the
sharpest freshwater/salt-water interface among the three
proﬁles. The extent of the brackish zone is signiﬁcantly
larger compared to that of March and September.
September
The late summer of 2008 was unusually wet, providing
increased recharge. Combined with prevailing on-shore
Global model
March 2008 observed
June 2008 observed
September 2008 observed

Log10 Formation resistivity [ m]
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Fig. 7 Observed electrical conductivity of porewater and estimates of formation resistivity. 95% prediction limits (dashed line) and Eq. 7
model parameters A and B and correlation coefﬁcient r2
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Fig. 8 Observed electrical conductivity of porewater and estimates of formation resistivity. Models are based on observations from March,
June and September separately

brackish zone where porewater conductivity gradually
increases from 0.24 to 4.00 Ωm. The width of the
transition zone between freshwater and brackish water
varies from 0.75 m at E1, 1 m at E2 and E3, to 1.25 m at
E4. At E5, porewater conductivities increase from 0.50 to
1.00 S/m between −1.2 and 0.8 m to ~1.00–1.50 S/m
below −1.2 m.

winds raising the average sea level, hydraulic heads were
increased by 15–20 cm in the period from June–
September. The sea level increased from −3 cm to a tidal
peak at 18 cm ultimately decreasing to −1 cm during the
proﬁling. The coastline was ~65 m from E5. In September, a freshwater zone of 0.10–0.24 S/m reaches −2.1 m at
E1, −2.5 m at E2, and −3.1 m at E3 and E4, topping a

March 2008

NW (SEA)
2.5

1.5

0 3

2

1

0.5
1

90

5

1.5

80

0.5
2

70

60

1

2.5 3
50

2
3.5
40

1.5
1.

2.5

3

4
20

30

0.5

1

2

3
4.5 3.5 4 5
10
0

4

June 2008
0

3

1

0.5

1.5

90

1

2.5 2 3

80

70

0.51.5
3 5 4 43.5
.5
60
50

2.5 2 3 4

40

0.51.5
3.5
4.5

1

30

20

5
10

4

2.5 2 3
0

[S/m]

Elevation [masl]

SE (LAGOON)

0.5

2

September 2008
0

1

0.5
1

5
0.

90

1.5 2 1.5
2
3
80

1.5
70

60

0. 1
0.5
2.53.52 43
50
40

1.5

30

2.5

20

0.5 1
2
3.5

10

3
4

0

0

E5
E1
Distance from E1 [m]
Fig. 9 Electrical conductivity of porewater in March, June and September 2008 based on VMEP, equidistance=0.05 S/m, water table
(thick horizontal line) and probe position (circle)

Hydrogeology Journal (2010) 18: 161–171

DOI 10.1007/s10040-009-0503-6

170

Conclusions
Vertical, geoelectrical, multielectrode probes, each accompanied by three piezometers screened at different depths,
have been installed at ﬁve positions along a bay barrier
proﬁle on the west coast of Denmark. Resistivity data
were collected by measuring gradient and dipole-dipole
conﬁgurations. The proﬁles were processed and poor data
discarded by visually inspecting apparent resistivity values
plotted against their vertical position, eliminating 0.8% of
the data with no systematic pattern in outliers. An
interpretation of the processed resistivity data was
performed by regularized inversion using a one-dimensional, horizontally layered model of formation resistivity
with a vertical resolution of 0.25 m. The standard
deviation of estimated model layer resistivity was between
0.01–0.03 while data residuals spanned 1.0–4.1, largest
for E1 and E5 in March and September.
Porewater conductivity was related to formation resistivity by a power function in which two parameters were
estimated using observed porewater conductivity and corresponding estimated formation resistivity gathered in
March, June, and September 2008. The general conversion
between estimated formation resistivity and porewater
conductivity applies well to the March and September
proﬁles while the observations gathered in June differ
signiﬁcantly from the model for September. The cause of
this disagreement is unresolved. Further studies of the
relationship between formation resistivity and porewater
conductivity are necessary to investigate this discrepancy.
By interpreting the geoelectrical proﬁling data together
with water-table measurements, detailed information
about the extent of the freshwater lens, the position and
width of the transition between fresh and brackish water,
were obtained along the VMEP proﬁle in March, June,
and September 2008.
Results show that a high average sea level combined
with favorable recharge conditions through January–
February raised the hydraulic head to 1.3–1.5 m and
increased the thickness of the freshwater lens in March to
5 m. In March and June, a hydraulic gradient towards the
lagoon was observed between E1 and E2. This may be
attributed to aquifer discharge into lagoon surface water
which provides a pathway for rapid surface-water runoff
towards the canal in the lagoon (Fig. 1). As a result, the
freshwater body appears lens-shaped in this situation, as
water discharges landward and seaward on each side of a
water-divide situated in the dune. In March, saline water
topped freshwater at E5, which may be attributed to wave
run-up and spindrift. The transition zone from fresh to
brackish water increased in thickness from 0.75 m at E1–
E2 and 1 m at E3 to 1.25 m at E4.
The period prior to June was characterized by low
precipitation and increasing evapotranspiration ultimately
ceasing the recharge of the aquifer, and resulting in a
decrease of 0.5–0.86 m in hydraulic head and a reduction
in the thickness of the freshwater lens by 80 cm. In June,
the transition zone between freshwater and salt water
extended 0.5 m at E1–E2, 0.75 m at E3 and 1 m at E4.
Hydrogeology Journal (2010) 18: 161–171

During the autumn of 2008, the precipitation increased
signiﬁcantly which combined with a seasonal decrease in
evapotranspiration increased the recharge prior to September. The average sea level increased with prevailing
onshore winds, promoting wave run-up and spindrift
resulting in more saline conditions in the upper part of
the aquifer at E5. Hydraulic heads increased to 0.75–
1.0 m, the thickness of the freshwater lens was increased
by 30 cm and the transition from fresh to brackish water
occurred over 0.75 m at E1, 1 m at E2 and E3 to 1.25 m at
E4. At E5 the transition zone is not readily deﬁned.
Although a displacement of the freshwater/salt-water
interface is to be expected under dry conditions, the
position of the freshwater/salt-water interface was situated
at approximately the same depth in March, June, and
September. As the average sea level is low in April–May,
two opposing forces act on the freshwater lens. The
reduced thickness of the freshwater zone will move the
freshwater/salt-water interface upwards while a lower sea
level will increase discharge from the aquifer but also
move the interface downwards. The low hydraulic conductivity, silty sand from −1 to −9 m may limit the
exchange of water from the upper, highly conductive,
sandy sediment, promoting more stationary conditions in
the deeper parts of the aquifer.
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