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ABSTRACT
A major problem for the freshwater supply of coastal regions is the intrusion of salt-
water into aquifers. Due to extensive extraction of freshwater to suffice increasing
drinking water demands and/or in periods of reduced groundwater recharge, the
equilibrium state may be disturbed. The result is an upconing or movement of the
fresh–saline groundwater interface, which reduces the local drinking water resources
at coastal regions or islands. The saltwater monitoring system (SAMOS) is a vertical
electrode chain installed in a backfilled borehole. It provides a solution to observe
the transition zone in detail, both temporally and spatially. We present monitoring
data of the first year from three locations - with different geological conditions that
show disturbances in the resistivity distribution that result from the drilling processes.
A clayey backfilling, for example, can lead to beam-like artefacts, and a mixed fluid
within the backfilling changes its bulk resistivity, both leading to misinterpretations.
We performed data inversion under cylindrically symmetrical conditions in full-space
in order to separate these resistivity artefacts from the undisturbed background. Data
inversion reveals that it is possible to separate drilling effects on the resistivity dis-
tribution from the undisturbed background. Thus, an interpretation of the natural
transition zones can be made immediately after the installation.
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INTRODUCTION

Usually, seawater and freshwater are in an equilibrium state
in coastal regions, forming the well-known saltwater wedge.
In case of a homogeneous subsurface, it takes the form of
a concave plane towards inland, replacing freshwater due
to its higher density. However, increasing population, human
overexploitation and climate change put pressure on coastal
regions.

The demographic change leads to faster growing cities in
the coastal regions. That leads to an extensive extraction of
freshwater to suffice increasing drinking water demands. Pe-
riods of reduced groundwater recharge may disturb the equi-
librium state of the freshwater-saltwater interface. The result
is saltwater upconing or a movement of the fresh-saline inter-
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face, which reduces local drinking water resources at coastal
regions or islands.

Several earlier hydrogeological investigations study, for
example, the pumping optimization or the impact of climate
change on seawater intrusion in coastal aquifers (e.g. Ras-
mussen et al., 2013; Ferguson and Gleeson, 2012; Sherif et al.,
2012; Cheng et al., 2000; Wiederhold et al., 2013), and sup-
port the local water supply companies (e.g. Schöniger et al.,
2019).

For geophysical investigations of the subsurface for hy-
drological purposes, electrical/electromagnetic methods are
often chosen because the electrical resistivity is an indicator
for both clay content and groundwater salinity. The spec-
trum of methods extends from electrical resistivity tomog-
raphy (ERT) to electromagnetic methods in time and fre-
quency domain. Electrical resistivity is commonly mapped in
two- or three-dimensional applications, as summarized in
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Loke et al. (2013). In particular, the ERT monitoring of resis-
tivity changes is capable of imaging transport processes in the
subsurface (Kemna et al., 2002). In recent years, more perma-
nently installed ERT systems have been presented that moni-
tor groundwater flow between surface water and groundwater
(Coscia et al., 2011), in landslides (e.g. Whiteley et al., 2019
and the references therein), or in karst systems (Watlet et al.,
2018). According to the measurement speed and the model
resolution properties, another typical application is the char-
acterization and monitoring of freshwater aquifers that suf-
fer from saltwater intrusion. A recent investigation addresses
the development of automated monitoring systems like the
ALERT (automated time-lapse electrical resistivity tomogra-
phy) system (Kuras et al., 2009; Ogilvy et al., 2009). Bin-
ley et al. (2002) observed variations in moisture content with
different methods, including single borehole ERT, and could
resolve changes between 0.5 and 1%. Tsourlos et al. (2003,
2007) presented the concept of single borehole ERT moni-
toring including data inversion by assuming point electrodes.
They found that this approach provides subsurface images
of increased resolution compared to surface-based geophys-
ical methods.

To analyse particular structures, for example the interface
between saltwater-bearing and freshwater-bearing sediments,
it is best to install the electrode array in the immediate prox-
imity of these structures. Grinat et al. (2010) briefly described
our self-developed measuring system SAMOS (Saltwater
Monitoring System) that combines several advantages:

• the electrode array is installed in the subsurface covering the
whole transition zone between freshwater and saltwater,

• it is a low-power system and it can be buffered by solar
power,

• the measurements are carried out automatically several
times a day, and

• data are regularly transferred by telemetry.

SAMOS was, aside from ALERT, one of the first self-
sustaining monitoring systems when it was installed first in
2009. It was designed as a low-power system with a recharge-
able power supply (by solar panel) and automatic data trans-
fer. Recently, a commercial monitoring system has become
available, which includes data handling (Baisset and Neyens,
2018). In this paper, we present the monitoring data and the
time-lapse inversion results from three cases:

• an undisturbed ideal test site with simple geologic condi-
tions,

• a more geologically complex site in the vicinity of the pre-
vious test site, and

• a new test site where measurements were recorded directly
after the installation and there were severe effects on the
collected data caused by disturbed conditions due to the
the drilling process.
All existing publications on such tools assume point elec-

trodes.However, for small electrode distances compared to the
dimensions of the borehole tool, the electrodes cannot be con-
sidered points in the full space anymore. Rücker and Günther
(2011) used the so-called complete electrode model (CEM) to
account for the real shape of the ring electrodes for inject-
ing the current and measuring the voltage. They already mod-
elled a very similar borehole tool using the exact geometry
and found significant differences, particularly for short elec-
trode arrays. Such systematic errors would lead to inversion
artefacts near the borehole. A simple correction of geometri-
cal factors could help, but is not guaranteed to be sufficient as
shown by Doetsch et al. (2010) for crosshole ERT.

Therefore, we present an inversion approach that takes
the 3D geometry of the borehole and the electrodes into ac-
count by using the CEM technique; full 3D forward modelling
has been performed. For inversion, we reduce the dimension-
ality to 2D assuming a cylindrical symmetry, and, therefore,
we could discretize the near-borehole and the far-borehole re-
gions. The main objective of this article is to find out if the dis-
turbance of the resistivity distribution, caused by the drilling
process, can be separated from the undisturbed background
resistivity through inversion. After introducing the three test
sites and the SAMOS system in detail, we describe the numer-
ical data analysis that inverts the data into 2D subsurface im-
ages, thus differentiating between the near-borehole and the
undisturbed areas, for different time steps.We discuss the data
base and the static inversion results along with the lithology
obtained from the boreholes. Finally, we present the dynamic
behaviour for several months since installation, and interpret
these results in terms of processes in the disturbed and undis-
turbed zones.

MONITORING SYSTEMS AND SITES

Two readily developed and self-built monitoring systems were
installed at the North Sea island Borkum in the project CLI-
WAT (climate and water) in September 2009.Monitoring data
had been collected since then with only little gaps due to tech-
nical problems.

The third system was manufactured by SolExperts for the
project goCAM (go coastal aquifer management). It was in-
stalled in 2018 near the village Abickhafe at the Ems-Jade
canal, approximately 10 km west from its estuary next to a
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Figure 1 (a) Location map with a slice in 15 depth showing electrical resistivities derived from HEM results (Siemon et al., 2018); (b) detailed
monitoring position of CLIWAT1 and CLIWAT2 in Borkum; and (c) at Abickhafe (goCAM1) near the Ems-Jade canal. White frames in (a) show
the location of cut-outs in (b) and (c).

chloride-monitoring site. Figure 1 shows the location of the
monitoring systems and the resistivity slices in 15 m depth de-
rived from airborne electromagnetic investigations (HEM).

Low resistivities (red) indicate mostly saltwater in the
open sea and coastal saltwater intrusion that reaches several
kilometres inland, but occasionally also clay deposits (Siemon
et al., 2015). On the mainland, the freshwater–saltwater in-
terface forms a front roughly parallel to the coast. Its shape is

mainly influenced by geologic conditions and early age flood-
ing events. Borehole logs at goCAM1 showmostlyQuaternary
sand deposits with embedded clay lenses (see Fig. 2).

Figure 3 shows data of installed chloride monitoring next
to goCAM1, at two different depths. The concentrations at
30 m depth are almost constant at ≤20 mg/l and at ≈450 mg/l
in 55 m depth with a slight increasing trend. Although the
values exceed the 250 mg/l threshold for drinking water, no
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Figure 2 Lithologic logs for the monitoring sites at the island Borkum (CLIWAT1, CLIWAT2) and the village Abickhafe (goCAM1), including
the depth level of the monitoring system SAMOS.

information about the transition zone is given. At this point,
the SAMOS monitoring system becomes important, as it de-
livers data along a vertical profile in a defined depth range and
is able to image the transition zone form fresh to saline water.

According to Schneider and Kruse (2006), the freshwater
lens on islands is controlled by several factors like recharge
rate, stratigraphy, elevation, vegetation and tidal effects. The
Ghyben–Herzberg (GH) relation states that the saltwater

)
(

C

Figure 3 Chloride concentrations at goCAM1 derived from fluid conductivity measurements of a monitoring in 30 m (blue) and 55 m (red)
depth.
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Figure 4 Schematic sketch of the SAMOS geoelectrical measurement system (a), the CLIWAT chains installed in Borkum (b), and the goCAM1
system (c).

interface depth is directly proportional to the elevation of the
groundwater table above the sea level. Assuming a typical salt-
water density of ρs=1.025 g/cm3 for the North Sea, we obtain
an approximation for the depth of the saltwater/freshwater
interface of hbsl ≈ 40∗hasl, with hasl being the elevation of the
groundwater table above the sea level. However, the thick-
ness of the freshwater lens also depends on the ratio between
recharge rate and hydraulic conductivity, and the size of the
island. The thickness of the transition zone between freshwa-
ter and saltwater, which is not included in the GH model, is
mainly influenced by the tidal range and aquifer parameters
(Cooper, 1959).

The general geological condition at Borkum shows
Holocene sandy sediments deposited as an alluvial formation,
which consists of silica sand with lenses and enclosures of
peat, clay, silt and shell detritus (Igel et al., 2013). Litholog-
ical information of the CLIWAT1 borehole in Fig. 2 shows
mostly fine-grained sand down to 70 m depth, which is inter-
rupted by a thin clay and brown coal layer at 10 m depth.
Compared to the homogeneous conditions at the first lo-
cation, CLIWAT2 shows a more complex pattern. The bot-
tom of the first fine grained sand layer is at 23.10 m depth,

E

(-)

Figure 5 Ratio between numerical and analytical geometrical factors
for Wenner-α and dipole–dipole array. Point electrodes were assumed
for kana and CEM electrodes for knum. DD1–DD6 describe different
dipole lengths.

followed by a 4.20m thick silt formation. The third layer from
27.3 to 35 m depth consists of medium-grained sand and is in-
terrupted by a clay formation at 29.9–32 m depth range. The
following fine-grained sand ends at 48.5 m depth.

© 2020 The Authors. Near Surface Geophysics published by John Wiley & Sons Ltd on behalf of European Association
of Geoscientists and Engineers.,Near Surface Geophysics, 18, 369–383



374 M. Ronczka et al.

Figure 6 Cylindrically symmetric FE mesh, with a horizontal slice showing the cell marker distribution (left). The right side shows an enlarged
version of the inner cylindrical segment and its vertical marker distribution including facets representing ring electrodes (grey).

Ground-penetrating radar investigations have been done
to estimate the freshwater lens by locating the water table
(Igel et al., 2013). Additionally, numerical groundwater mod-
elling has also been carried out by Sulzbacher et al. (2012)
to study the freshwater lens and to use it as a basis for fur-
ther simulations. They used 124 water-sample analyses from
sea water at different locations, from water supply wells, new
drillings or direct push measurements. They derived a con-
stant temperature-dependent factor to transfer electrical con-
ductivity values into total desolved solids (TDS). From the
resulting TDS distribution at the surface, a constant-mass
boundary condition was constructed. The freshwater lens of
the island is modelled including different historical water-
relevant events. The computed TDS distribution for the year
2008 is then compared with the electrical conductivities from
HEM data.

Both SAMOS boreholes in Borkum were drilled by a hy-
draulic rotary drilling/directional drilling, which interacted
with the borehole vicinity, changing its electrical properties
due to the used mud. The final installation depth for CLI-
WAT1 was at 45.75–66 m and for CLIWAT2 from 44.75 to
65 m. In contrast, air drilling was used for goCAM1, result-
ing in a much smaller disturbed zone near the borehole. The
installation depth was shallower compared to CLIWAT, being
in the range of 35.25–55 m.

Standard hydrological approaches formonitoring saltwa-
ter intrusions are, for example, fluid conductivity measure-
ments within boreholes at specific depths or multilevel sam-
pling which has the difficulty of circulating the fluid in the
borehole. In comparison, SAMOS can image the electrical re-
sistivity changes based on the water conductivity along a ver-
tical profile.

The installed electrode chains in Borkum consist of a PVC
casing DN35with a diameter d= 48mm and 78 stainless steal
ring electrodes with a height of 25mm and a spacing of 0.25m
in-between. The goCAM system consists of 80 stainless steel
(1.4435) ring electrodes with the same height and spacing, but
a diameter of 50 mm. The only main difference between the
CLIWAT and goCAM monitoring systems is in the length of
non-flexible parts. Figure 4 shows that CLIWAT1 and CLI-
WAT2 systems consisting of four 5–6 m long parts, while the
goCAM1 system was build of smaller (0.5 m long) parts to
ease the installation.Thewiring of all systems occurs inside the
PVC tube, which makes the system robust against mechanical
stress during installation. Two O-ring seals on the screw fit-
ting make the contact between segments water-tight. Decoder
boxes connect the electrodes with the ‘4point light 10W’ in-
strument manufactured by LGM,which is used to perform the
measurements. It is a low-power device with an output current
of 1 μA–100 μA and voltage of 380 V. The power supply is
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Table 1 Data range with minimum and maximum apparent resistivities, number of iteration, and the rrms error for the base-line inversion of
all three test sites. The last two columns give the iteration- and relative root mean square (rrms)-range for the shown time-lapse results

Base line Time lapse

Site Data (min/max)(�m) Iterations rrms (%) Iteration range rrms range (%)

CLIWAT1 1.75/89.68 2 1.9 1–4 1–9
CLIWAT2 2.35/83.69 3 6.7 3 5–10
goCAM1 12.46/242 5 1.9 3–5 1.9–2.2

ensured by batteries connected to a solar panel. An additional
solar panel completes the surface installation to recharge the
battery used for power supply. The system is designed to run
automatically, starting a predefined protocol file that contains
electrode configurations at a desired time. Data are uploaded
daily to an ftp server.

The schematic sketch in Fig. 4(a) shows the principle of
measurement with the SAMOS system, and how the so-called
pseudosection is constructed for a Wenner-α array. The go-
CAM1 system was installed in December 2018 and runs with
a Wenner-α and dipole–dipole array that records 3167 data
points for one time step. Both datasets have been combined to

get a better coverage and resolution. The monitoring at CLI-
WAT1 and CLIWAT2 in Borkum started in 2009,measuring a
Wenner-α configuration with about 900 data points per time
step and five steps a day.

NUMERICAL MODELLING

We used the Python-based open-source software package py-
GIMLi (Rücker et al., 2017) for data handling, forward mod-
elling and inversion. For analysing the data with respect to
structures and changes in the subsurface, the correct geome-
try of the SAMOS installation needs to be taken into account.

Figure 7 Pseudosection of the base-line measurements from CLIWAT1, together with the lithological log (middle) and the inversion result (right).
The black line marks the 10 �m interface.
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Figure 8 Pseudosection of the base-line measurements from CLIWAT2, together with the lithological log (middle) and the inversion result (right).

The two major components are the central plastic tube, which
acts as an insulator and the ring electrodes. We used TetGen
(Si, 2015) to create tetrahedral meshes that discretize the plas-
tic tube as a void with Neumann boundary conditions and
the ring electrodes approximated by polygon faces with their
specific height and diameter.

The ring electrodes cannot be treated as points because
of their extension compared to their distance, which leads to a
three-dimensional (3D) modelling problem.We used the com-
plete electrode model (CEM), which allows the current injec-
tion and voltage measurement over the whole surface using
a (in this case small) shunt impedance (Rücker and Günther,
2011). Ronczka et al. (2015) compared CEM with other ap-
proaches for modelling extensive electrodes like the conduc-
tive cell model (Rucker et al., 2010), and concluded that CEM
is widely equivalent, but more flexible and efficient.We calcu-
lated the analytical geometrical factors (assuming point elec-
trodes) for a Wenner-α using kW = 4πa and dipole–dipole ar-
ray by kDD = 2πn(n+ 1)(n+ 2)a, with a being the electrode
spacing and n the factor for the spacing between the current
and the potential electrodes. Note that the analytic k-factor
does not take the PVC tube of the monitoring system nor
the electrode shape into account. We also calculated numeri-

cally the geometric factors (knum) by assuming a homogeneous
full-space of 1 �m and modelling the electrodes with CEM.
Figure 5 shows that maximum deviation of 11.4% for
Wenner-α and 13.4% for dipole–dipole occuring for the
smallest electrode separations and it decreases to approxi-
mately 1% for both array types. Therefore, it is most impor-
tant to consider the correct electrode geometry for small elec-
trode separations.

As full pseudosections are measured,we are able to image
the resistivity distribution in two dimensions as a function of
depth and distance to the borehole. This is because although
the forward problem is essentially three-dimensional because
of the considered electrode geometry, the information content
is two dimensional. We solved this issue by using a hybrid
scheme allowing a 3D forward calculation with a reduction
of the model to two dimensions for the inversion. To this end,
we created a triangular prism-mesh based on a number of 10
rings representing different distances to the borehole. All cells
at the same depth and distance are associated with the same
cell marker, creating a multi-cell region. All regions are treated
as so-called single regions, which are represented by only one
unknown (resistivity) during the inversion, while for the for-
ward computation the cylindrially symmetrical 3D resistivity
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Figure 9 Pseudosections for Wenner-α (WA) and dipole–dipole (DD) array of the baseline measurement from goCAM1, along with the corre-
sponding lithological log (middle) and the inversion result (right).

is used. This is known as the region technique in pyGIMLi
(e.g. Coscia et al., 2011).

Although this approach strongly constraints the informa-
tion content, one can retrieve it is reasonably, as it is obviously
not possible to resolve 3D resistivity distributions using a 2D
electrode setup.

Figure 6 illustrates the cell marker distribution in the
finite element (FE) mesh, with a horizontal slice showing
circular segments with their constant cell markers. The inner
cylinder segment in Fig. 6 (right) shows the vertical marker
distribution together with grey facets representing the ring
electrodes. The hollow cylinder in the centre of the FE mesh
represents the PVC-cased electrode chain.

Between the individual regions, smoothness constraints
are used and the regularization parameter is chosen so that
the smoothest model that fits the data within a given error
is considered to be final. We assume a constant relative er-
ror of 3%, because we do not expect a voltage dependency
due to the small distances and the good coupling. A reference-
model-based approach for the time-lapse inversion was cho-
sen with the first model as a base-line; a smooth distribution
(relative to the logarithmic model transformation) of the resis-
tivity changes is targeted.We did not use a difference inversion

scheme, which removes systematic misfits by subtracting the
base-line data, because this could partially remove the near-
borehole effects that we want to capture.

All subsequent inversion results are plotted as 2D images
that are functions of borehole distance and depth. We per-
formed smoothness-constrained time-lapse inversions for all
test sites to find out if the drilling-induced resistivity varia-
tions in the borehole vicinity could be mitigated in order to
restore the undisturbed background resistivity distribution.

RESULTS

Static inversion

The overall data quality in all three test sites is very good with
the stacking errors less than 1%.However, the electronic parts
at the surface installation were affected by an increased mois-
ture content that led to outliers following the pattern of a de-
fect electrode. A basic data processing removed these errors
prior to the inversion. The data fit for all base-line inversions
is given in Table 1.

The base-line results in Fig. 7 for CLIWAT1 show ap-
parent resistivity in the range of 2–80 �m and a transition
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Figure 10 Dynamic inversion results from CLIWAT1, showing absolute resistivities (top) and relative differences towards the previous time step.
Resistivities at 1 m distance from the electrode chain are shown in (h) for all time steps.

to lower values at approximately 56.5 m depth. The transi-
tion zone appears relatively thin for data with short electrode
spacings, but smears out at larger separations. Regarding the
simple local geological conditions (only sandy material), given
by the lithology log, it can clearly be attributed to the inter-
face between fresh and saline water. The inversion result on
the right-hand side of Fig. 7 reproduces the transition zone
at a similar depth (denoted by the black 10 �m line) with
a slight variation for x ≤ 1 m. The resistivity that follows is
strictly layered for distances greater than 1 m, from which we
conclude that there is no influence from the drilling process.
However, model parts adjacent to the electrode chain are sig-
nificantly different from the background, particularly in the
depth range between 53 and 56 m. We interpret these higher
resistivities as remains of the drilling process. The backfilling
material is filled in without compaction resulting in a subsi-
dence process that reduces the porosity with time. As long as
this process continues, the porosity of the backfilled region

is higher compared to the background, which leads to a de-
creased resistivity. The whole transition zone is rather wide
and extends from 47 m (with 100 �m) down to 60 m (with
2 �m). Note that this is not an effect of the smoothness in the
inversion, but is real, as already shown by borehole measure-
ments (e.g. Günther and Müller-Petke, 2012).

As shown in Fig. 8, the apparent resistivities for the base-
line of CLIWAT2 range between 2 and 83 �m, comparable
to CLIWAT1. However, the Wenner-α pseudosection on the
left side of Fig. 8 is more structured, showing resistivity vari-
ations especially in the first few pseudo-levels. This is most
likely caused by the more complex local geological condition
compared to CLIWAT1. Three clay lenses at depth intervals
of 48.5–49.7 m, 52.4–52.8 m, and 56–62.3 m appear in the
lithological log. The upper two cause decreased resistivities for
small separations,which are also different from the larger ones
at the same positions, thus indicating strong influence from the
drilling. It becomes clear that both the pseudosection and the
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Figure 11 Dynamic inversion results of CLIWAT2 showing absolute resistivities (top) and relative differences from the previous time step.
Resistivities at 1 m distance from the electrode chain are shown in (h) for all time steps.

inversion result cannot be interpreted easily, because different
factors (pore water salinity and lithology, but also the drilling
effects) are mixed up.

As the ρa is an integral value over a certain volume, the
clay lenses affect the single four-point measurements to a cer-
tain extent. This changes as measurements progress, when the
four-point array is shifted downwards to the next electrode.
With increasing spacing, the ρa value averages a larger vol-
ume, which leads to smooth gradients between high- and low-
resistivity parts for larger pseudo-levels. The more structural
behaviour makes it difficult to determine a 10 �m interface
in the pseudosection. In comparison, the inversion result on
the right side in Fig. 8 shows resistivity variations within 1 m
distance, which it makes it easier to find the 10 �m inter-
face. The clay between 48.5 and 49.7 m and 52.4 and 52.8 m
depths appears with smaller resistivities in the direct vicinity
of SAMOS within 1 m distance. The third clay lens between
56 and 62.3 m depth cannot be resolved, because its resistivity
is comparable to that of the saltwater-saturated sand.

The inverted section on the right-hand side shows a
clearer image but is visually more structured compared to CLI-
WAT1. We observe a smooth layering for more than 1 m dis-
tance. In general, we also see the transition zone from 100 �m
at 47 m depth down to 3 �m at 60 m depth. However, it
is influenced by both water salinity and lithology. For exam-
ple, the clay layer at about 53 m depth is clearly visible with
about 10 �m, as higher resistivity values appear below. In
contrast, the clay layer at 49 m depth is harder to detect far
from the borehole. A transition down to 3 �m appears within
the deepest clay layer. Furthermore, the values in the sand be-
low do not reach the expected values of approximately 2 �m,
which indicate that the end of the transition zone has not
been reached. Overall, the influence from the drilling seems
lower. We only see lower resistivities around the two upper
clay layers, which are probably due to the backfilled bentonite
material.

Different from CLIWAT1 and CLIWAT2, the monitoring
of goCAM1 records Wenner-α (WA) and dipole–dipole (DD)
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Figure 12 Dynamic inversion results of goCAM1, showing absolute resistivities (top) and relative differences from the previous time step. At
resistivities in 1 m distance to the electrode chain are shown in (h) for all time steps.

arrays. The apparent resistivities, shown in Fig. 9 left, range
from 10 to 240 �m, and thus they start with minimal ρa val-
ues that are ten times higher than those at the CLIWAT sites.
Note that only 10 data points exceed 150 �m. Both arrays
show a distinctive pattern at the lower clay interface at 44.8 m
depth. As expected, the DD array can resolve structures along
the electrode line much better that WA, because of its higher
lateral resolution (which is, in this case, vertical).

The inversion result in Fig. 9 (right) shows a lot of resis-
tivity changes along the z-direction and a zone with a higher
resistivity level at 50 m depth and up to a distance of 0.3 m.
Because the lithological log does not show geologic changes,
the increased resistivities starting at z = −50 m indicate a
higher-salinity zone. Two other low resistivity features ap-
pear at 48.5 m and 43 m depth, whose cause is not quite
clear. As salinity should be increasing with depth, we can
only suspect a higher silt or clay content. For the goCAM1
site, the resistivity distribution close to the boreholes is sig-
nificantly different from the one adjacent to it. At the po-

sition of the clay layer, the filled bentonite clearly decreases
the resistivity, whereas the higher values appear in the vicin-
ity of the borehole at depths below 48 m. In contrast to
the CLIWAT boreholes, there was no mud used during the
drilling, which reduces the size of the affected zone. The
backfilling material was flushed in a mixture with the fresh-
water, which in turn leads to higher resistivities. Note that
the baseline measurement was made very shortly after the
installation.

Dynamic inversion

The data shown were reduced to approximately one time step
per month for all test sites. Larger or smaller gaps between the
time steps occur, if the data files are corrupted beyond repair.
The time-lapse inversion results of all three test sites show the
resistivity distributions in the top row, along with the base-
line result in subfigure (a), and the subsequent time steps in
(b–g). The relative differences in percent from the previous
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time step are shown in the bottom row (i–n). Resistivities
along a vertical line at 1 m distance are shown in subfigure
(h) for all shown time steps.

The resistivity distributions of the time-lapse results of
CLIWAT1 (Fig. 10) show smooth models for later time steps
(c–g), whereas the resistivities in Fig. 10 (a and b) are sig-
nificantly reduced for x ≤ 1 m. The difference plots for this
model part (x≤1 m) show decreasing resistivities, which is
most likely caused by remains of drilling mud in the backfill-
ing that is slowly replaced by the formation fluid. It can also be
seen that the resistivities increase again for x ≥1 m. All other
model parts show only small changes below 6% without a
clear pattern that could be followed through the time steps.
Note that resistivity changes below 57 m depth are smaller
than 1 �m (Fig. 10h) for later time steps. The last time step in
Fig. 10(g) has an overall shift to lower resistivities, but shows
the same trend than all other models. The resistivity shift can
be seen more clearly in Fig. 10(h). The difference between Au-
gust 2010 and April 2010 shows that the resistivity values of
the whole model from August are shifted and not just in some
parts. This can also be seen in all subsequent time steps after
August 2010 (not shown here). As the apparent resistivities
also show the shift, it is most likely not an inversion artefact.
The decreased resistivity could be explained by an increased
pumping rate that occurs every year during the summer sea-
son, because of the enormous amount of tourists visiting the
island.

The time-lapse results of CLIWAT2 in Fig. 11 show, sim-
ilar to CLIWAT1, small resistivity changes with the exception
of the first difference plot. A clear pattern can be recognized,
showing an increasing resistivity in the upper model part ly-
ing above 48 m depth, a decreasing resistivity for model parts
deeper than 60 m and vice versa in between (48–60 m depth).
However, the approximately 6 m thick clay layer, between 56
and 62.7 m depths, should show very low or no variations,
which is not the case as Fig. 11(i–n). Keeping the geological
conditions in mind (see Fig. 6), we expect no or little varia-
tions within the clay layer (should be clearest for the deepest
one). The region at 54 m depth, that corresponds to the sand
between the second and the third clay layers, shows decreasing
resistivities for the first time steps, which appears to decrease
weaker in April and May. Absolute resistivity changes at 1 m
distance from SAMOS (Fig. 11h) are less than 4�m for depths
below 55 m. However, all resistivity lines in Fig. 11(h) show
only very little variation between each other, except for the
first time step.

The results of goCAM1 in Fig. 12 show that the largest
resistivity variations appear between the first and the second

time step (like CLIWAT2) and that the differences between the
subsequent time steps are almost gone after February 2019,
that is 3 months after the installation. Figure 12(a) shows
that the resistivity values and changes along the z-direction
are most significant, which cause stronger compensation of
artefacts to distances up to 2 m. A more continuous resistiv-
ity trend appears in Fig. 12(b) with significantly reduced arte-
facts, which are vanished after 3 months. Although the differ-
ence plot shows large changes, the resistivity distributions in
Fig. 12(a–g) show that the effect due to the drilling vanishes
similarly fast. However, the baseline and the vertical resistivity
lines of all time steps in Fig. 12(h) proves that the resistivity
trend can be reconstructed quite accurately at 1 m distance.
The resistivity changes that occur are most likely caused by
changes of the backfilling material; otherwise the overall re-
sistivity variation is in a quite stable state.

CONCLUSIONS

We have presented a methodology for analysing the monitor-
ing data from vertical electrode chains to observe freshwater–
saltwater interfaces and their dynamics. The numerical frame-
work accurately models the whole geometry of the tool includ-
ing the finite electrodes, using the complete electrode model.
For inversion, we reduce the inherently three-dimensional
(3D) problem to two dimensions by using a region technique.
This constraint was made, because a 2D electrode setup can-
not resolve a 3D resistivity distribution correctly. As a result,
we are able to differentiate anomalies close to the borehole
from the undisturbed subsurface.

Data from three different installed systems were analysed
both statically and dynamically. The CLIWAT1 borehole, ex-
hibiting a very simple sandy geology, shows a smooth tran-
sition zone located between fresh and saline water. In con-
trast, for CLIWAT2, where clayey and sandy layers are in-
terbedded, the results are affected by both geology and fluid
salinity - that are difficult to differentiate from each other
without additional information. The third case, goCAM1,
shows the largest differences between the near-borehole re-
gion and the undisturbed case, mostly attributed to the
backfilling of the installation process. A comparison with the
lithological log shows some inconsistencies, that could hint to
deviations from the one-dimensional case.

We have analysed the temporal changes in the subsurface
for a period of some months since the installation, using a
time-lapse inversion approach. Most changes occur directly
after the installation in the vicinity of the boreholes and they
are caused by the adaption towards the undisturbed case, for
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example by the saturation of the backfilling with the forma-
tion fluid. Changes at larger distances from the boreholes are
much smaller and they represent a more reliable description
of the ongoing processes of the freshwater–saltwater interac-
tion in the course of the hydrological boundary conditions,
for example pumping or recharge. The goCAM1 case shows
that a combination of different electrode arrays is favourable
in order tio achive a good resolution. In order to verify the
plausibility of the observed dynamics, longer monitoring peri-
ods are required. Groundwater modelling could be helpful to
interpret the changes from a hydraulic perspective.
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