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Time-lapse electrical resistivity tomography of a water infiltration test

on Johannishus Esker, Sweden

İnan Ulusoy & Torleif Dahlin & Bo Bergman

Abstract Managed aquifer recharge (MAR) is an
efficient way to remove organic matter from raw water
and, at the same time, reduce temperature variation.
Two MAR sites were constructed by Karlskrona
municipality on Johannishus Esker in Sweden. One of
these sites, Vång, was monitored for electrical conduc-
tivity and electrical resistivity (using electrical resistiv-
ity tomography - ERT) during a 9-week tracer
infiltration test. The aim of the monitoring was to map
the pathways of the infiltrated water, with the overall
goal to increase the efficiency of the MAR. ERT proved
useful in determining both the nature of the esker
formation and the water migration pathways. In Vång,
the esker ridge follows a tectonically controlled paleo-
valley. The fault/fracture zone in the bedrock along this
paleo-valley was mapped. During the tracer test, the
infiltrated water was detected in the area close to the
infiltration ponds, whereas far-situated observation wells
were less affected. For sequential infiltration and
recharge periods in MAR, the timing of the well
pumping is another important factor. Natural ground-
water flow direction was a determinant in the infiltration
process, as expected. ERT measurements provide
supplementary data for site selection, for monitoring
the functionality of the MAR sites, and for revealing

the geological, hydrogeological and structural character-
istics of the site.

Keywords Artificial recharge . Groundwater
management . Sweden . Conductivity . Resistivity change

Introduction

Organic pollution of surface water in areas with high forest
coverage and temperate climates is a common problem.
Organic matter in drinking water can cause aesthetic and
odoriferous problems, as well as increase bacterial growth
(Lindroos et al. 2002). If the organic matter content is high,
chlorine disinfection can result in the formation of mutagenic
or carcinogenic compounds (Lindroos et al. 2002). Organic
matter can also interact with pollutants in the soil and
groundwater (Thurman 1985; Lindroos et al. 2002), and
form compounds and complexes with Fe (Liang et al. 1993;
Frycklund and Jacks 1997) and other metals (Nilsson and
Bergkvist 1983; Lundström 1993; Lindroos et al. 1995).

An efficient way to remove organic matter from the raw
water is managed aquifer recharge (MAR). Using basin
infiltration,MAR has been used extensively for decades (e.g.
Helmisaari et al. 1998; Frycklund 1998; Lindroos et al.
2002; Greskowiak et al. 2005; Katko et al. 2006; Nöjd et al.
2009). The main idea of MAR is to infiltrate organically
polluted water into a structurally well-defined limited area,
using the subsurface as a natural filter, and then to produce
the water from production wells situated around the
infiltration site. The infiltration is made through infiltration
basins or ponds, or by sprinkling surface water directly onto
the forest floor via a network of pipes (Lindroos et al. 2002).
Organic matter is removed from the infiltration water by
physical, chemical and microbiological processes in the soil
(Lindroos et al. 2002).

Eskers are long, narrow, sinuous, steep-sided ridges
composed of irregularly stratified sand and gravel depos-
ited by subglacial or englacial streams flowing between
ice walls or in an ice tunnel of a stagnant or retreating
glacier and left behind when the ice melted (Flint 1971;
Neuendorf et al. 2005). Deposition of an esker happens
within or in front of the tunnel mouth (Banerjee and
McDonald 1975; Mäkinen 2003; Boulton et al. 2009),
within the subglacial (Syverson et al. 1994; Warren and
Ashley 1994; Brennand 2000; Campbell 2003; Boulton
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et al. 2009) or englacial (Syverson et al. 1994; Campbell
2003; Burke et al. 2009) tunnels, or even in the supra-
glacial environment (Russell et al. 2001). Eskers have
long been known as a natural source of groundwater (De

Geer 1968; Parsons 1970; Artimo et al. 2003; Bolduc
et al. 2006; Okkonen et al. 2010), and they are effective
sites for MAR (e.g. Lindroos et al. 2002; Katko et al.
2006; Nöjd et al. 2009).

Fig. 1 Map showing the study area. Digital elevation model superimposed on a shaded relief map. Infiltration site, resistivity profiles, and
production and observation wells are indicated. Coordinate system: UTM (m), Datum WGS84

552

Hydrogeology Journal (2015) 23: 551–566 DOI 10.1007/s10040-014-1221-2



Fig. 2 Geological and structural context of the study area. Coordinate system:UTM (m), DatumWGS84. aGeologicalmap (SGU2012), in which the
area between the red lines shows the fracture zone revealed by resistivitymeasurements. Equipotential lines (a.s.l.; Hägg et al. 2010) around the infiltration
site interpolated from the data of observation/production wells are shown. bMagnetic anomaly map. The map is superimposed on a shaded relief map
and shows measured variations in the magnetic total field after subtraction of the geomagnetic reference field (DGRF 1965.0), and is based on airborne
measurements performed at an altitude of 30–60 m (SGU 2012). Structural features (see legend) and the Johannishus esker (white line) are shown. c
Simplified geological section of the valley perpendicular to the esker ridge (with changes from Hebrand and Björkman 2005), showing the natural state
and the excavated area for infiltration basin construction
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Karlskrona Municipality built two MAR facilities on
Johannishus Esker (Sweden) for treatment of organically
polluted water: the Hillerslätt and Vång infiltration sites.
Tracer tests were performed at these MAR sites in 2008.
Tests were conducted with salt as a tracer; dosed salt was
added to the water and injected through the infiltration
ponds. For the Hillerslätt infiltration site in the northern
part of the esker, hydraulic connection was shown by the
salt recovered in the wells; however, at the southern site,
Vång, the rate of recovered tracer in the observation wells
remains low when compared to the rate infiltrated. For
further investigation of the transport pathways of the
infiltrated salty water in the Vång test area, additional
tracer experiments were conducted in 2009. New tests
were coupled with measurement of electrical conductivity
in the observation wells and time-lapse electrical resistiv-
ity tomography measurements along six profiles which are
detailed and discussed in this report.

Electrical resistivity tomography (ERT) is an efficient
technique (Loke and Barker 1996; Barker and Moore
1998) for a wide variety of earth science applications
especially in hydrogeology to visualize and monitor the
groundwater. Besides aquifer mapping and characteriza-
tion (Barker and Moore 1998; Dahlin 2001; Corriols
and Dahlin 2008; Mendoza et al. 2006), tracer tests can
also be monitored with ERT (White 1988, 1994; Morris
et al. 1996; Singha and Gorelick 2005; Cassiani et al.
2006).

Geology

Vång MAR is built on Johannishus Esker near Vång
village 4.5 km north of Johannishus and 15 km
northwest of Karlskrona (Fig. 1) in Blekinge province.
The study area encompasses a NNE-trending valley with
a flat, southward sloping morphology and with bound-
ing heights at two edges (western and eastern side) up
to 20 m above the valley floor (Fig. 1). Edge to edge,
the width of the valley varies from 300 to 900 m. In the
middle of the valley, Johannishus Esker is an elongate
topographic ridge parallel to the valley direction
(Fig. 1).

The geology map of Geological Survey of Sweden
(SGU 2012) and a generalized geological section with

changes from Hebrand and Jeppson (1999) and Hebrand
and Björkman (2005) are given in Fig. 2a,c. An
equipotential contour map (m a.s.l., Hägg et al. 2010)
of the infiltration site is projected on Fig. 2a. Johan-
nishus Esker is a NNE trending ridge over 15 km in
length (Fig. 2a,b). Near Vång, the crest of the esker
reaches 55 m a.s.l. and 12 m above the surrounding flat
topography. The width of the esker reaches 130 m in the
study area (Fig. 1). The geology is defined by glacial and
post-glacial Quaternary sedimentation over mesoproter-
ozoic acidic/intermediate granitic bedrock (SGU 2012,
Fig. 2a,c) which is tectonised mainly along N–S fault
lines (Berglund et al. 2005; Fig. 2b). Lundqvist and
Wohlfarth (2001) state that the coastal area of Blekinge
and southeastern Småland up to the highest shoreline
became deglaciated ∼14,500 years ago. During the
deglaciation, Johannishus Esker was deposited in the
subaquatic conditions at the margin of the retreating ice-
sheet and at the mouth of an ice-tunnel (Malmberg
Persson and Persson 2009). As a result, the bedrock is
overlaid by sandy moraine and esker deposits, and after
the glacial retreat, by post-glacial sand, clay and organic
deposits (Fig. 2a,c). Overburden on the bedrock can be
up to 30 m within the study area.

The esker deposit can be divided into three main
units: the continuous body of the esker deposit and two
mantling units above the body (Fig. 2c, Hebrand and
Björkman 2005). The body, referred to as coarse-grained
esker in Fig. 2c, is the core of the esker deposition, lies
on the bedrock and forms the Johannishus ridge. The
body consists of well-sorted blocks, gravel and sand,
saturated with water and is the most permeable part of
the esker (Hebrand and Björkman 2005). Units mantling
the esker can be grouped as fine-grained and coarse-
grained esker mantle (Fig. 2c, Hebrand and Björkman
2005). Coarse-grained mantle mainly consists of gravel
and sand, while fine-grained mantle is mostly stratified
fine sand and silt.

�Fig. 4 Resistivity profile P1. The reference resistivity profile and the
percentage change in resistivity relative to the reference are shown for
the repeated measurements. Bedrock level (BRL) is indicated with a
dashed line and the relative positions of the closest observation wells
are indicated with black lines. Areas marked with A and B represent the
resistivity decrease and are discussed in the text

Fig. 3 Schedule showing the
timeline of the reference and
repeated resistivity
measurements
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Water infiltration and monitoring methodology

Water infiltration site for MAR
Part of the esker in Vång was previously used as a gravel
quarry (Ringberg 1969). It was excavated to depths of
41 m a.s.l. (Fig. 2c) and in the spring of 1979, the
excavated area, the hummocky terrain and the remnant
esker were levelled out (Hebrand and Björkman 2005).
This area was evaluated as an infiltration site by
Karlskrona Waterworks (Hebrand 2001); the infiltration
ponds were built in the middle portion of the esker crest,
close to the Liatorp road (Fig. 1). Two main ponds were
constructed: one to the north and one to the south. The
southern dam is larger than the northern dam. The topsoil
(including the organic horizon and other genetic soil
horizons) and fine-grained soil were removed (Fig. 2c),
and replaced with coarse-grained pebbles. The constructed
infiltration basins have horizontal floors and are 1 m deep
with respect to the outer terrain. Infiltration is achieved by
sprinkling water over the basin through a suite of parallel
pipelines.

A tracer experiment was carried out from September to
October 2009 when the natural groundwater level is often
at its lowest. Salt infiltration tests were carried out over
6 days by the addition of a total of 15 tonnes of NaCl,
which gave a chloride content of 150 mg/L for the water
infiltrated. The natural chloride content of the groundwater
was 19.1 mg/L (Persson 2008); chloride content at the end
of the experiment was 26 mg/L.

Following the infiltration of dosed water, the electrical
conductivity of the water in the infiltration dams and in the
observation wells (Fig. 1) was logged. Conductivity measure-
ments were carried out by Karlskrona municipality starting
just after the infiltration process; data were recorded for
9 weeks.

ERT methodology
In order to trace the infiltration pathways spatially and
temporally, repeated resistivity measurements were made
along six profiles with fixed electrodes following an initial
set of reference resistivity measurements. Reference
measurements were carried out in order to get a resistivity
image of the area under undisturbed conditions for each
profile. The reference data sets were measured when the
soils at the surface were very dry, creating some problems
in establishing good electrode contact, which to some
extent affected the quality of these data. Repeating
measurements started in the first week following the
initiation of the infiltration test, and during these measure-
ment rounds, electrode contact conditions were more
favourable. The first-week measurements were made on
the closest profiles, Profiles P2 and P3. Repeated measure-
ments on the remaining lines were completed in the
second, third, fourth, sixth and eighth weeks.

Resistivity tests were carried out on six ∼E–Woriented
profiles (Fig. 1); two profiles are located at the northern
side and four of them are at the southern side of the
infiltration area. The lengths of profiles P1, P2 and P5 are

160 m, while profiles P3 and P4 are 200 m and profile P6
is 320 m long. Take-out distances of the electrodes are
equal (2 m) in all measurements, giving a total electrode
spread of 160 m at a single layout. A roll-along procedure
(Dahlin 1996) was used to get longer lines with a 160 m
spread of four electrode cables. When measurements have
been completed on the initial spread, the first cable is
shifted to the end of the layout and the new spread is
measured; thus, for sections longer than 160 m, the
initially installed electrode number is more than 80
electrodes (100 electrodes for 200 m and 160 electrodes
for 320 m length). However for the profiles traversing the
8-m-wide road passing by the esker ridge, no electrodes
were installed on the road; two to three electrodes were
skipped (Fig. 1; profiles P1, P2, P3, P4, and P6).
LaBrecque and Daily (2008) showed that iron and steel
(and rebar) electrodes produce the smallest errors and
create very low noise in resistance and chargeability
measurements. Rebar electrodes (∼50 cm length) which
were installed before the first measurement and retained
throughout all the repeated measurements were used.
Resistivity measurements were carried out with an ABEM
Terrameter SAS4000 resistivity meter integrated with a
Lund Imaging System, which is a versatile, multi-channel
resistivity system for roll-along profiling (Dahlin 1996,
2001).

Measurements were made using pole-dipole array,
including forward and reverse measurements. The pole
at infinity for profiles P1 and P2 was located at 625 m
north of the infiltration area (Fig. 1, site i1) and for the rest
of the profiles, it was located at 630 m south of the
infiltration area (Fig. 1, site i2).

Data processing, interpretation and initial evaluation
were done continuously during the experiment. Each
repeated resistivity measurement was inverted using
time-lapse inversion, and then the percentage difference
relative to the inverted reference resistivity model was
calculated. Inversion was carried out with Res2DInv using
robust (L1-norm type) data and model constraint which is
better at handling large contrasts in resistivity and noise in
data compared to least-squares (L2-norm) inversion (Loke
et al. 2003). The time-lapse difference (%) calculations
and plotting of the inverted sections were made by
Erigraph software. Time-lapse datasets were inverted
simultaneously using a robust (Claerbout and Muir
1973) smoothness constrain which minimises the absolute
changes in the model resistivity values (Loke 1999).

Results

After the reference measurements of all the profiles, and
after the start of the infiltration, time-lapse resistivity
measurements were conducted. Repetition times for all

�Fig. 5 Resistivity profile P2. The reference resistivity profile and
the percentage change in resistivity relative to the reference are
shown for the repeated measurements. Features are defined as in the
caption for Fig. 4. Areas marked withA, B, C and D represent the
resistivity decrease and are discussed in the text
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profiles are summarized in Fig. 3. The initial measure-
ments within the first week were conducted on the two
profiles closest to the infiltration area, profiles P2 and P3
(Fig. 1), while the rest of the measurements were made
within the following second, third, fourth, sixth, and
eighth weeks (Fig. 3). A total of 31 measurements were
conducted including the reference measurements. For each
repeat measurement, the resistivity change (in percentage)
was calculated. The profiles showing the reference
resistivity and the percentage change in resistivity are
given in Figs. 4, 5, 6, 7 and 8. Bedrock level was observed
in 24 of 42 core logs of observation and production wells
(between 18.4 and 39.2 m a.s.l.; Hebrand and Björkman
2005; Hägg et al. 2010) and interpreted with resistivity
sections. Inferred bedrock levels are plotted in the
resistivity sections (Figs. 4, 5, 6, 7 and 8, dashed line,
BRL). Relative projections of the closest observation
wells are also plotted in the reference resistivity sections
(Figs. 4, 5, 6, 7 and 8).

Resistivity signature of Johannishus Esker
and surrounding geology
Inverted model resistivities are in the range from <100
ohm.m to >10,000 ohm.m. The esker ridge is represented
by high resistivities over ∼1,600 ohm.m, which is mostly
because of the coarse-grained composition and dry state of
the esker. The depth of the high-resistivity signature of the
esker extends to 15–25 m (Figs. 4, 5, 6, 7 and 8). Deeper
areas in the sections present two distinct resistivity
characteristics—first, those with higher resistivities
(>1,000 ohm.m), denoting most likely the bedrock at the
eastern and western edges of all the profiles; and, second,
the low-resistivity areas (<630 ohm.m). These low-
resistivity areas were observed at (1) the middle portion
of the bedrock just beneath the esker ridge (Figs. 4, 5, 6, 7
and 8), representing most likely the fractured, water-
saturated bedrock (Fig. 2c); and (2) above the bedrock
along the profile (Figs. 6, 7 and 8), probably representing
the younger sedimentation related to fluvioglacial pro-
cesses over the bedrock.

Profile P1
Profile P1 is the northernmost profile within the resistivity
sections (Fig. 1). Esker sediments are observed with high
resistivities (>1,600 ohm.m) at shallow depths
(>38 m a.s.l.; Fig. 4). The eastern and western edges of
the profile are represented with resistivities between 630
and 1,600 ohm.m. The middle part of the section between
∼70 and 120 m horizontally presents low resistivities
below 630 ohm.m.

The largest change in resistivity was observed from the
western edge to the 80th meter along the profile (Fig. 4, area
A). In the third and fourth weeks, a decline in resistivity
down to between −20 and −40%was observedmainly under
the esker ridge and at the western edge of the profile. The
depth of this negative change extends to 27 m a.s.l. In the
third week, shallow depths (∼2–3 m from the surface) at the

western edge were also decreasing in resistivity, while the
percentage change in resistivity in the fourth week is lower
compared to the third week (Fig. 4).

In the sixth and eighth weeks, decrease in resistivity is
observed below the esker ridge and in the western part of
the esker. The change in the resistivity remained at more
than –20 % between depths 30–40 m a.s.l., whereas the
decrease at shallow (0–7 m) depths went below −40 %
(Fig. 4). In the fourth, sixth and eighth weeks, a very small
decline in resistivity (less than −20 %) is indicated at the
eastern edge of the profile between 10 and 30 m a.s.l.
(Fig. 4, area B).

Profile P2
Profile P2 is one of the two profiles closest to the infiltration
site (Fig. 1). Esker sediments stand out with higher
resistivities (>1,600 ohm.m) at levels above ∼35 m a.s.l
(Fig. 5). Separated with a seemingly vertical transition
around 40 m on the profile, the western edge of the profile
presents higher resistivities (>630 ohm.m) when compared
to the eastern edge (<630 ohm.m) below 30 m a.s.l.

At all the repeated measurements, a negative change
(down to below −40 %) in the resistivity was observed
below the two sides (Fig. 5, areas A, C) of the esker
ridge. Another negative zone ∼5 m below the esker
ridge disappears in the sixth week (Fig. 5, area B).
Starting from the third week, the area indicated with
‘D’ in Fig. 5 presents negative change. This change is
in excess of −40 % in the fourth week. As the intensity
of the resistivity change decreases, the negatively
affected area increases in size throughout time in this
profile (Fig. 5). In the shallowest few meters, while the
resistivities increase during the first time steps, decrease
can be observed following the third week. In the first
time steps, increasing resistivities are seen at larger
depths in parts of the sections.

Profile P3
Profile P3 is the closest profile to the southernmost
infiltration pond (Fig. 1). In the reference resistivity
section, the esker ridge appears again with a highly
resistive signature (Fig. 6, >1,600 ohm.m). A layer with
160–630 ohm.m resistivities lies along the profile
between ∼15 and 33 m (a.s.l.), whereas below 20 m
(a.s.l.), the western and eastern edges of the profile
present high resistivities above 630 ohm.m, and a low-
resistivity zone near the eastern side separates them
(Fig. 6).

Within the first week of the experiment, a rapid
decrease in resistivity is indicated below 20 m a.s.l. at
the western side of profile P3, (Fig. 6, area A), while at the

�Fig. 6 Resistivity profile P3. The reference resistivity profile and
the percentage change in resistivity relative to the reference are
shown for the repeated measurements. Features are defined in the
caption for Fig. 4. Areas marked with A, B, C, D and E represent the
resistivity decrease and are discussed in the text
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eastern side, a relatively small decrease is observed
(Fig. 6, area C). The area marked with ‘A’ in Fig. 6 has
high resistivity in the reference section. The change in
resistivity in this area reaches more than −60 % on the
third day. Following the third week, however, there is no
more decrease in this area. Rather, the layer marked with
‘B’ shows a decrease in resistivity (this is the layer
represented by 160–630 ohm.m resistivity range in the
reference section which overlies the bedrock, Fig. 6).
After the third week, relatively lower negative changes
occur at the areas indicated by ‘D’ and ‘E’.

In the shallowest few meters, resistivity increase is
obvious and most pronounced in the first couple of time

steps. Following the third week, a decrease in the
resistivity is observed in the shallow parts of the section.

Profiles P4 and P5
Profiles P4 and P5 are located on the southern edge of the
esker ridge (Fig. 1). Reference resistivity sections of
profiles P4 and P5 are analogous (Fig. 7) and they also
have similarities with profile P3 (Fig. 6). The esker ridge
appears as a high resistivity zone (>1,600 ohm.m); at
greater depth, the eastern and western edges show
resistivities higher than 630 ohm.m and the area in
between these edges is represented by low resistivities

Fig. 7 Resistivity profiles P4 and P5. Reference resistivity profiles and the percentage change in resistivity relative to the reference are
shown for the repeated measurements. Features are defined as in the caption for Fig. 4. Area marked with A represents the resistivity
decrease and is discussed in the text
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(<630 ohm.m). In profile P5, two zones defined by high
resistivity (630–4,000 ohm.m) are also evident at depth
(Fig. 7).

The results for profiles P4 and P5 are clearer than the
previous resistivity profiles. In the second week, a
decrease in resistivity below −60 and −40 % for profiles
P4 and P5, respectively, is evident around the area
indicated with ‘A’ (Fig. 7). This decrease in resistivity
spreads through the area under the esker in the third,
fourth and sixth weeks, and for the profile P5, deeper
infiltration can be interpreted in the fourth and sixth
weeks. As with the previous, increasing resistivity is
visible in the shallowest part in the first couple of time

steps after the reference, whereas a decrease is seen at the
end of the monitoring.

Profile P6
Profile P6 is located just outside of the esker ridge, on the
plain surface (Fig. 1). High resistivities corresponding to
esker sediments are visible in superficial depths (Figs. 8
and 2). Deeper in the section, high resistivities at the
eastern and western edges of the profile suggest bedrock.
Similar to profile P3, a layer with lower resistivity lies
along the western part of the profile between 10 and
35 m a.s.l. (Fig. 8).

Fig. 8 Resistivity profile P6. Reference resistivity profile and the percentage change in resistivity relative to the reference for the repeated
measurements. Features are defined as in the caption for Fig. 4. Areas marked with A and B represent the resistivity decrease and are
discussed in the text
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A decrease in the resistivity is barely visible starting
from the fourth week and gradually spreading spatially at
the end of the eighth week at the western edge of the
profile (Fig. 8, area A). The intensity of the change is
more than −20 %. Another relatively smaller decrease is
observed around 25 m a.s.l. (Fig. 8, area B). Zones of
increasing resistivity are scattered throughout the relative-
ly shallow parts of the section.

Discussion

Structural control on esker formation
In Finland, Hyyppä (1954) and Härme (1961) have
related esker trends to fault lines. They proposed that
reactivation of old faults, perhaps accompanying iso-
static rebound, resulted in lines of weakness in the
glacier that then become loci for meltwater flow
(Banerjee and McDonald 1975). The majority of the
eskers are isolated small ridges that overlie other
deposits and follow the underlying topography
(Campbell 2003). The majority of the meltwater
channels follow existing bedrock/fault-controlled
valleys and landscape (Banerjee and McDonald 1975;
Shreve 1985; Hebrand and Åmark 1989; Campbell
2003) that form subglacial channels draining meltwater

through the retreating ice. Even in englacial formation
of eskers, the importance of structural control is noted
by Burke et al. (2009).

Blekinge is a lowland area exposed to a shallow sea,
but with a characteristic relief caused by the N–S-trending
bedrock ridges (Berglund et al. 2005). Between these
ridges there are valleys with fine-grained sediments
(Ringberg 1976; Berglund et al. 2005), and glaciofluvial
deposits such as eskers and deltas are common in these
N–S-trending tectonic valleys (Yu 2003).

Faults and inferred faults coincide with the relative
magnetic lows on the magnetic anomaly map of the
region (Fig. 2b). The NNE–SSW directed Johannishus
Esker is elongated along an inferred fault and along a
NNE–SSW-directed negative magnetic anomaly
bounded by positive anomalies at eastern and western
sides (SGU 2012; Fig. 2b). ERT results show that a
corridor of low resistivity elongates through the esker
below 30 m a.s.l. (Figs. 4, 5, 6, 7, 8 and 2a, see the
area between the red lines). Cored drilling data indicate
that this low-resistivity area is the bedrock itself, while
the edges of the ERT profiles gave higher resistivities
for the bedrock. The reason for the resistivity contrast
within the bedrock is most likely because this low-
resistivity area is highly fractured, saturated with water
and possibly clay weathered, while another possibility

Fig. 9 Change in the ratio of the superficial (top 10 m) negatively affected area with respect to the total area (right vertical scale)
throughout the infiltration test with respect to precipitation (left vertical scale). Precipitation data are from Karlshamn station (∼36 km from
the MAR site) of the Swedish Meteorological and Hydrological Institute
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could be clay infill in the lower parts of the valley. This
fracture zone itself is the fault zone, most probably

indicating structural control on the formation of the
esker. The paleo-valley controlling the subglacial

Fig. 10 Change in the affect-
ed area and change of electri-
cal conductivity in the
observation wells throughout
the infiltration test. a Area
marked with resistivity de-
crease showing the negatively
affected area to total area ratio,
b Electrical conductivity mea-
sured in the northern observa-
tion wells, c Electrical
conductivity measured in the
southern observation wells
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channel that is draining meltwater southward and, thus,
forming the esker, was following this fractured zone of
the bedrock (Fig. 2c).

Eskers may have been formed on tectonically con-
trolled valleys/zones; thus, it is important to state that for
an MAR site, escape of water through the vertical
structural features is highly possible. In an unsaturated
environment with similar structural conditions, extreme
care must be taken to prevent the undesirable loss of
water.

Change in resistivity and conductivity during the
infiltration test
To visualise and quantify the change in the resistivity, the
area showing a decrease in resistivity (negatively affected
area) was calculated for each profile. This negatively
affected area was calculated both for shallow parts of the
sections (top 10 m; Fig. 9) to quantify the superficial
change in the resistivity and for the whole sections
(Fig. 10a), which implies the infiltration pattern of the
salty water. Coloured lines in Figs. 9 and 10a present the
‘ratio of the negatively affected area with respect to total/
superficial area’ versus ‘time’ for each profile.

The increase in resistivity in the shallow ground is
evident in many of the profiles in the early steps of the
monitoring period (Figs. 4, 5, 6, 7 and 8). It is almost
certainly due to drying out of the shallow ground as it
coincided with a very dry period following the summer.
The superficial decrease in resistivity that is generally
observed in all profiles in the latter weeks similarly was
preceded by rain (note the precipitation in Fig. 9).

A decrease in the resistivity was not observed directly
at the surface of the esker ridge, but mostly beneath the
ridge and in the deeper areas. The elevation of the main
infiltration pond (southern dam) is below the ridge
(Fig. 1); therefore, the infiltration occurs mostly within
the base levels of the esker.

When one focuses on the resistivity change in the
whole area of the sections, the largest negatively affected
area is observed on the profile P3, which is one of the two
profiles closest to the infiltration site (Figs. 10a and 1).
The farthest profiles, profile P1 and P6, are the least
affected ones. Although profile P6 is almost 200 m away
from the infiltration site relative to profile P1, it is affected
at least as much as profile P1 (Fig. 10a). A similar
phenomenon is observed between profile P2 and profiles
P3, P4 and P5. Although the distances of profiles P3 and
P2 to the infiltration site are equal (88 m), decrease in
resistivity was observed in a larger area in profile P3. In
the fourth week, the area showing a decrease in resistivity
is larger in profiles P4 and P5 with respect to profile P2.
When the distance to the infiltration site is considered,
profiles lying south of the infiltration site are affected
more than the ones at the northern side (Fig. 10a). This is
most likely because the natural groundwater flow direction
is from north to south in the valley.

Results of the electrical conductivity measurements for
the observation wells situated at the northern and southern

sides of the infiltration site are given in Fig. 10b,c
respectively. Two general trends were observed in the
conductivity measurements. The first is marked with an
almost linearly increasing trend with low slope angle. This
is the characteristic trend for the observation wells situated
far from the infiltration site (Ox0309, Ox0308, Ox0321,
Ox0302, Ox0325, Ox0323; Figs. 1 and 10b,c). Conduc-
tivity observed in the northernmost observation well,
Ox0321, was almost constant throughout the experiment.
The second trend is a rapid increase in conductivity until
the fourth and fifth weeks and then a decrease for the rest
of the experiment (Fig. 10b,c). This trend was observed in
the observation wells close to the infiltration site (Ox0311,
Ox0324, Ox0326, Ox0303; Fig. 10b,c) and shows some
similarities with the negatively affected area in the
resistivity profiles near to them. After a rise in conductiv-
ity until the fifth week, conductivity starts to decrease in
Ox0311 (Fig. 10b); a similar decrease in the negatively
affected area was observed in the closest resistivity profile
(profile P1) 1 week later (Fig. 10a). The same relation is
observed between the conductivities measured in obser-
vation wells Ox0303, Ox0324, Ox0326 (Fig. 10c) and the
negatively affected area in profiles P4 and P5 (Fig. 10a),
both represented by a decrease starting with the fourth
week.

At the western edge of profiles P2, P3 and P6, negative
change in the resistivity is first observed in depths
associated with the bedrock which is characterized by
high resistivity (Figs. 4, 6 and 8). This could be
interpreted as infiltration to well-developed fracture/joint
systems of the highly resistive bedrock. Another possible
explanation could be 3D effects, i.e. the decrease that
appears to take place at depth is in fact taking place at
shallower depths beside the line. Infiltrated salty water
rapidly draining into the fracture/joint systems of the rock
may reduce the resistivity of the rock. In profiles P4 and
P5, the initial decrease in the resistivity also started in the
resistive areas (Fig. 7, area A); in profile P4, decrease was
expanded laterally and in profile P5, both laterally and
through the deeper areas in the section within the latter
weeks (Fig. 7).

On the profiles traversing the road, a bipolar lenticular
shaped anomaly was observed beneath the road. The low
resistive zones might be associated with application of salt
on the road for de-icing purposes; there may also be
artefacts due to the skipped electrodes (Figs. 4, 5, 6, 7 and
8). The western edge of profile P5 is located very close to
the road, which probably caused the abnormal increase of
resistivity in the repeated sections (Figs. 1 and 7).

Conclusion

As inferred from the fault/fracture system mapped by
magnetic and ERT measurements, it is evident that the
structural control is an important factor in the formation of
Johannishus Esker. Pathways of the water during the
infiltration test were mapped using ERT. The infiltrated
water appears to be concentrated in zones that are the most
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rapid pathways for groundwater transport. There is no
indication that the infiltrated water escaped through
unexpected channels. Infiltrated water largely remained
in a limited area relatively close to the infiltration ponds
and more distant observation wells were less affected by
the infiltrated salty water. ERT and electrical conductivity
measurements showed that the infiltrated water affected
the down-gradient area more than the up-gradient area
relative to the location of the ponds. Natural groundwater
flow direction seems to be a determinant factor as
expected.

For efficient production of the filtrated water, location
of the recharging wells must be selected carefully in
relation to the preferential pathways for groundwater
transport. For example, profiles P3, P4 and P5 reveal
locations that may be optimal for production wells from
that point of view. Transport time is also important for
effective recharge, on one hand to be able to recharge
sufficient amounts of water, but on the other hand to have
sufficient time in transit to achieve the desired cleaning
effect. Conductivity monitoring and water infiltrated areas
mapped with ERT show that the highest concentration
time was around 4–5 weeks with the tested production rate
(Fig. 10). This result was supported both by the
conductivity and ERT measurements (Fig. 10).

The efficiency of the MAR sites may vary according to
the geological, structural and hydrogeological conditions
of the site. Efficiency in terms of the rate of infiltrated and
recharged water does not promote good quality of the
filtrated water. Water quality is also another important
factor in determining the location of the production wells.
ERT measurements before the site selection and ERT
monitoring during the initial stage of the functionality of
the MAR sites may reveal important information for
further planning for efficient production.
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