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a b s t r a c t
Leaching of organic and inorganic contamination from landﬁlls is a serious environmental problem as surface
water and aquifers are affected. In order to assess these risks and investigate the migration of leachate from
the landﬁll, 2D and large scale 3D electrical resistivity tomography were used at a heavily contaminated landﬁll
in Grindsted, Denmark. The inverted 2D proﬁles describe both the variations along the groundwater ﬂow as well
as the plume extension across the ﬂow directions. The 3D inversion model shows the variability in the low resistivity anomaly pattern corresponding to differences in the ionic strength of the landﬁll leachate. Chemical data
from boreholes agree well with the observations indicating a leachate plume which gradually sinks and increases
in size while migrating from the landﬁll in the groundwater ﬂow direction. Overall results show that the resistivity method has been very successful in delineating the landﬁll leachate plume and that good correlation exists
between the resistivity model and leachate ionic strength.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Groundwater contamination is one of the most serious environmental risks, especially in and around areas with an industrial history. The
sources of contaminations are either called point source contamination
or areal contamination. Point source contaminations include landﬁlls,
industrial waste disposal sites, accidental spills, leaking gasoline storage
tanks, etc. Areal contaminations are for instance the chemicals used in
agriculture such as fertilizers and pesticides. Among the point source
contaminations, landﬁlls with various types of solid waste are quite
common and can potentially generate contaminated leachate plumes
(Barker et al., 1986; Baxter, 1985; Bjerg et al., 1999; Christensen et al.,
2001; Cozzarelli et al., 2011). Over time some of the landﬁll waste materials degrade and dissolve, and as water perches through landﬁll
leachate with inorganic and organic constituents are generated. Often
the older landﬁlls do not have a leachate collection or liners beneath
the landﬁll which may result in leachate contaminating groundwater
down-gradient from the landﬁll.
The migration of a leachate plume can potentially contaminate aquifers and surface waters for decades and thus poses a long term serious
risk to the health and environment (Bjerg et al., 2014; Bjerg et al.,
1999). To evaluate these risks, an understanding of the interaction
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between the surrounding aquifers and the contaminant plume leaching
from the landﬁll is becoming increasingly pertinent. Hence, a main
target in ﬁeld investigations of landﬁlls is mapping and characterizing
the contaminant plume. The most common techniques used for this
purpose include geological and hydrogeological characterization of
aquifer properties by use of borehole information, as well as chemical
analyses of soil and water samples. However, these techniques provide
limited spatial information, which might lead to incomplete site investigation and inadequate remedial designs. Geophysical measurements
minimize this spatial information gap as they can provide extensive
lateral coverage with high-resolution information.
Non-invasive geophysical methods have been used extensively to
investigate the composition and structure of the subsurface, and in
particular electrical resistivity tomography (ERT) has been used for
studying the landﬁlls and related contaminated sites (Casado et al.,
2015; Konstantaki et al., 2015; Slater and Binley, 2006; Vargemezis
et al., 2015; Wang et al., 2015). The application of ERT for the study of
the landﬁll sites addresses two main complimentary issues: (1) Mapping of extent of landﬁll sources (Bernstone et al., 2000; Ogilvy et al.,
2002); and (2) Identiﬁcation and mapping of landﬁll leachate plumes
(Acworth and Jorstad, 2006; Perozzi and Holliger, 2008; Zume et al.,
2006). Hence, surface ERT methods can be used for characterizing the
landﬁll and leachate migration, in case of an increased ion concentration
in the groundwater. In this paper, we will study a landﬁll with a detailed
site characterization and plume monitoring and show that combined
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use of 2D and large-scale 3D ERT data enables detailed imaging of a heterogeneous ﬂow pattern of a contaminated groundwater leachate. The
3D layout contains a very large number of electrodes, which enables a
hitherto unseen spatial coverage while maintaining a high resolution.
Inorganic constituents such as chloride, hydrogen carbonate, ammonium, and potassium are often present in landﬁll leachate contaminated
groundwater (Christensen et al., 2001). This causes an increase in the
electrical conductivity (EC) of the contaminated groundwater resulting
in a resistivity contrast between the contaminated zone and the host
aquifer, which makes it detectable by surface resistivity surveys. Multichannel measurements (Dahlin and Zhou, 2006) have made the ERT
method robust, faster and more convenient to perform in the ﬁeld. 2D
inversion codes (Auken et al., 2014a; Loke and Barker, 1996b) are available and can produce high resolution subsurface resistivity images.
However, in the case of three-dimensional (3D) resistivity structures,
such as a landﬁll leachate plume, 2D resistivity methods may be insufﬁcient, which then calls for 3D resistivity techniques both for data acquisition as well as data processing and inversion.
Three dimensional (3D) measurements are generally carried out by
deploying the electrodes in parallel lines or by using a regular grid.
Though, many instruments can handle only a limited number of electrodes (typically 64–128), which limits the areal coverage that can be
obtained (Dahlin et al., 2002). For larger coverage, more electrodes are
needed which puts demands on the switching capabilities of the system.
A ﬂexible and expandable 3D acquisition system using a set of parallel
cables in a ﬁsh-bone structure was presented by Auken et al. (2014b).
Here, we will apply a further developed version of this system to a
landﬁll leachate plume for the ﬁrst time.
3D modeling and inversion of resistivity data is generally based on
ﬁnite difference (Loke and Barker, 1996a; Park and Van, 1991; Zhang
et al., 1995) and ﬁnite element methods (Sasaki, 1994; Yi et al., 2001).
Most of these algorithms are based on Gauss-Newton techniques for optimization and do not consider the surface topography. (Günther et al.,
2006) have presented an algorithm based on unstructured tetrahedral
meshes and ﬁnite element forward calculation. The algorithm also incorporates the surface topography and can be applied to large scale
3D problems as encountered in practice.
In the present study we use and demonstrate an extended and improved version of the ﬂexible and expandable 3D system (Auken et al.,
2014b) in combination with the inversion algorithm by Günther et al.
(2006). The aim of the study is to delineate and describe the leachate
plume migrating from a landﬁll and compare with ﬁeld observations
of water quality in the landﬁll leachate plume.
The measurements were carried out at a Grindsted landﬁll site in the
southern part of Jutland, Denmark (Kjeldsen et al., 1998a; Bjerg et al.,
1995). The landﬁll was pre-investigated by 2D ERT proﬁles and 2D resistivity models were also used to compare with the inorganic water
chemistry obtained from water sampling of boreholes in the landﬁll
leachate plume.
2. Study area and background description
2.1. Grindsted landﬁll
The Grindsted landﬁll site is located on top of a ﬂat glacial outwash
plain (Fig. 1; Heron et al., 1998). Between 1930 and 1977 approximately
300,000 tons of waste was deposited over an area of 10 ha, most of it between 1960 and 1970 (Kjeldsen et al., 1998b). There is no leachate collection or liner beneath the landﬁll. The deposited waste consists of
municipal solid waste, industrial waste, sewage treatment waste, and
demolition waste. The landﬁll source has been subject to a number of
investigations (Kjeldsen et al., 1998b), which suggest that there is a
pronounced spatial variability in the leachate and that the landﬁll can
be divided into strong and medium leachate zones (Fig. 1). The concentration of chloride, ammonium, and dissolved organic carbon (DOC) in
the strongest leachate zones is typically 20–40 times higher than in

the weak leachate zones. The waste in the northern part originates
from a local pharmaceutical factory site, which deposited liquid industrial waste in a lagoon. The waste had very high ion content and chemical waste residues including pharmaceutical compounds. The waste in
the southern part is mainly demolition waste, while the remaining part
of the landﬁll hosts municipal household waste, demolition waste and
smaller amounts of chemical waste. The described differences in
waste composition are clearly reﬂected in EC values for water samples
collected in the groundwater just below the landﬁll (Table 1).
2.2. Geology and hydrogeology
The geology of the area consists primarily of sand where the upper
10–12 m are divided into Quaternary and Tertiary sand layers separated
by discontinuous silt and sand layers (Heron et al., 1998). Below is a 1 m
clay layer underlain by a more regional micaceous sand layer, which is
approximately 65 m thick and conﬁned by a low permeable clay layer
at a depth of approximately 80 m. Three thin lignite layers are present
in the micaceous sand unit.
Investigations of hydraulic conductivity and hydraulic gradient
show that an average linear groundwater ﬂow velocity is 50 m per
year for the glacioﬂuvial sand (0–6 m) and 10 m per year for the
upper Tertiary sands (8–12 m below surface) (Albrechtsen et al.,
1999; Bjerg et al., 1995; Lonborg et al., 2006; Rugge et al., 1999).
The lower parts of the Tertiary deposits have presumably higher
ﬂow velocities, but the data is scarce (Barlebo et al., 1998). The
groundwater iso-potential map (Fig. 1) based on data from
(Orbicon, 2013) suggests that the overall groundwater ﬂow is
north-westerly and that the ﬂow has a diverging pattern indicated
by a semi-circular iso-potential line. The ﬂow ﬁeld shows some temporal variation, which can enhance spreading of contamination
(Kjeldsen et al., 1998b).
3. System setup and data acquisition
Before setting up the 3D system we investigated the area using three
2D proﬁles as shown in Fig. 1. These data were collected using a
four-cable setup with roll-along (Dahlin and Zhou, 2006). A
gradient array type of protocol was used. Proﬁle 1 and 2 are 600 m
long each and proﬁle 3 is 400 m long. Total 1800 quadrupoles were
collected for long proﬁles and 691 quadrupoles were collected for
short proﬁle.
The 3D ERT system used for this study was originally designed for a
monitoring study (Auken et al., 2014b), which consisted a 64 channel
Syscal resistivity meter, ﬁeld PC and six switch boxes developed inhouse. The original system has been modiﬁed and migrated to an
ABEM LS terrameter (www.abem.se). The whole system was powered
by an uninterrupted power supply (UPS) consisting of a gasoline
powered AC generator, three 120 Ah 12 V car batteries and a power
management control unit. The control system always charged one
battery and used the other for acquisition. Batteries were swapped
automatically by the control unit.
Fig. 2 shows the various components of the 3D system where
seven parallel lines (63 electrodes in each) are handled by six switch
boxes. Each line consisted of four cables where 5 m electrode spacing
was used for the two inner cables (21 electrodes in each where one
electrode was shared between two cable) and 10 m spacing was
used for the two outer cables (11 electrodes in each), making each
line 410 m long. Proﬁles were seperated 25 m apart hence making
total coverage 410 m by 150 m. Switch boxes were connected in
the middle of the proﬁles and controlled by a PC which enables
automatic selection of desired combinations of cables for data
acquisition. The array of measurements (protocols) for each four cable
combination was preloaded in the LS Terrameter and executed sequentially by the PC.
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Fig. 1. Map of Grindsted Landﬁll, groundwater ﬂow ﬁeld, placement of boreholes and geophysical measurements. Groundwater iso-potential lines are shown as blue curves, while
corresponding hydraulic heads are given in meters. Geophysical proﬁles for the 3D ERT survey are shown by red parallel lines and orange lines are the 2D ERT proﬁles. The source
strength of the landﬁll leachate contaminated groundwater is indicated inside the landﬁll body (based on data from Kjeldsen et al., 1998a).

The switch boxes can connect their own line to the resistivity
meter or pass the instruction through to the next switch box. This
enables ﬂexibility to realize three types of measurements as given
below.
• Classic 2D sequences along any individual line. We collected
measurements of gradient array types, with a total of 763 combinations per line.
• 3D data between cables on the same survey side. These conﬁgurations
are of the type equatorial dipole-dipole. 110 combinations were collected per line-pair.
• 3-D data by activating cables on different lines and survey sides. These
combinations are of the type cross-line gradients. 70 combinations
were of this type per line pair.

After completion of each sequence data were automatically
transferred from the resistivity meter to the PC for further processing
and inversion. Fig. 1 shows the location of the proﬁles used for 3D
survey.

4. Data processing and inversion
The resistivity data were imported into Arhus Workbench (Auken
et al., 2009) for processing. The processing mainly consisted of removing outliers resulting from poor electrode contact. The resistivity data
were acquired using the maximum possible current in all cases, but
when the electrode contact was poor the current levels were much
lower (20–40 mA versus 400–500 mA). In turn, this resulted in poorer
data quality and outliers resulting from this were easily detected and
removed by plotting the data as pseudo sections.
4.1. 2D inversion
The data were inverted using the 2D inversion code AarhusInv
(Auken et al., 2014a; Fiandaca et al., 2013). In the AarhusInv code it is
also possible to compute the depth of investigation (DOI) an evolution
of the DOI developed by (Christiansen and Auken, 2012). It is based
on an approximated covariance analysis that uses both the actual
model output from the inversion and the data standard deviations
(Fiandaca et al., 2015).

Table 1
EC (columns 2–4); Ionic strength, μ (columns 5–7), and, of leachate types representing the four areas shown on Fig. 1. Ionic strength is calculated from water chemistry measurement
reported in Kjeldsen et al. (1998b).
Leachate type

Min EC (mS/m)

Max EC (mS/m)

Average EC (mS/m)

Min μ (meq/L)

Max μ (meq/L)

Average μ (meq/L)

Strong
Medium North
Medium South
Weak

752
294
285
92

2177
650
391
432

999
472
324
199

23.5
20.9
7.4
0.3

376.8
55.1
37.9
50.2

116
37
26
12
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Fig. 2. Schematic presentation of the extendable ﬁshbone layout used for the 3D surveying. Each switchbox (shown as square boxes 1–6 in the middle) can either pass the instruction
further down the ﬁshbone or out to the line at the current switchbox. The black line indicates an instruction using one side of switchbox 2 and switchbox 3.

4.2. 3D inversion
There are various inversion methods available for reconstructing
the three dimensional resistivity structures from measured apparent resistivity data. Most of these inversion methods use the Gauss-Newton
approach to minimize the misﬁt between data and model response
(Park and Van, 1991). The ﬁrst step in the inverse problem is to set up
a suitable earth model for the forward problem, which is then solved
either by the ﬁnite difference or the ﬁnite element method. The code
by Günther et al. (2006) is based on the triple grid inversion technique,
which uses unstructured tetrahedral meshes and incorporates the
topography in the problem.
5. Water sampling, chemical analysis and ionic strength
Groundwater samples were collected from the deep boreholes
(Fig. 1) by pumping up water through a polyethylene tube. Before sampling the pH, EC and dissolved oxygen concentration were measured
using a multi meter (WTW Multi 3420), and purging was conducted

until the three parameters were stable. Water samples analysed for an2−
ions (Cl−, NO−
and SO2−
3 , S
4 ) were ﬁltered through a 0.45 μm ﬁlter
into 6 mL plastic vials and immediately frozen until analysis. Samples
2+
analysed for cations (Na+, K+, NH+
, Mn2 + and dissolved Fe)
4 , Ca
were ﬁltered through a 0.20 μm ﬁlter into 20 mL plastic vials and
conserved with 1% v/v nitric acid. The samples were immediately
transferred to a cooling box and stored at 10 °C until analysis.
The analysis of anions was conducted by ion chromatography
(Dionex ICS-1500 with an Ion Pac AS 14 A mm Column (P/N 056904)
and Ion Pac AG14 Guard Column combined with an anion suppressor,
Metrohm 833 IC), while cations were analysed using Iinductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES MPX Vista
Axial, Auto sampler SPS3)·The ionic strength was calculated based on
the water samples collected in this study as well as chemical data
from previous studies (Ludvigsen et al., 1998) conducted at Grindsted
landﬁll using (Appelo and Postma, 2004): μ ¼ 12 ∑ci z2i , where c and z
are the molar concentration and the electrical charge of a particular
ion, respectively, and i is the index denoting the ith ion. The following
−
2−
−
ions were included in the calculation: HCO−
, SO2−
3 , Cl , NO3 -N, S
4 ,

Fig. 3. EC versus ionic strength (black points) based on chemical data collected in this study as well by Ludvigsen et al. (1998) and Kjeldsen et al. (1998b). The black line shows the linear
regression model.
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Fig. 4. 2D inverted resistivity model along the proﬁle crossing to the landﬁll and approximately in the direction of groundwater ﬂow (Proﬁle 1, see Fig. 1). The shading at depth shows the
estimated depth of investigation (DOI). Black bars show the ionic strength as detailed in the insert to the right.

2+
Na+, K+, NH+
, Mn2 + and Fe2 +. In samples lacking HCO–3
4 -N, Ca
measurements, the molar concentration was estimated by balancing
the total electrical charge.

6. Results and discussions
6.1. 2D resistivity models and ionic strength
In Fig. 3 EC and ionic strength measurements from screens are
compared. The EC and the ionic strength of the water samples compare
very well, as expected, hence increased EC response reﬂects increased
−
+
2+
2−
concentrations of major ions such as HCO−
,
3 , Cl , SO4 , Na , Ca
2+
and Fe .
In the following we will compare the ionic strength of water samples
with the resistivity responses in the landﬁll source and in the landﬁll
leachate plume (Table 1, Figs. 1, 4, and 5).
Fig. 4 shows the 2D inversion results from Proﬁle 1 which crosses the
landﬁll and continues in the direction of groundwater ﬂow. The resistivity model clearly shows the presence of a low-resistivity layer around
10 Ω m at a depth of 12–15 m and approximately 20 m thick. This
layer delineates the leachate plume, which originates from the landﬁll
and migrates in the ﬂow direction. The electrical conductivity gradually
decreases in the ﬂow direction. We expect that this anomaly is linked
primarily to the increased ion-content in the leachate from the landﬁll.

The resistivity model clearly shows that the plume moves towards the
north-west and dives signiﬁcantly. This dive might be partly due to density effects (Christensen et al., 2001). The depth and extend of the plume
are conﬁrmed by the ionic strength in bore hole 114.2122 (see Fig. 1 for
the borehole location), where the most contaminated screen is the uppermost one. In 114.2122 the highest ionic strength is 12–15 below surface exactly where the lowest resistivity is indicated on Fig. 4.
Fig. 5 shows the panel of 2D inverted resistivity model combined
from proﬁles 2 and 3. The proﬁles intersect at borehole 114.2121
(Fig. 1). The resistivity section clearly shows the extension of the
plume across the ﬂow direction. In the south-western end of the section
(at coordinate 80 m) the boundary of the leachate plume is found where
the conductive layer disappears. The resistivity panel is compared to the
ionic strength calculated at different depths from the seven boreholes
along the section (Fig. 1). The low resistive anomaly shows an excellent
agreement with the ionic strength. Overall it can be concluded that the
ionic strength of the leachate plume is mapped well by the surface
resistivity measurements.
6.2. 3D inversion results
Fig. 6 shows the 3D DC inversion results as horizontal resistivity
maps at different depths. In all these maps the leachate plume can be
easily identiﬁed as low resistivity anomaly which is b10 Ω-m close to

Fig. 5. Combined inverted resistivity model (2D) of proﬁle 2 and 3 (placement shown in Fig. 1) approximately perpendicular to the overall ﬂow direction in Fig. 1. Ionic strengths are shown
for the 7 boreholes close to the proﬁle.
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Fig. 6. 3D DC inversion result shown as horizontal resistivity map at different elevation. (a)-30 m, (b)-20 m, (c)-10 m. Boundary of the landﬁll is shown by black dotted line and position of
the electrodes is shown as white dots.

landﬁll and 10–30 Ω-m when moving away from the landﬁll. As we can
see from the ﬁrst horizontal resistivity map (a) which is at 15 m depth,
the plume is centered closer the landﬁll and the lowest resistivity anomaly is seen here which corresponds to the higher ionic strength in the
formation water. In the next two successively deeper resistivity maps
at 25 and 35 m depth it is clear that plume seems to sink and migrate
away from the landﬁll which was also observed in the 2D results of proﬁle 1 (Fig. 4).
Fig. 7 shows the 3D cube of resistivities sliced vertically along a line
approximately perpendicular to the groundwater ﬂow direction
and horizontally at a depth of 25 m. The boundary of the landﬁll is
marked by the black dotted line on the surface and the approximate
groundwater ﬂow direction (NW) is indicated as well.

The upper Quaternary sand layer is characterized by a fairly resistive
layer (N 500 Ω) and the low resistivity anomaly is a leachate plume in an
otherwise relatively homogenous background geology. Just below the
hotspot area (the location where the pharmaceutical chemical waste
has been deposited, see Fig. 1 and Table 1) resistivities are as low as
10 Ω-m. The plume from this location is migrating in the direction of
the groundwater ﬂow.
As different types of waste material were deposited in different parts
of the landﬁll, different sub-plumes are migrating from the landﬁll
(Kjeldsen et al., 1998a; Kjeldsen et al., 1998b). The different sources
are reﬂected in 2 distinct plumes (Fig. 7) originating from the hot spot
with liquid industrial waste in the northern part of the source and
from the area with mainly household waste (as well as demolition

Fig. 7. 3D DC inversion result from the Grindsted landﬁll. The 3D cube of resistivities is sliced vertically along a line approximately perpendicular to the groundwater ﬂow direction and
horizontally at 25 m elevation. The boundary of the landﬁll is marked by the black dotted line on the surface and the approximate groundwater ﬂow direction (NW) is shown by the blue
arrow.
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waste and smaller amounts of chemical waste) in the north-western
part of the source, respectively. This is supported by the identiﬁcation
of two separate low resistivity anomalies shown by the red arrows
and separated by a dashed yellow line in Fig. 7.
6.3. Final remarks
In this study a 3D setup of 400 m by 150 m was used to delineate a
leachate plume. Though, because the system is ﬂexible and expandable
any size of the setup can be chosen by scaling the dimensions of the
cables. With the exact same setup we have carried out detailed studies
of the geological structures around a meander-bow in a river bed with
a layout size of only 126 by 42 m (Maurya et al., 2016). The number of
cables and electrodes were identical to the layout presented here. Likewise, the setup can be expanded by using longer cables and/or more
switchboxes in the ﬁshbone structure.
In this study only the DC part of the data were used, but actually
induced polarization (IP) data were collected as well, without any
alterations to the setup described here. These data might contain valuable information about surface processes initiated by the leachate at
the landﬁll or in the vicinity of the ﬁll, which is the aim of current research. Likewise the IP data will help to separate the geological signals
from the contaminant signals by the effect of clay content on the IP
signals (Gazoty et al., 2012).
7. Conclusion
We have used surface based resistivity tomography (both 2D and
3D) to map the leachate plume from an old landﬁll site without liner
or leachate collection. An expandable 3D ERT system was used for the
3D data collection and the results have been modelled using the full
3D inversion modeling package (BERT). The model was visualized as
horizontal resistivity maps at different depth and the combination of
vertical and horizontal sections. Three 2D proﬁles were acquired, one
along the groundwater ﬂow direction and other two perpendicular
the groundwater ﬂow direction. 2D resistivity models were compared
against the EC and ionic strength calculated from water chemistry in
samples from borehole at different depth.
The 3D inverted resistivity models were able to delineate the spatial
distribution of the leachate plume. The horizontal resistivity maps show
two distinct low resistivity anomalies due to different type of waste
material deposited at the landﬁll. In particular a diving plume arising
from an area liquid industrial waste was delineated very well.
2D sections were used to create resistivity models along transects
parallel and perpendicular to the groundwater ﬂow direction, while at
the same time crossing boreholes in the area with screens for water
chemistry. As shown by the comparison of resistivity and ionic strength
calculated from chemical analysis, the presence of higher concentration
of inorganic constituents in the groundwater is clearly seen as low
resistivity anomaly in the resistivity models. A resistivity proﬁle perpendicular to the overall ﬂow direction has been compared with ionic
strength of the contaminated groundwater. The pattern and distribution of conductive anomaly seen in resistivity model compares fairly
well with the proﬁle of ionic strength.
Overall ERT results shows that method has been successful in
delineating the landﬁll leachate plume and a good correlation was
found between the resistivity models and Ionic strength.
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