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Imaging and characterization of solute transport during two tracer
tests in a shallow aquifer using electrical resistivity tomography
and multilevel groundwater samplers
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[1] The relevance of aquifer heterogeneity for flow and transport is recognized broadly;
however, its characterization is hampered by the inaccessibility of the subsurface.
Time‐lapse electrical resistivity tomography (ERT) offers the possibility of imaging
noninvasively subsurface transport. We present results of two tracer tests that were carried
out successively in a shallow aquifer at the Krauthausen test site (Germany). The
breakthroughs of an electrically conductive and a resistive tracer were monitored with
ERT and local multilevel groundwater samplers (MLS) along two cross sections
perpendicular to the mean flow direction. Sinking of the conductive salt tracer due to
density effects was observed with ERT. We applied a stream tube model to characterize
the spatially variable transport. ERT‐derived stream tube parameters showed similar
patterns for the two tracer experiments, reflecting the effect of aquifer heterogeneity on
transport. MLS data did not show similar spatial patterns, which indicates that these
measurements may be prone to subtle changes of the flow field in the small sampling
volume and mixing within screened wells. Between 50% and 10% of the tracer was
recovered in the ERT‐derived breakthrough curves. Compared with transport simulations
in a homogeneous aquifer, ERT‐derived time‐integrated changes in electrical conductivity
were locally larger but focused in a smaller area. MLS data indicated that in this area,
ERT did not underestimate the tracer recovery. The relatively low tracer recovery was
attributed to undetected tracer breakthrough in regions with low ERT sensitivity and in
regions where the length of the tracer plume and the electrical conductivity contrast
were small.
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1. Introduction

[2] Risk assessment of potentially hazardous substances
in soils and groundwater requires detailed knowledge about
the spatial and temporal variation of transport relevant
properties of the subsurface. The use of geophysical meth-
ods to characterize the subsurface structure and heteroge-
neity is documented well in literature since many years. In
recent years geophysical methods are increasingly being
used to monitor subsurface fluid movement. One geophys-
ical parameter that is sensitive to the change in volumetric
water content and ionic strength of the pore water is the bulk
electrical conductivity. Monitoring of bulk electrical con-

ductivity may therefore be used to monitor the infiltration of
water into the unsaturated zone and/or the displacement of
the background pore water by a tracer solution with a dif-
ferent electrical conductivity. Monitoring of bulk electrical
conductivities during salt tracer experiments in order to
characterize solute transport processes and parameterize
transport models has been a common practice in vadose
zone hydrology since automated time domain reflectomety
(TDR) systems became available [Kachanoski et al., 1992;
Vanclooster et al., 1993]. A disadvantage of the TDR
technique is that only local bulk soil electrical conductivities
are measured and the spatial structures of transport and/or
water infiltration are difficult to derive from a set of local
measurements.
[3] In order to characterize transport in heterogeneous

aquifers, tracer transport is monitored during groundwater
tracer tests. Because of the aquifer heterogeneity, such tracer
tests require a dense network of groundwater samplers.
Because of the high installation costs of a sufficiently dense
network of groundwater samplers in combination with the
considerable monitoring effort, such experiments were car-
ried out at only a few sites [Boggs et al., 1992; Hess et al.,
1992; Jensen et al., 1993; Leblanc et al., 1991; Sudicky,
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1986; Vereecken et al., 2000]. Similar to the problems with
TDR in vadose zone tracer experiments, the density of the
local samplers was in several cases insufficient to fully map
the concentration distributions. Imaging methods such as
electrical resistivity tomography (ERT), which map dis-
tributions of electrical conductivity, therefore offer an im-
portant advantage compared with local‐scale measurements.
[4] ERT has been used to image water infiltration in soils

[Daily et al., 1992; Michot et al., 2003; Park, 1998; Zhou et
al., 2001] and tracer movement in soil columns [Binley et
al., 1996; Köstel et al., 2008; Olsen et al., 1999], in soil
profiles [French and Binley, 2004; French et al., 2002;
Looms et al., 2008b], in physical groundwater models
[Slater et al., 2002], and in shallow aquifers [Cassiani et al.,
2006a; Kemna et al., 2002; Oldenborger et al., 2007;
Singha and Gorelick, 2005; Singha et al., 2007]. These
experiments demonstrated the potential of ERT to image
transport processes. But also problems related to sensitivity
and spatial resolution of the imaging method, and to the
recovered tracer mass were reported. Besides imaging of
tracer transport, monitoring of tracer transport using ERT
may also be used to parameterize groundwater models.
Binley et al. [2002], Deiana et al. [2007], and Looms et al.
[2008a] used ERT in combination with ground‐penetrating
radar data to identify unsaturated hydraulic parameters of a
soil and the underlying vadose zone. Day‐Lewis and Singha
[2008] and Singha et al. [2008] investigated in numerical
experiments and in a pilot‐scale case study how mass
transfer rates of solutes between mobile and immobile zones
could be inferred from ERT measurements. Vanderborght et
al. [2005] demonstrated in a numerical study how a tracer
experiment that is monitored with ERT can be used to derive
spatial patterns of stream tube model parameters and how
these patterns could be linked to the spatial heterogeneity of
the hydraulic conductivity of the aquifer. Pollock and
Cirpka [2008] presented a perturbation approach to derive
the spatial distribution of hydraulic conductivity from time
moments of electrical resistance that are measured in ERT
surveys. The applicability of this approach was also dem-
onstrated in a numerical experiment. However, the use of
ERT surveys for the characterization and quantification of
the spatial variability of transport processes has not been
demonstrated in many real tracer experiments. Köstel et al.
[2009a, 2009b] used a stream tube model to characterize the
spatial variability of the advection velocity and solute dis-
persion in an unsaturated soil monolith. By local TDR
measurements and tracer concentration measurements in the
outflow of the column, they could validate the approach. A
similar approach to characterize and quantify transport het-
erogeneity in an unconfined aquifer based on ERT surveys
was followed by Kemna et al. [2002]. However, they were
not able to validate the obtained results with independent
measurements. Second, the scale of the tracer study that was
carried out was small, especially when compared with the
scale of the aquifer heterogeneities.
[5] The major objective of this study is to compare the

quantification of the transport heterogeneity in a shallow
aquifer in terms of stream tube parameters that are obtained
from ERT surveys along 2‐D transects and from surveys of
tracer concentrations in multilevel groundwater samplers.
Similar to Kemna et al. [2002] and Vanderborght et al.
[2005], we focused on the tracer breakthrough in reference
planes that are perpendicular to the mean flow direction

instead of using a fully 3‐D characterization of the tracer
plume. By focusing on reference planes, ERT data acqui-
sition time and the number of boreholes that is needed to
image the transport process can be reduced while main-
taining a sufficiently high spatial resolution to visualize the
effects of aquifer heterogeneity on transport.
[6] As in the work by Kemna et al. [2002], the Krau-

thausen test site was used. However, larger tracer volumes
were injected in the aquifer than in the test carried out by
Kemna et al. [2002] in order to investigate the transport
process in a larger volume of the aquifer and visualize the
effect of aquifer heterogeneity on transport. Therefore, in the
current study, tracer was injected over an 8 m thick section
of the aquifer and monitored over a distance of 20 m
downstream from the injection well as compared to a 1 m
thick injection and 5 m downstream monitoring in the work
by Kemna et al. [2002].
[7] A second set of objectives was to test the reproduc-

ibility of tracer tests and to evaluate the effect of density
driven flow on tracer transport and the characterization of
tracer transport in a heterogeneous aquifer. Therefore two
tracer tests were carried out under similar boundary condi-
tions: one using a salt tracer with a higher electrical con-
ductivity than the groundwater and one with a “negative”
tracer with a lower electrical conductivity.

2. Material and Methods

2.1. Description of Test Site and Tracer Tests

[8] The Krauthausen test site is situated approximately 10
km northwest of the city of Düren and 6 km southeast of the
Forschungszentrum Jülich GmbH, Germany. A detailed
description of the Krauthausen test site is given by Döring
[1997], Englert [2003], and Vereecken et al. [2000]. The
field has an extent of 60 m by 200 m. The upper aquifer
system is composed of unconsolidated Quaternary deposits,
and a silty soil at the top. The base of the aquifer consists of
thin layers of clay and silt and is situated between 11 m and
13 m below the surface. The geometric mean and variance
of the log transformed hydraulic conductivity of the aquifer
are estimated to be 0.0013 m s−1 and 1.3, respectively, and
the spatial correlation in the horizontal and vertical direction
is 6.7 m and 0.37 m, respectively [Döring, 1997]. The
porosity is 26%with a standard deviation of 6% [Vereecken et
al., 2000]. The main direction of the groundwater flow is
toward NW with a hydraulic gradient of about 0.002, which
stays fairly constant over time. The groundwater table shows
significant seasonal variation ranging from 2.5 m to 1 m
below surface in summer and winter, respectively.
[9] The test site comprises 76 observation wells reaching

to a depth of 10–11 m below the surface. The drilling
diameter for all wells was 328 mm in which screened PVC
tubes with a diameter of 50 mm were installed. Most of the
wells are screened between 3 m and 10 m below the surface.
Sixty six of the 76 observation wells are equipped with
multilevel groundwater samplers (MLS). These consist of a
bundle of 24 polyethylene tubes (outer diameter 5 mm) of
different length attached to the outside wall of an observa-
tion well allowing a depth dependent sampling over 0.3 or
0.35 m intervals. The locations of the observation wells at
the test site are shown in Figure 1.
[10] Two large‐scale tracer experiments were carried out

consecutively at the test site from September until December

MÜLLER ET AL.: IMAGING OF TRANSPORT IN GROUNDWATER USING ERT W03502W03502

2 of 23



Figure 1. Positions of the groundwater observations wells at the Krauthausen test site. The cutouts show
the location of the boreholes in which ERT electrodes were installed (red circles) and transects with sur-
face electrodes (straight red lines). The blue crosses mark the tracer injection wells. The top cutout shows
the setup of the tracer experiments that are presented in this paper. The bottom cutout refers to the tracer
experiment of Kemna et al. [2002].
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in the years 2002 and 2003. During both tracer tests 140 000
l of tracer solution were injected continuously over a time
period of 7 days in borehole 22 (Figure 1). The tracer so-
lution was injected over the entire screened well section
(between 3 and 11 m below the surface), which covers al-
most the entire saturated aquifer thickness. The injection
rate was 835 l h−1. In the 2002 experiment we injected a
calcium chloride solution with an electrical conductivity of
6100 mS cm−1, which was about a factor six more con-
ductive than the background groundwater conductivity of
937 mS cm−1. In the 2003 experiment, tracer with an elec-
trical conductivity of 241 mS cm−1, which was a factor four
more resistive than the mean background groundwater
conductivity of 884 mS cm−1 in 2003, was injected.
[11] The tracer cloud of the so‐called “positive” tracer

(more conductive tracer) was monitored over 78 days. The
monitoring of the “negative” tracer (more resistive tracer)
was completed 71 days after the beginning of injection.
[12] In both tracer experiments, we monitored the elec-

trical conductivity of the groundwater using MLS and of the
bulk sediment using ERT measurements along three trans-
ects (see Figure 1). The monitoring started with daily
measurements in the first two weeks. Afterward, every 2 or
3 days was measured and at the end of the experiment,
weekly measurements were done. Only 12 of 24 MLS in
each observation well were sampled and the electrical
conductivity at a reference temperature of 25°C of the
samples was determined in the lab. To ensure that no
stagnant water from inside of the tube was collected, 200 ml
groundwater was purged before taking the sample. The
natural background electrical conductivity of the ground-
water was determined in MLS located upstream form the
injection well. In order to relate the electrical conductivity of
the groundwater samples at the reference temperature of 25°
C with ERT derived bulk electrical conductivities, the bulk
conductivities were rescaled using a temperature correction
factor [Franson, 1985]:

fT ¼ 1

1þ �T ðT � 25Þ½ � ; ð1Þ

where aT [°C
−1] is 0.0191°C−1 for the standard 0.01 M KCl

solution, and T [°C] is the temperature of the groundwater,
which was 11°C during both experiments.
[13] Since the injected plumes were monitored using

electrical conductivity measurements, we assumed that the
transport of the electrical conductivity signal approximates
the transport of an inert tracer. To test whether both the
“positive” and “negative” “tracer” solutions show a similar
transport behavior, lab‐scale breakthrough experiments
were carried out in columns packed with aquifer sediment.
The sediment was taken from a drilling core between 9.5 m
to 10 m below the surface. Only sediment fractions with a
grain size smaller 2 mm were used. The columns were first
saturated with groundwater, then charged with a 1 mol l−1

CaCl2 pulse (“positive” tracer), and subsequently with a
“negative” tracer pulse, which was a mixture of groundwater
and deionized water with a ratio of 1:9. The flow rate
through the columns was kept constant and amounted 0.29
ml min−1. The experiments were conducted over a period of
50 h and 60 h, respectively. The electrical conductivity of
the effluent was measured using a flow‐through cell and
corrected to a reference temperature of 25°C. In Figure 2

breakthrough curves of the positive and negative tracer
pulses are shown for the column experiments. A visual in-
spection of the breakthrough curves confirms that the
transport behavior of both tracer solutions was similar.

2.2. Electrical Resistivity Tomography

2.2.1. ERT Setup and Data Collection
[14] With ERT, an image of the spatial distribution of the

bulk electrical conductivity ECb is estimated from data sets
of transfer resistance measurements. The transfer re-
sistances, R (W) were measured using a dipole‐dipole con-
figuration in which an electrical current with strength I is
injected using a pair of electrodes (dipole) and the electric
potential difference DF, is measured between two other
electrodes:

R ¼ ��

I
: ð2Þ

For the ERT measurements two transects perpendicular and
one parallel to the mean flow direction were selected. In this
paper we focus on the two perpendicular cross sections. The
boreholes in which electrodes were installed and the ERT
transects are shown in Figure 1. The first perpendicular
cross section was positioned approximately 10 m down-
stream from the injection well and the second approximately
20 m. The image planes were spanned by four or five
sampling wells equipped with electrode “strings” in the
screened borehole section. Each string consisted of 16 0.5 m
spaced electrodes of which 13 were situated in the saturated
zone of the aquifer and used for ERT measurements. In
order to increase subsurface coverage, in particular in the
near surface region down to a depth of 4 m below the sur-
face, the borehole electrodes were complemented by 32
surface electrodes with 0.75 m spacing.
[15] In this study, electrodes were paired using a combi-

nation of standard “skip‐one” (surface electrodes) and
“skip‐two” (borehole electrodes) dipole‐dipole protocols.
The “skip‐one” and “skip‐two” configurations led to similar
dipole length in both arrangements. To avoid very high
potential gradients only dipoles with at least one dipole
length distance to the current injection electrodes were
considered for potential measurements. Only dipoles of
surface electrodes or of electrodes in the same borehole were
used for current injection or potential difference measure-
ments, leading to 1770 dipole current injections per cross
section. The measurements were conducted over a period of
almost four months (including the measurements to deter-
mine the background bulk electrical conductivity distribu-
tion at the test site prior to the tracer experiments) using a
multichannel resistivity instrument (Resecs, Geoserve
GmbH Kiel, Germany).
2.2.2. Forward Modeling of ERT Data Sets
[16] In this study ERT measurements are confined to 2‐D

image planes. For cross‐borehole electrode arrangements in
a 2‐D plane an ERT data set contains information pre-
dominantly about the electrical conductivity distribution in
this plane, while, information content on off‐plane con-
ductivity variations is strongly limited due to the spatially
biased sensitivity characteristics of individual cross‐bore-
hole ERT measurements [e.g., Spitzer, 1998]. Therefore,
ERT data sets associated with coplanar cross‐borehole
electrode arrangements do not contain sufficient information
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that allows a 3‐D inversion of the electrical conductivity
distribution. For the inversion of ERT data, the electrical
conductivity was assumed to be a 2‐D distribution in the
considered plane (image plane) that is constant in the per-
pendicular direction or the y direction in Figure 1. Since the
forward model calculates 3‐D electric potential fields in a 2‐
D conductivity structure, the ERT inversion is called a 2.5‐
D inversion. The real tracer plume has, however, a finite
extension in the y direction. Because of off‐plane sensitiv-
ities, the tracer plume may be detected in the resistance
measurements before the tracer front actually reaches or
after it passed the image plane. When the length of the tracer
plume is small, resistance measurements are also influenced
by off‐plane regions that do not contain tracer so that the
contrast or the tracer concentration in the image plane that is
derived from an ERT inversion is underestimated. The im-
pact of these artifacts on the imaging of tracer breakthrough
with ERT in a reference plane was investigated indirectly in
a numerical study by Vanderborght et al. [2005]. They
simulated flow and transport and electrical resistance mea-
surements in a 3‐D heterogeneous aquifer and passed the
resistance measurements to a 2.5‐D ERT inversion code.
Their study indicated that the assumption of a 2‐D con-
ductivity distribution did not have a large impact on the
inverted tracer breakthrough. This suggests that 2.5‐D in-
version may be a viable approach to image transport in a
heterogeneous aquifer. It must be noted that these conclu-
sions depend on the electrode configuration, i.e., distance
between electrodes and boreholes, the conductivity and the
dimension of the tracer plume. The electrode configuration
in the current tracer experiment was similar to that in the
study by Vanderborght et al. [2005].
[17] Besides the assumption of constant ECb in the y di-

rection, it was assumed that the electrodes in the image
plane are located on a perfectly planar surface that is per-
pendicular to the y direction. For the first cross section, the y
coordinate of borehole 26 was used for the image plane and
for the second cross section the y coordinate of borehole 31.
The x coordinate of the ERT image plane was assumed to

correspond with the distance along the lines that connect the
different boreholes. Since the image planes are relatively
planar and close to perpendicular to the y direction (the
distances between the boreholes are close to the differences
in the x coordinate), we further assumed that the ERT co-
ordinate systems could be transformed to the Cartesian co-
ordinate system using simple translations in the x direction.
[18] The electric potential fields and transfer resistances

were calculated using the CRMOD code [Kemna, 2000],
which uses a finite element method to solve the Poisson
equation. The image plane was divided into a grid of rect-
angular elements (Dx = 0.375 m and Dz = 0.25 m) and the
electrical conductivity within each element was assumed to
be constant. The size and shape of the elements was locally
adjusted so that the nodes of the elements collocate with the
position of the electrodes. To improve the accuracy of the
numerical solution, the rectangular elements were sub-
divided in four triangular elements [Kemna, 2000; Kemna et
al., 2002].
2.2.3. Inversion of ERT Data Sets
[19] Geophysical tomographic inverse problems are typ-

ically underdetermined because of the high number of
model parameters. One often used precondition for finding
an electrical conductivity distribution is the smoothness
constraint, which requires the obtained distribution to be as
smooth as possible. The inverse problem is then formulated
as an optimization problem and the smoothness constraint is
incorporated within an objective function.
[20] In this work, the main interest is in mapping of

temporal changes in electrical conductivity and a “difference
inversion” scheme [LaBrecque and Yang, 2001] is used that
minimizes the following objective function:

�diff ðmÞ ¼ W d� din½ þ f minð Þ � fðmÞ�k k2þ�r R m�minÞðk k2;
ð3Þ

where m is the parameter vector representing the log
transformed electrical conductivities of the different pa-

Figure 2. Breakthrough curves of the positive and negative tracers in column‐scale tracer experiments
plotted versus the pore volumes (PV) that leached through the columns.

MÜLLER ET AL.: IMAGING OF TRANSPORT IN GROUNDWATER USING ERT W03502W03502

5 of 23



rameter cells and min the reference model, d is the data
vector of the measured and log transformed resistances and
din is the reference data set, f is the operator of the forward
solution, W is a data weighting matrix used to weight in-
dividual measurements, R is a matrix evaluating the
roughness of m − min in terms of its 2‐D gradient, and ar is
a regularization parameter that determines the importance of
the roughness of the electrical conductivity field relative to
the misfit between calculated and observed resistances. The
advantage of this approach is that smoothness constraint is
imposed directly on the temporal model changem −min and
thus independent from time‐static structures in m or min.
Furthermore systematic errors, which occur similarly in d
and din, cancel out each other. The same is true for the
systematic errors in the forward models f(m) and f(min) that
result for instance from small electrode misplacements,
limited model discretization, and not perfectly known
boundary conditions. It must be noted that only the sys-
tematic part of the model error that returns in all data sets to
the same extent is canceled out in a difference inversion.
Since the relation between resistance and the spatial distri-
bution of the bulk electrical conductivity is highly nonlinear
and the ERT inverse problem is strongly ill posed, sys-
tematic model and measurement errors will generally
propagate differently into the inverted conductivity distri-
bution depending on the conductivity distribution. As a
consequence, the effect of the systematic errors will not be
canceled out necessarily by subtracting inverted distribu-
tions. This problem is avoided in a difference inversion
where systematic errors are canceled out in the measurement
and model differences.
[21] Assuming uncorrelated measurement errors, the data

weighting matrix is

W ¼ diag 1="1; . . . ; 1="N Þð ; ð4Þ

where "i is the standard deviation of the ith measurement
and N is the number of measurements. "i is derived from the
measured resistance Ri using the following model
[LaBrecque et al., 1996]:

"i ¼ "min

Ri
þ "Ri; ð5Þ

where "min (W) is the absolute error of the resistance mea-
surements and "Ri the relative error. The reference model
min was inverted from ERT data sets that were measured
before the tracer injection using a relative error, "Ri of 5%
and an absolute error, "min, of 0.3 mW (equation (5)). For the
difference inversion, error model parameters refer to the
temporal change of the data di − din,i and "Ri and "min were
estimated from normal and reciprocal measurements with
"Ri 2% and "min 0.3 mW. Since systematic errors cannot be
derived from normal reciprocal measurements, the estima-
tion of the error level for the absolute inversion was
somehow arbitrary. It was derived from absolute inversions
for a set of error levels. When the covariance between errors
in two different ERT data sets, which results from system-
atic errors, is larger than half the random error variance, the
error level is higher for the absolute than for the difference
inversion. For details about the optimization algorithm that
was used and the calculation of the roughness term, we refer
to Kemna et al. [2002].

2.2.4. ERT Sensitivity
[22] The spatial resolution of ERT‐derived images is a

complex function of numerous factors such as the electrode
layout, survey configuration, data quality, imaging algo-
rithm, and electrical conductivity distribution. A simple and
indirect approach to appraise the spatial distribution of the
ERT image resolution is to map the ERT sensitivity [Kemna
et al., 2002]. Sensitivity describes how a local change in
electrical conductivity affects a single transfer resistance
measurement. The sum of all squared sensitivities with re-
spect to a local conductivity change is an indirect measure of
how well the conductivity at this location may be retrieved
from the measurement data set. This squared sensitivity sum
can be calculated for each parameter cell from

XN
i¼1

ðAÞij
"i

� �2
¼ ATWTWA
� �

jj; ð6Þ

where A is the Jacobi matrix with Aij = ∂di/∂mj.

2.3. Relation Between Bulk Electrical Conductivity,
ECb, and Pore Water Electrical Conductivity, ECw

[23] To interpret the bulk electrical conductivities of the
sediment, ECb, which are derived from ERT measurements
during a tracer test, in terms of tracer concentrations, re-
lationships between ECb and the tracer concentration or the
electrical conductivity of the pore water, ECw need to be
derived. In sedimentary rocks the conductivity of the min-
eral matrix is normally negligible and ECb depends on ECw,
electrical conduction taking place at the mineral water in-
terface (constituting a surface conductivity), and the geom-
etry of the pore network. For sufficiently large ECw, the
surface conductivity remains constant with ECw [e.g., Revil
and Glover, 1998] so that the ECb − ECw relation may be
approximated fairly well by a linear calibration function
[Mallants et al., 1996; Rhoades et al., 1989]

ECb ¼ aðxÞECw þ bðxÞ; ð7Þ

where a(x) and b(x) are empirical calibration parameters
independent of salinity. In heterogeneous aquifers the cali-
bration parameters depend obviously on location x. This
was observed at the test site where the initial bulk electrical
conductivity ECb,in varied with location despite the rela-
tively constant background conductivity of the groundwater,
ECw,in.
[24] ECb, − ECw, calibration experiments were carried out

in columns packed with aquifer sediment and charged with
tracer solution of known electrical conductivity. A set of
calcium chloride tracer solutions with electrical conductiv-
ities ranging from 100 mS cm−1 up to 5000 mS cm−1 was
used. To investigate the spatial variability of the calibration
relation, measurements were conducted with sediment from
different aquifer depths, and with different fractions of
gravel and sand. Samples were taken from four vertical
drilling cores at intervals from 4.5 up to 9.5 m below surface
for drilling cores B 63 and B 67, and from 5.5 to 6 m and 7
to 7.5 m for drilling core B 70 and from 7 to 7.5 m for
drilling core B 69 (the location of the boreholes is shown in
Figure 1). From the sediment that was taken in boreholes B
63 and B 67 only the sediment fractions with a grain size
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smaller than 20 mm were used. The gravel and sand frac-
tions of B 69 were first separated by sieving. Subsequently,
soil columns were packed using three different gravel‐sand
mixtures: 70%, 50%, and 30% of sand (percentages corre-
spond with gravimetric sand fractions). The porosity of the
samples varied between 20.4% and 30.7% and the density of
the packed sediment material was 2.62 g cm−3. The bulk
electrical conductivity ECb was measured with TDR, and
standardized to 25°C.

2.4. Stream Tube Model

[25] Similar to Kemna et al. [2002] and Vanderborght et
al. [2005] we used a stream tube model to interpret the time
series of the electrical conductivities that were derived from
ERT and MLS. In a stream tube model, the aquifer is re-
presented by a set of stream tubes parallel to the mean flow
direction. Transport through each stream tube is described
by a simple 1‐D convection‐dispersion process model
whose parameters are constant and each tube is isolated
from adjacent tubes [Jury and Roth, 1990]. In a stream tube
model concept, locally measured tracer concentrations at a
certain point C(x, t) are interpreted to be the result of an
equivalent 1‐D convection‐dispersion process in a stream
tube that connects the injection point with the location x.
The 1‐D stream tube transport may be written as

@Cð�; tÞ
@t

¼ �veqðxÞ @Cð�; tÞ
@�

þ veqðxÞ�eqðxÞ @
2Cð�; tÞ
@�2

; ð8Þ

where veq and leq are the stream tube velocity and dis-
persivity, respectively, and x is the stream tube coordinate. It
must be noted that the stream tube parameters differ from
the local pore water velocity and dispersivity at the location
where the breakthrough is measured. The stream tube
parameters synthesize the time series of concentrations and
must be viewed as normalized temporal moments of the
breakthrough curves or as parameters of an equivalent
convection‐dispersion process that leads to the same tem-
poral moments as the observed breakthrough curve. The
advantage of using stream tube parameters instead of tem-
poral moments is that the spatial variability of the para-
meters within an image plane and between different image
planes is easier to interpret and compare. The variability of
veq across a reference plane is a measure of plume distortion
as a result of spatial variations of water flow. The averaged
value of l eq represents the dilution of the locally observed
concentrations due to mixing along the stream tube trajec-
tory. Direct relations between the spatial variability of veq
and the hydraulic conductivity can be derived and the
average leq can be related to the local‐scale dispersion con-
stant and the spatial variability of the hydraulic conductivity
[Bellin and Rubin, 2004; Vanderborght et al., 2005;
Vanderborght et al., 2006].
[26] Since the stream tube model interprets locally mea-

sured breakthrough curves and quantifies their spatial vari-
ability, it is more powerful to quantify transport heterogeneity
than an effective macroscale dispersion model, which could
be parameterized from spatially averaged breakthrough
curves. A macroscale dispersion model assumes a uniform
aquifer and the impact of aquifer heterogeneity on transport
is lumped into the macroscale dispersion tensor. Because of

this averaging and lumping, the mixing and the spatial
variability of the transport process cannot be derived from
the macroscale dispersion coefficients.
[27] The parameters veq and leq are obtained by fitting

the solution of the 1‐D convection‐dispersion equation to
the locally measured, i.e., by a MLS or within a pixel of the
ERT image plane, breakthrough curve. We assumed that the
transport distance in each stream tube is the same and cor-
responds with the distance from the injection well to the
image plane. As a consequence, we assumed a mean uni-
form flow in the y direction and we neglected the effect of
lateral and upstream tracer movement during the tracer in-
jection and the vertical displacement resulting from density
driven flow. In other words, we assume that the transfer time
or veq and the mixing or leq from the injection well to an
observation point in an image plane are hardly affected by
lateral and downward displacement. The impact of this
assumption on the derived stream tube parameters was
assessed using 3‐D flow and transport simulations in a
homogeneous aquifer. Since the lateral and backward dis-
placement during the tracer injection were considerably
larger than the vertical displacement due to density driven
flow, density driven flow was not considered in the 3‐D
simulations.
[28] For a step input at the inlet of the stream tube with an

initial concentration Cin, and assuming that the x coordinate
aligns with the y coordinate, the solution of the 1‐D trans-
port equation, equation (8), is [Toride et al., 1999]

Cðy; tÞ � Cin ¼
C0 � Cinð Þ

2
erfc

y� veqtffiffiffiffiffiffiffiffiffiffiffiffiffi
4v�eqt
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ð9Þ

where t0 is the duration of the solute input, i.e., 7 days, C0

the input concentration at the stream tube inlet and w a
weighting factor, which is 0 for t < t0 and 1 for t ≥ t0, and y
is the direction of the mean flow. Because of lateral mixing
of the tracer solution with the groundwater and the small
lateral extent of the borehole in which the tracer solution
was injected, the tracer solution is more diluted than in the
case of purely one‐dimensional transport. This leads to a
smaller observed C0 in a stream tube than the injected C0. In
our experiments, we stopped the water and solute injection
simultaneously. After the injection, the flow field returned to
the ambient groundwater flow and pushed back the tracer
that was injected upstream of the injection well. As a con-
sequence, the injection time in a stream tube appears to be
longer than the duration of the solute injection. We kept,
however, the injection time constant, which is reasonable
when the increase in injection time is small compared with
the travel time to the image plane. The additional tracer
mass that entered the stream tube after the injection stopped
was accounted for using a larger apparent C0 than the real
C0. Therefore, also C0 was fitted to account for additional
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dilution due to lateral mixing with groundwater and the
upstream tracer that entered the stream tube after the tracer
injection stopped.
[29] Stream tube parameters were derived from pixel‐

scale breakthrough curves in the ERT image planes and
compared with stream tube parameters derived from MLS
data from the boreholes situated at the ERT image planes.
Since we measured electrical conductivity, the tracer “con-
centration” C that we measured represents an amount of
electrical charge carried by ions per volume of water. In-
stead of fitting equation (9) to solute concentrations,
equation (9) was fitted to relative changes in bulk electrical
conductivity (ERT data), relative to the initial bulk con-
ductivity, or to relative changes in electrical conductivity of
the pore water (MLS data). If the electrical conductivity is
related linearly to the electrical charge concentration, it is
trivial that equation (9) with the same parameters veq and leq
also describes the breakthrough curve of relative changes in
electrical conductivity. Then, C0 − Cin represents the relative
change in electrical conductivity when the initial ground-
water solution is replaced by the injected tracer solution. For
the ERT data, C0,ERT − Cin,ERT is

C0;ERT ðxÞ � Cin;ERT ðxÞ ¼ ECb;0ðxÞ � ECb;inðxÞ
ECb;inðxÞ

¼ ECw;0 � ECw;in

ECw;in þ bðxÞ=aðxÞ ; ð10Þ

where ECb,0(x) is the bulk electrical conductivity when the
pore space at location x is filled with the injected tracer
solution in the stream tube, C0, with an electrical con-
ductivity ECw,0, and ECb,in(x) is the initial bulk electrical
conductivity at x, and b(x) and a(x) are the parameters at
location x of the petrophysical relation (equation (7)) that
relates ECb and ECw. Since C0,ERT − Cin,ERT is derived from
fitting equation (9) to relative changes in ECb, the para-
meters a(x) and b(x) do not need to be known to derive the
stream tube parameters veq and lequation The PROC NLIN
procedure of the SAS/STAT® statistical software package
was used to fit equation (9) to the ERT and MLS data. Since
stream tube model parameters can only be determined at
locations where tracer breakthrough takes place, only para-
meters at locations where the fitted C0,ERT − Cin,ERT was
above a threshold value were retained.

2.5. Tracer Balance Calculations

[30] The amount of tracer that crosses a reference plane
which is perpendicular to the mean flow direction can be
calculated as

M ¼
Z

qyðxÞ Cðx; tÞ � Cinð Þdtdxdz; ð11Þ

where qy(x) is the water flux at location x in the reference
plane. A problem with the application of equation (11) is
that qy(x) is generally not known. However, numerical si-
mulations in heterogeneous aquifers [e.g., Vanderborght et
al., 2005, Figure 8] indicated that the time integral of
flux‐weighted and nonweighted concentrations are similar.
This implies that the time integral of local concentrations is
not correlated with the local water flux. As a consequence,

qy(x) was here approximated by the mean flux, hqyi, through
the reference plane:

M ¼ qy
	 
 Z

Cðx; tÞ � Cinð Þdtdxdz: ð12Þ

Assuming that electrical conductivity of the tracer solution
is linearly related to the tracer concentration, the tracer re-
covery, M/M0 can be expressed in terms of electrical con-
ductivities of the groundwater as

M

M0
¼

qy
	 
 Z

ECwðx; tÞ � ECw;in

� �
dtdxdz

V0 ECw;0 � ECw;in

� � ; ð13Þ

where M0 is the injected tracer amount and V0 is the injected
tracer volume. Using equation (7) in equation (13), the
tracer recovery can be expressed in terms of the bulk elec-
trical conductivity as

M

M0
¼

qy
	 


ECw;in þ b

a

� �
V0 ECw;0 � ECw;in

� � Z ECbðx; tÞ � ECb;inðxÞ
ECb;inðxÞ dtdxdz: ð14Þ

In the derivation of equation (14), it was assumed that the
parameter b/a does not change with location. However, if b
(x)/a(x) is small compared with ECw,in, i.e., when the initial
bulk EC is determined mainly by the electrical conductivity
of the pore water, a violation of this assumption does not
have a large impact on the calculated tracer recovery. This
implies that for the calculation of the tracer recovery using
equation (14), detailed and accurate information about the
petrophysical relation ECb − ECw and its spatial variability
is not required. If the times series of relative changes in ECb

can be described using equation (9), then the time integral
corresponds with [C0,ERT(x) − Cin,ERT(x)]t0 and equation
(14) can be written as

M

M0
¼

qy
	 


ECw;in þ b

a

� �
t0

V0 ECw;0 � ECw;in

� � Z C0;ERT ðxÞ � Cin;ERT ðxÞ
� �

dxdz: ð15Þ

2.6. Transport Simulations in a Homogeneous Aquifer

[31] Three‐dimensional flow and transport were simulated
during a tracer test in a homogeneous aquifer in order to
evaluate the effect of nonuniform flow conditions that are
induced by the tracer injection on the stream tube transport
parameters and the relative change in electrical conductivity,
C0,ERT − Cin,ERT, which is derived from fitting equation (9)
to time series of ERT derived ECb. The simulation domain
was 40 m long, 24 m wide, and 12 m deep. No‐flow
boundary conditions were defined at the bottom, top and the
lateral surfaces of the simulation domain and constant heads
were defined at the front and back surface resulting in a
hydraulic gradient of 0.002. The hydraulic conductivity was
0.0015 m s−1, the porosity 0.27, and the longitudinal and
transverse dispersivity 0.9 m and 0.09 m, respectively. As in
the tracer experiment, 140 m3 of tracer solution was injec-
tion over a period of 7 days in an injection well between
2.75 and 10.5 m depth. Simulated local breakthrough curves
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at two reference surfaces at 11 m and 21 m downstream of
the injection well were fitted by the stream tube model,
similar to the breakthrough curves that were observed during
the real tracer test.

3. Results

[32] This section is organized as follows. First the ERT
sensitivity for the employed electrode arrangement and
measurement as well as the distribution of the background
ECb are presented. Then the results of the lab‐scale cali-
bration experiments to determine the ECb − ECw relation are
given. In a next part, the tracer breakthroughs in the ERT
cross sections and in the MLS are compared for both the
positive and negative tracer tests. In the last two parts, fitted
transport model parameters and calculated tracer recoveries
are presented.

3.1. ERT Background Images and Sensitivity

[33] The ERT background images, min, which are used in
the difference inversion equation (3), and the corresponding
sensitivity distributions, equation (6), are shown in Figure 3.
Basically, the background distribution reflects the litholog-
ical situation at the test site with a relatively resistive layer at
a depth about −2 m depth corresponding with the unsatu-
rated gravel sediment below the top loess soil layer. Below
−2 m, the saturated zone of the aquifer is marked by a de-
crease in resistivity. Between −4 and −5 m depth appears a
layer with slightly lower resistivities, which corresponds
with a layer with a higher sand fraction. The ERT‐derived
vertical resistivity or conductivity profile corresponds with
profiles that were derived from cone penetration tests
[Tillmann et al., 2008]. As to be expected, overall sensitivity
and resolution decrease dramatically toward the bottom of a

cross‐borehole ERT plane and toward the middle between
the boreholes [Ramirez et al., 1993].

3.2. ECb − ECw Relation

[34] Figure 4 shows the relation between ECw and ECb for
three columns that were packed with aquifer material from
the drilling core 70. These plots demonstrate that a linear
relation between ECw and ECb may be assumed for the
range of pore water conductivities in this study (ECw ranges
from 241 to 6100 mS cm−1). Figure 4 also indicates that the
intercept of the ECb − ECw relation is small compared with
ECb,in, i.e., the bulk EC for the background ECw,in (≈900 mS
cm−1).
[35] In Table 1, the parameters of the linear ECb − ECw

relation that were derived in columns packed with aquifer
sediment are listed. The parameter a(x) varied between 0.15
and 0.21 and increased with decreasing gravel and in-
creasing sand content. The intercept b(x) varied between 12
and 36 mS cm−1 but did not show a clear relation with sand
or gravel contents. Based on these calibration experiments,
ECb,in at a reference temperature of 25°C ranges from 150 to
210 mS cm−1. This corresponds with a range of bulk resis-
tivities, r, at 11°C from 65 to 90 Wm or of log10r from 1.8
to 1.95, which is considerably smaller than the range of
log10r in Figure 3. For the layers between approximately
−4 and −11 m depth (layers D and E in the work by
Tillmann et al. [2008]) the range of resistivities derived from
cone penetration tests was between 65 and 140 Wm (log10r
ranges from 1.8 to 2.15).

3.3. Patterns of Tracer Breakthrough at the Two ERT
Image Planes

[36] In Figures 5 and 6, the spatiotemporal patterns of
changes in relative bulk electrical resistivity (“negative”

Figure 3. (left) ERT background images of the bulk electrical resistivity distribution and (right) the
corresponding sensitivity distributions in the (top) first and (bottom) second cross sections. Resistivities
are given in log10 W m. The locations of the electrodes are marked by the black dots.
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tracer 2003) and bulk electrical conductivity (“positive”
tracer 2002) in the two image planes are shown for several
time steps after the start of injection. The relative changes in
bulk resistivity are defined as

�r� ¼ 1=ECb � 1=ECb;in

1=ECb;in

� �
; ð16Þ

and the relative changes in bulk conductivity as

�rECb ¼ ECb � ECb;in

ECb;in

� �
: ð17Þ

The relative changes in bulk resistivity and conductivity
obtained with ERT were compared with relative changes in
water resistivity and conductivity obtained from the MLS,
which are represented by vertical bars in Figures 4 and 5.
With respect to the arrival times of the tracer plumes at the
image planes and the magnitude of the maximum relative
changes in resistivity and conductivity, the MLS data show
some agreement with the ERT data. However, differences
obviously exist. In the first image plane at 10 m downstream
from the injection well, the ERT images show a lateral
spreading of the plume already at 7 days after the beginning
of the injection whereas the tracer was only detected in the
multilevel samplers straight downstream from the injection
well but not in the adjacent boreholes. During the positive
tracer test, a tail of high conductivities was observed in MLS
in the lower part of the aquifer near to the aquifer base in
both image planes, e.g., from day 24 until day 44 in the first
cross section (Figure 5, right) and from day 36 until day 65
in the second cross section (Figure 6, right). However, this
tailing was not detected in the ERT images. Although the
ERT sensitivity decreased toward the bottom of the aquifer
(Figure 3), it was still relatively high at the bottom part of
the boreholes which makes it unlikely that high electrical
conductivities in a sufficiently large volume around the

borehole would remain undetected by ERT. The tailing
observed in the MLS could also suggest that the salt tracer
sank within the borehole and that MLS in the bottom part of
the aquifer were not well connected to the groundwater
flow.
[37] In the second cross section (Figure 6), the ERT

images appear to be more diffuse than in the first cross
section (Figure 5). The conductivity and resistivity contrasts
were smaller as a result of successive dilution with in-
creasing distance from the injection source. For the negative
tracer experiment, the peak of the tracer breakthrough in the
ERT images at the second cross section was observed after
21 days and corresponded with a relative change in r of
about 100%. This was about twice the change in the MLS

Table 1. Parameters of the Linear ECw − ECb Calibration Rela-
tion, Equation (7), for Different Sand‐Gravel Mixtures Taken
From the Krauthausen Aquifer Sediment

Drilling Well
and Depth Sand (%) Gravel (%) a b (S m−1) Porosity

B63/67, 4.5–9.5 m 100 0 0.2070 0.0018 28.80
B63/67, 4.5–9.5 m 100 0 0.1916 0.0018 27.13
B63/67, 4.5–9.5 m 100 0 0.2072 0.0021 27.14
B69, 7–7.5 m 100 0 0.2098 0.0017 30.06
B69, 7–7.5 m 100 0 0.2191 0.0012 29.82
B69, 7–7.5 m 100 0 0.2048 0.0020 30.34
B69, 7–7.5 m 70 30 0.1798 0.0017 26.51
B69, 7–7.5 m 70 30 0.1703 0.0012 25.49
B69, 7–7.5 m 50 50 0.1648 0.0015 25.17
B69, 7–7.5 m 50 50 0.1534 0.0023 25.63
B69, 7–7.5 m 30 70 0.1509 0.0016 25.42
B69, 7–7.5 m 30 70 0.1541 0.0015 24.75
B70, 5.5–6 m 66.3 33.7 0.1782 0.0012 25.19
B70, 5.5–6 m 62.0 38.0 0.1840 0.0014 24.52
B70, 5.5–6 m 65.9 34.1 0.1821 0.0012 24.44
B70, 9–9.5 m 61.6 38.4 0.1551 0.0022 25.24
B70, 9–9.5 m 62.9 37.1 0.1563 0.0033 22.89
B70, 9–9.5 m 61.1 38.9 0.1550 0.0036 20.40

Figure 4. Relation between electrical conductivity of the pore fluid, ECw, and the bulk electrical con-
ductivity, ECb, in three replicate columns that were packed with aquifer sediment (drilling well 70, 5.5–6
m depth).
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Figure 5. Relative changes in (left) bulk resistivity r (in %) for the “negative” tracer and (right) bulk
conductivity ECb (in %) for the “positive” tracer test in the first cross section for different days after
the beginning of the tracer injection. Vertical bars represent changes measured by multilevel samplers,
and italic numbers are the borehole numbers.

MÜLLER ET AL.: IMAGING OF TRANSPORT IN GROUNDWATER USING ERT W03502W03502

11 of 23



and about half the change that was observed in the first cross
section. For the positive tracer experiment, the peak of the
relative changes in ECb of 220% in the ERT images of the
second cross section is also about half of that in the first
cross section but smaller than the change observed in the
MLS, which is larger than 300%. For the negative tracer
experiment, higher and temporally varying resistivities were
observed in the upper zone of the ERT image plane which
represents the unsaturated zone. These observations might
be due to temporal moisture content changes associated with
rainfall events and dry periods during the monitoring period.
[38] The tracer cloud that was monitored with ERT at the

second cross section spread out to a lesser horizontal extent

as would be expected based on the MLS. For the positive
tracer experiment, the MLS indicate that the tracer plume
extended laterally from boreholes 38 to 62 (see Figure 1 for
the location of the boreholes). From day 15 until day 36
during the positive tracer experiment, a considerable
breakthrough was observed in the MLS at borehole 38. This
borehole was not equipped with ERT electrodes since it was
not fully screened. The ERT images also suggest that the
tracer plume extended laterally from borehole 38 to 62 but
the ERT‐derived changes in electrical conductivity were
much smaller than the ones observed in the MLS in bore-
hole 38. This may be explained by the low ERT sensitivity
at the location of borehole 38 (see Figure 3). The lateral

Figure 5. (continued)
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Figure 6. Relative changes in (left) bulk resistivity r (in %) for the “negative” tracer and (right) bulk
conductivity ECb (in %) for the “positive” tracer test in the second cross section for different days after
the beginning of the tracer injection. Vertical bars represent changes measured by multilevel samplers,
and italic numbers are the borehole numbers.
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extent of the negative tracer plume was considerably smaller
than that of the positive plume; however, a small break-
through of tracer observed at borehole 38 from day 21 until
day 25 also suggests that the ERT images underestimated
the lateral extent of the tracer plume.

[39] Comparing the negative and positive tracer experi-
ments shows that the negative tracer moved primarily
through the middle central part in the ERT image plane
whereas the positive tracer sank down to the lower central
part of the ERT image plane. Generally, the downward
sinking of the positive tracer was accompanied by a larger

Figure 6. (continued)
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lateral extent of the estimated tracer plume, while the lower
part of the negative tracer cloud showed an upward trend.
For the positive tracer a pronounced tailing was observed.
The patterns of the breakthrough in both ERT image se-
quences and for both tracer experiments also show some
interesting similarities that point at signatures of aquifer
heterogeneity on tracer transport. In both experiments, a
plume splitting was observed in the first ERT cross section.
The breakthrough in the upper and middle part of the first
cross section was delayed in comparison with the break-
through in the lower part of the aquifer. This splitting was
also observed in the second cross section but not so clearly
for the negative tracer experiment. The small signal‐to‐noise
ratio in the negative tracer experiment possibly inhibited
seeing the relatively small and more diluted breakthrough in
the middle and upper part of the second cross section. The
plume splitting could, however, not be observed in the MLS
data.

3.4. Comparison Between Local Breakthrough Curves

[40] In Figure 7, changes in bulk electrical conductivity,
DECb, which were derived from ERT images and calculated
from the electrical conductivities measured in the MLS are
shown for wells 26 and 31. These wells are located in the
center of the tracer plume trajectories. Based on the cali-
bration experiments, (Table 1) a = 0.18 was chosen to cal-
culate DECb from MLS measurement of ECw.
[41] During the positive tracer test, the main tracer

breakthrough in well 26 was detected by both the MLS and
ERT in the middle and lower parts of the aquifer. In this
well and during the positive tracer test, the mean arrival of
the breakthrough occurred earlier in the deeper part of the
aquifer (MLS from −7.58 to −9.38 m) than in the upper part
of aquifer. However, an earlier breakthrough and higher
peak concentrations were observed in the MLS at −6.38 m
compared with the ERT derived breakthrough curve. The
breakthrough curves (BTCs) derived from the lowest parts
in the aquifer show a good agreement between MLS and
ERT concerning to peak magnitude and shape of the BTCs.
During the negative tracer test, the main tracer mass in well
26 was detected in the middle aquifer zone. Consistent with
the positive tracer test, the ERT derived BTCs showed an
earlier arrival in the deeper part of the aquifer and a later
arrival in upper part of the aquifer. This is in contrast with
the MLS that do not show this consistency in arrival times
between the two experiments. The MLS showed similar
peak arrival times at different depths in the negative tracer
test but a delay in arrival times or peak concentrations in the
upper part of the aquifer for the positive tracer test. A similar
difference between the MLS and ERT derived BTCs was
observed during the negative tracer test in well 31, which is
located further downstream. For the positive tracer test, the
MLS at well 31 showed double peak BTCs in the upper part
of the aquifer (−6.35 m and above). Also in the deeper part
of the aquifer (at −9.35 and −8.75 m) a small double peak
was observed. The first peak in the upper part of the aquifer
corresponds with the raise of concentrations in the deeper
part of the aquifer. The second peak in the upper part of the
aquifer arrived later than the peak in the deeper part and its
arrival is more consistent with the peak arrival in the ERT
images, which show an earlier arrival in the deeper than in
the upper part of the aquifer. The consistency between the

ERT‐derived BTCs for the positive and negative tracer ex-
periments is less given for well 31 than for well 26. At −8.75
and −9.35 m depth no breakthrough was observed using
ERT during the negative tracer test whereas the highest peak
concentrations were observed at these depths during the
positive tracer test. On the other hand at −6.35 m depth no
significant breakthrough occurred during the positive tracer
test whereas considerable breakthrough was observed dur-
ing the negative tracer test. These differences are on one
hand due to the different tracers with the positive tracer
sinking downward toward the aquifer base. On the other
hand, the smaller tracer contrast in the negative tracer ex-
periment may have resulted in a lower resolution of the ERT
images so that the narrow region (at −6.35 m) with lower
tracer concentrations was smoothed out in the inversion. It
should also be noted that resistive anomalies are generally
less resolved because current tends to channel around them.
This leads to different sensitivities, sampling volumes, and
spatial resolutions in the ERT data sets for the positive and
negative tracer tests.

3.5. Stream Tube Parameters

[42] The stream tube velocity veq and dispersivity leq for
the positive and negative tracer tests and for the transport
simulations in the homogeneous aquifer are shown in
Figures 8 and 9 for the first and second image planes, re-
spectively. The vertical bars in Figures 8 and 9 represent veq
and leq that were derived from the MLS data. The mean
and coefficient of variation CV of veq and leq are given in
Table 2.
[43] Simulations in the homogenous aquifer demonstrated

that lateral and backward movement of the tracer during the
injection lead to smaller stream tube velocities veq (0.82 m
d−1 for reference plane 1 and 0.88 m d−1 for reference plane
2) than in the case of uniform flow (0.96 m d−1). The spatial
variation of the stream tube velocities in the reference planes
was, however, small. Nonuniform flow conditions also had
some impact on the derived stream tube dispersivities,
which were on average somewhat larger than the longitu-
dinal dispersivity that was used in the transport simulations
(0.9 m). When compared with the variability of the stream
tube parameters that were derived from MLS and ERT, the
effect of nonuniform flow on these parameters is, however,
small.
[44] For both the positive and negative tracer tests, veq

derived from the ERT data sets were higher in the lower part
of the aquifer. However, veq was somewhat higher for the
“negative” than for the “positive” tracer test. The veq derived
from the MLS were only in rough accordance with those
derived from ERT. The average veq derived from MLS at the
first image plane were considerably smaller than those de-
rived at the second image plane and the ERT derived ones,
which were on average similar for the two reference planes
and the two tracer experiments. The relatively large devia-
tion in average veq derived from MLS at the different image
planes indicates that MLS did not sample a sufficiently large
cross section of the aquifer to obtain a representative image
of the average breakthrough. Since with ERT, the entire
cross section between the boreholes was imaged, albeit with
a varying spatial resolution, a more representative observa-
tion of the tracer breakthrough was obtained with this
method. The MLS‐derived veq neither showed a clear sep-
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Figure 7. Absolute change in bulk electrical conductivity during the positive (positive changes) and
negative (negative changes) tracer experiment measured with MLS (open symbols) and ERT (solid sym-
bols) at (left) well 26 (first ERT image plane) and (right) well 31 (second image plane).
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aration between the lower and upper part of the aquifer nor a
common pattern in the two tracer experiments. For example,
in well 4, there was a rapid breakthrough during the “pos-
itive” tracer test between −4 and −5 m depth. This was
neither observed in the “negative” test nor in the ERT data.
In well 26, there was a slower breakthrough during the
“positive” experiment between −4 and −7 m depth than in
well 4, whereas the opposite is true for the “negative” tracer
test. These inconsistencies in the MLS data point at some
fundamental problems with using such local sampling
methods to monitor tracer tests and characterize transport in
heterogeneous aquifers.
[45] The patterns of the ERT‐derived stream tube dis-

persivities, leq, do not show such a clear zonation as the
patterns of veq do. However, regions with large leq were
found in regions where the gradient in veq was large. This is
in accordance with numerical experiments in synthetically
generated heterogeneous aquifers [Vanderborght et al.,
2005] and is explained by the spatial averaging in the
ERT inversion which results in a numerical or artificial
mixing and consequently an overestimation of leq in regions
with large gradients in vequation The numerical mixing led
to an overestimation of the average leq by ERT in the
synthetic experiment. Except for the first image plane and

the positive tracer experiment, the MLS‐derived leq do not
indicate a strong overestimation of leq by ERT in the field
experiments. However, the slight decrease of the average
leq with increasing travel distance, might be explained by a
an increased dilution of the tracer plume with travel distance
which decreases local concentration and bulk electrical
conductivity gradients and therefore leads to a smaller nu-
merical mixing [e.g., Singha and Gorelick, 2005]. The nu-
merical mixing, which leads to an overestimation of leq,
may be counteracted by the ERT inversion that does not
pick up small concentrations. This could be an additional
explanation for the relatively small overestimation of leq by
ERT and the decrease of leq with travel distance.

3.6. Recovered Tracer

[46] The tracer balances M/M0 calculated using equation
(15) are given for the two tracer experiments and the two
image planes in Table 3. To calculate M/M0, the mean flow
rate across the image plane hqyi, was estimated from the
mean stream tube velocity, hveqi (see Table 2) and multi-
plied with the mean aquifer porosity, ’ = 0.27. The petro-
physical parameters a and b (equation (7)) were set to 0.18
and 17.5 mS cm−1, respectively (Table 1). The parameter
C0,ERT − Cin,ERT (equation (10)) was derived for each pixel

Figure 8. Stream tube (a–c) velocities, veq, and (d–f) dispersivities, leq, in the first ERT image plane for
the positive (Figures 8a and 8d) and negative (Figures 8b and 8e) tracer tests and for the transport sim-
ulation in a homogeneous aquifer (Figures 8c and 8f). Vertical bars represent stream tube parameters that
were derived from breakthrough curves measured with MLS (italic numbers are the well numbers).
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in the image planes from fitting equation (9) to time series of
relative changes in ECb. The area in which detectable tracer
breakthrough occurred and the average of C0,ERT − Cin,ERT

in this area are given in Table 3. For comparison, also
given in Table 3 is the area through which the flow of
water per time unit is equal to the injection rate and the
value of C0,ERT − Cin,ERT that would be observed when no
lateral mixing or dilution would occur between the injection
and the image plane and transport would be perfectly one
dimensional. The spatial distributions of C0,ERT − Cin,ERT in
the image planes are shown in Figure 10 for the two tracer
experiments and the numerical simulations in the homoge-
neous aquifer. In order to make a direct comparison between

the tracer experiments, the two image planes and the
transport simulation, C0,ERT − Cin,ERT is normalized with
respect to the expected C0,ERT − Cin,ERT when transport is
one dimensional and no dilution occurs.
[47] The tracer recovery in the first image plane is roughly

50% for both tracer experiments, while this number drops to
20% and 10% in the second image plane for the positive and
negative tracer experiments, respectively. Looking at the
fitted C0,ERT − Cin,ERT, the average values in the area where
significant breakthrough was observed were close to the
expected C0,ERT − Cin,ERT when no dilution would occur and
transport would be one dimensional, except for the positive
tracer experiment and the second image plane. However, the

Figure 9. Stream tube (a–c) velocities, veq, and (d–f) dispersivities, leq, in the second ERT image plane
for the positive (Figures 9a and 9d) and negative (Figures 9b and 9e) tracer tests and for the transport
simulation in a homogeneous aquifer (Figures 9c and 9f). Vertical bars represent stream tube parameters
that were derived from breakthrough curves measured with MLS (italic numbers are the well numbers).

Table 2. Spatial Averages of Stream Tube Velocities, veq, and Dispersivities, leqa

veq (m d−1) leq (m)

First Image Plane Second Image Plane First Image Plane Second Image Plane

Positive Negative Positive Negative Positive Negative Positive Negative

ERT 0.81 (0.24) 0.85 (0.39) 0.75 (0.29) 0.72 (0.30) 1.51 (0.49) 1.04 (1.00) 1.01 (0.38) 0.92 (0.32)
MLS 0.48 (0.40) 0.69 (0.34) 0.78 (0.20) 1.11 (0.07) 1.05 (0.68) 1.44 (0.78) 1.34 (0.58) 0.51 (0.47)
Simulated transport 0.82 (0.03) 0.88 (0.02) 1.02 (0.07) 0.91 (0.03)

aThe velocities and dispersivities were obtained from local tracer breakthrough curves in pixels of ERT images, in local multilevel groundwater samplers
(MLS) during the positive and negative tracer tests, and in the 3‐D flow and transport simulations in a homogeneous aquifer. Values in parentheses are the
coefficients of variation of the stream tube parameters within the image plane.
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fitted C0,ERT − Cin,ERT were locally up to a factor 2 in the
first image plane and a factor 1.5 in the second plane larger
than the expected ones. Also for the numerical simulations,
the fitted C0,ERT − Cin,ERT in the central area of the tracer
plume breakthrough were up to a factor 1.4 larger in the first
and 1.2 in the second image plane than expected for uniform
1‐D flow. The simulation results demonstrate that the larger
than expected C0,ERT − Cin,ERT could be explained by up-
stream tracer movement during the injection. The observed
breakthrough with ERT is focused more in a small area with
large C0,ERT − Cin,ERT than in the homogeneous aquifer. This
could be explained by a larger upstream movement around
the injection well in more conductive layers where more
tracer solution was injected. The tracer balance calculations
indicate that these locally larger C0,ERT − Cin,ERT do not
entirely compensate for the smaller area in which significant
tracer breakthrough is observed with ERT. The length of
the plume is expected to be larger in regions with a larger
C0,ERT − Cin,ERT so that the assumption of an infinitely long
tracer plume in the 2.5 D ERT inversion will hold more than
in regions where the plume length and C0,ERT − Cin,ERT are
small. A smaller plume length likely results in smaller
changes in measured resistances and may therefore lead to
an underestimation of C0,ERT − Cin,ERT. As a consequence,
the 2.5‐D inversion may lead to an underestimation of the
breakthrough especially at locations where the plume length
is small. Based on the breakthrough time and the mean
stream tube velocity, the plume length is estimated to be
20 m (assuming a breakthrough time of 20 days (Figure 7)
and a stream tube velocity of 1 m d−1 (Table 2)). This is
similar to the plume length of Vanderborght et al. [2005],
which is estimated to be 30 m (assuming a breakthrough time
of 30 days (Vanderborght et al. [2005, Figure 8] and a stream
tube velocity of 1 m d−1). The changes in bulk electrical
conductivity were larger in the numerical experiment (around
1600 mS cm−1 [Vanderborght et al. [2005, Figure 4]) than in
the current experiments (600 mS cm−1 for the positive tracer
and −50 mS cm−1 for the negative tracer). Finally the width of
the tracer plume was considerably larger in the numerical
tracer experiment of Vanderborght et al. [2005] (50 m) than
in the current experiments (10 m). The differences in con-
ductivity contrast and the extension of the plume in the lateral
direction may be a cause of the smaller tracer recoveries in the
current than in the numerical tracer experiments.
[48] In the positive tracer experiment, the largest C0,ERT −

Cin,ERT values were observed in the deeper part of the
aquifer whereas the opposite holds true for the negative
tracer experiment (Figure 10). This suggests that also den-
sity driven flow may be a cause for the larger than expected

C0,ERT − Cin,ERT values. Since ERT‐estimated changes in
ECb did not overestimate the changes in ECb that were
derived from theMLS (Figures 5, 6, and 7), the largeC0,ERT −
Cin,ERT cannot be attributed to artifacts resulting from a 2‐D
approximation of the solute plume in the ERT inversion.

4. Discussion and Conclusion

[49] Two tracer tests were conducted at the Krauthausen
test site and were monitored using ERT and multilevel
sampling to evaluate the applicability of ERT for charac-
terizing and quantifying subsurface transport processes in a
heterogeneous aquifer. The tracer tests were carried out
under similar conditions using a positive tracer, with a
higher electrical conductivity, and a negative tracer with a
lower electrical conductivity than the ambient groundwater.
By conducting these two tracer tests, the effect of the tracer
on the observed transport could be evaluated. Since, despite
the density differences, breakthrough of the two tracers in
the image planes overlapped, similarities in breakthrough
patterns reflect the effect of aquifer heterogeneity on trans-
port and could be used to evaluate the general repeatability
of a tracer test. Laboratory‐scale experiments did not show a
significant effect of the tracer type on the tracer break-
through so that geochemical interactions between the tracer
solutions and the solid phase did not play an important role
in the transport process.
[50] Because a full 3‐D characterization of the transport

process could not be afforded, we monitored the break-
through of the tracer plumes at two cross sections down-
stream of the tracer injection well. The ERT results showed
notable differences between the two experiments which can
be explained by density driven flow. During the positive
tracer experiment, the tracer plume sank down and moved
primarily through the lower part of the aquifer whereas the
main breakthrough was observed in the middle part of the
aquifer during the negative tracer test. The different con-
ductivity contrasts, both in sign and absolute magnitude, in
the two tracer experiments lead to different ERT sensitivity
and resolution and may explain differences between the
ERT observed breakthrough in the two experiments such as
the lower mass recovery and smaller area where tracer
breakthrough was observed in the negative tracer test.
[51] Aside from these differences, the spatial patterns of

the transport processes that were observed with ERT in the
two tracer tests showed similar imprints of the aquifer het-
erogeneity on the transport so that in this respect the tracer
test results were quite reproducible. Using ERT, a separation
of the solute plume in an upper slower moving part and a

Table 3. Mean Estimated Darcy Flux Through the Image Plane, Relative Changes in Bulk Electrical Conductivity, Areas of Break-
through, and Recovered Tracer Fraction From Equation (15)

Image
Plane

Tracer
Test

Mean Estimated
Darcy Flux,
hqyi (m d−1)

C0,ERT − Cin,ERT

No Dilutiona
C0,ERT − Cin,ERT

Fittedb

Expected Area
of Breakthrough

With No
Dilution (m2)

Observed
Breakthrough
Area (m2)

Tracer
Recovery

(%)

First positive 0.22 4.83 4.54 92 51 51
negative 0.23 −0.65 −0.88 87 34 53

Second positive 0.20 4.83 2.32 98 48. 23
negative 0.19 −0.65 −0.61 103 13 11

aRelative changes in bulk electrical conductivity when no dilution would occur.
bAverage relative changes in bulk electrical conductivity derived from stream tube model fit.
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lower faster moving part, which is a signature of the aquifer
heterogeneity, could be clearly observed in both image
planes and in both experiments.
[52] The comparison between ERT and MLS results

showed some agreement in terms of arrival times and peak
magnitudes of the tracer breakthrough. However, the
observed breakthroughs in the MLS were not very consistent
between the two tracer tests. Neither the separation of the
tracer plumes in the two image planes and the two experi-
ments nor the effect of density driven flow could be
observed in the MLS data. Differences between ERT and
MLS derived breakthrough curves may be expected in a
heterogeneous flow field due to different sampling volumes
of the two methods. But these differences should be similar in
the two tracer tests. The inconsistencies in the MLS data
rather indicate that the breakthrough observed withMLSmay
be prone to artifacts. Simultaneous breakthrough that was
observed at various depths along a well and a long tailing of
high concentrations that was observed at the bottom of the
well during the positive tracer experiment could have been
caused by a vertical mixing of the tracer solution and a
density driven sinking of the tracer within the screened well
and the filter gravel. It should be noted that the borehole
electrodes were removed after each ERT survey, which may
have induced vertical mixing of the tracer solution within
the screened well. Since the electrodes need to be in contact
with the surrounding aquifer, inflatable silicon hoses to seal
the inside of the screened wells could not be installed. Such
measures were taken to avoid vertical mixing of tracer so-

lution within the wells in previous tracer studies that were
monitored with MLS at the test site [Vereecken et al., 2000].
Several studies have demonstrated the improvement of the
ERT results by constraining the inversion with local infor-
mation [e.g., Yeh et al., 2002]. However, our results indicate
that the quality and consistency of the local‐scale mea-
surements need to be carefully checked before they can be
used to constrain the ERT inversion. Because they are likely
more accurate and located in less sensitive regions of the
ERT image plane, local measurements with MLS in
nonscreened or sealed wells may be more suitable to con-
strain the ERT inversion than MLS measurements in
screened wells in which electrode strings are continuously
replaced. However, this requires further investigation.
[53] The spatiotemporal information that was gained with

ERT and MLS was interpreted by means of a one‐dimen-
sional stream tube model to quantify the observed hetero-
geneity of the transport processes. Neither the parameters of
the petrophysical relationship relating tracer concentration
and bulk electrical conductivity nor their spatial distribution
in the image plane need to be known, which is an important
advantage of using a stream tube model to interpret time
sequences of ERT images. The only required assumption is
that the petrophysical relationship is linear, which is gen-
erally true for hydraulically conductive aquifers with rela-
tively low clay content. Using a stream tube model, the
spatiotemporal information that is contained in a set of time
frames was effectively condensed in spatial distributions of
stream tube parameters. The spatial distribution of the

Figure 10. Normalized relative change in bulk electrical, C0,ERT − Cin,ERT, in the (a–c) first and (d–f)
second ERT image plane for the positive (Figures 10a and 10d) and negative (Figures 10b and 10e) tracer
tests and for transport simulations in a homogeneous aquifer (Figures 10c and 10f). Electrodes are repre-
sented by dots, and numbers in the plots refer to well numbers.
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stream tube velocity clearly contained a signature of the
aquifer heterogeneity. The experiments in this study repre-
sent upscaled versions of the experiment that was carried out
by Kemna et al. [2002]. Tracer transport was monitored over
a larger travel distance and in a larger cross section of the
aquifer, especially also the upper part of the aquifer. As can
be expected, this upscaling is reflected in a larger stream
tube dispersivity and a larger variation of stream tube ve-
locities. When the cross section of the aquifer in which
breakthrough is observed is sufficiently large, the spatial
distribution of stream tube velocities could be used to infer
the spatial statistics of the hydraulic conductivity in the
aquifer [Vanderborght et al., 2005]. However, the lateral
extent of the observed tracer plume in this study was too
small to obtain a representative image of the aquifer’s het-
erogeneity. Wider tracer plumes could be obtained by in-
jecting tracer solution in a line of wells. Instead of deriving
the spatial statistics of the hydraulic conductivity, the ERT
data might also be used to infer the spatial distribution of the
hydraulic conductivity directly using a so‐called coupled
hydrogeophysical inversion [Ferre et al., 2009]. In coupled
hydrogeophysical inversion, the geophysical measurements
are integrated in a flow and transport model inversion. This
approach has been demonstrated in numerical experiments
for ground penetrating radar data [Finsterle and Kowalsky,
2008; Kowalsky et al., 2005; Linde et al., 2006] and for
time moments of electrical resistance measurements
[Pollock and Cirpka, 2008]. To reveal the 3‐D structure of
the hydraulic conductivity, information about the transport
process between the injection well and the image planes is
required and, as a consequence, a more extensive 3‐D ERT
survey than the setup we used here.
[54] Besides the spatial structure of the transport velocity,

also the stream tube dispersivity, which is a measure of the
dilution of the tracer concentration in the aquifer, can be
inferred. Because of numerical mixing associated with the
smoothing in the ERT data set inversion, especially in re-
gions with high gradients in stream tube velocity, the ERT‐
derived stream tube dispersivity may overestimate the real
one. The average ERT‐derived dispersivities were, however,
not consistently larger than the dispersivities that were de-
rived from the MLS data, so that the bias due to numerical
mixing is not larger than the uncertainty of MLS‐derived
dispersivities.
[55] Finally, a tracer balance was calculated for the two

image planes from relative changes in bulk electrical con-
ductivity, C0,ERT − Cin,ERT, an estimate of the water flux,
which was derived from the average stream tube velocity
and the mean porosity, and an estimate of the average pet-
rophysical parameters, which were derived from lab‐scale
experiments. The obtained tracer balances ranging from
50% for the first to only 10% for the second image plane,
were poor. Similar underestimation of the recovered tracer
has been reported in other tracer studies that were monitored
with ERT [Singha and Gorelick, 2005] and it was there
attributed to the smoothing in the ERT inversion in com-
bination with a low signal‐to‐noise ratio [LaBrecque et al.,
1996]. The signal‐to‐noise ratio clearly decreased from the
first to the second image plane. However, the magnitude of
the peak electrical conductivity changes that was derived
from the ERT results was similar to that observed in the
MLS and the fitted C0,ERT − Cin,ERT values were at some
locations up to a factor two larger than the time‐integrated

change in bulk electrical conductivity that would be ex-
pected for a 1‐D transport process. Numerical simulations in
a homogeneous aquifer indicated that the large C0,ERT − Cin,

ERT are partly due to upstream tracer transport during the
injection. However, the observed C0,ERT − Cin,ERT are locally
considerably larger than the simulated ones in a homoge-
neous aquifer. This indicates that more tracer is injected
in layers with a higher conductivity. The tracer recovery
could be improved by using apparent petrophysical relations
that relate changes in pore fluid conductivity to changes in
inverted bulk electrical conductivity [Singha and Gorelick,
2006]. Since the ERT sensitivity depends particularly on
the spatial distribution of the bulk electrical conductivity, the
derivation of such apparent petrophysical relationships must
be based on a priori estimations of the tracer migration and
the shape of the solute plume. As a consequence, the derived
tracer concentrations from ERT results would be based
partly on a priori information and partly on the information
contained in the ERT measurements. It would be difficult,
however, to evaluate which information in the inverted ERT
images comes from the a priori information and which
comes from ERT data.
[56] As an alternative to the use of apparent petrophysical

relations, a tracer recovery constraint could be included in a
joint inversion of the ERT data sets of all time frames. We
postulate that this would be similar to the use of apparent
petrophysical relationships if no a priori information about
the location of the tracer breakthrough is available. In a
numerical study [Cassiani et al., 2006b], inversion using a
tracer recovery constraint resulted in a more or less homo-
geneous increase of tracer concentrations in the less sensi-
tive regions in the image plane. Since in the present study
the peak concentrations were relatively well estimated, at
least much better than the total amount of tracer crossing the
image plane, and since a tracer recovery constraint primarily
leads to an artificial increase of concentrations in low‐sen-
sitive regions of the image plane, the only way out seems to
be to increase ERT sensitivity using a denser electrode
network.
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