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Abstract Contaminant mass discharge is a commonly applied tool to evaluate the environmental impact
of contaminated sites on water resources. At large contaminated sites with heterogeneous sources, such as
landfills, the number of wells available is often not sufficient, leading to a high uncertainty of mass dis-
charge estimates. In this study, we tackle the uncertainty of the contaminant mass discharge due to low
sampling densities by interpolating limited water-sample data with the support of surface direct current
resistivity and induced polarization geophysical data. The method relies on finding a conceptual link
between the bulk conductivity imaged from geophysics and the contaminant concentrations. We investi-
gate the link between (1) imaged bulk and electrical water conductivity, (2) water conductivity and conser-
vative ionic species, (3) water conductivity and redox-sensitive species, (4) water conductivity and
semipersistent organic species, and (5) water conductivity and biodegradable organic compounds. The
method successfully identify similarities between the distribution of the bulk conductivity and chloride and
pharmaceutical compounds in a landfill leachate plume and between the bulk conductivity data and ben-
zene and chlorinated ethenes for a contaminant plume from a former pharmaceutical factory. Contaminant
concentrations were interpolated through regression kriging, using geophysical data as the dependent vari-
able. The distribution of concentration determined with the novel method showed a lower mean relative
estimation error than the traditional method of kriging only contaminant concentration data. At large sites,
the method can improve contaminant mass discharge estimates, especially if surface geophysical measure-
ments are integrated in the site investigation at an early stage.

1. Introduction

Large and heterogeneous contaminant sources, such as abandoned landfills (Bjerg et al., 2011; Cozzarelli et al.,
2011) and former industrial production facilities (Bockelmann et al., 2003), require site investigations and long-
term monitoring in order to assess the risk for the surrounding water resources and the environment. Surface-
based geophysical electrical methods, such as direct current resistivity and induced polarization (DCIP), are par-
ticularly suitable for investigations at large contaminated sites, where many boreholes would be needed to
obtain a sufficiently high sampling density. Resistivity methods have been successfully applied at landfill sites
for plume detection (e.g., Chambers et al., 2006; Frid et al., 2017; Maurya et al., 2017; Ogilvy et al., 2002),
because the landfill leachate plume often has a high inorganic ion content (Christensen et al., 2001). Maurya
et al. (2017) was able to show a qualitatively relationship between the resistivity in the plume and the ionic
strength measured in the boreholes, but no quantitative relationship was presented. Laboratory and field stud-
ies have been able to identify the degradation of petroleum hydrocarbons (e.g., Aal et al., 2004; Allen et al.,
2007; Atekwana & Atekwana, 2010), because production of charged species, such as organic acids and alkalin-
ity, increases the DC signal. Nevertheless, the DC resistivity method does not allow discrimination between
high salinity of groundwater and formations with a low resistivity (e.g., clay).

In a porous medium, electrical conduction occurs through the fluid that fills the interconnected pore spaces
(electrolytic bulk conduction) and through the electrical double layer of the sediment grains (surface conduction;
e.g., Lesmes & Frye, 2001). The induced polarization method, which provides information on both the bulk and
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surface conduction/polarization (e.g., Binley, 2015), can help in distinguishing changes in salinity from those due
to lithology (e.g., Weller et al., 2013). Therefore, it has been increasingly applied for contaminated site investiga-
tions, for example, mapping the extent of landfill waste (e.g., Dahlin et al., 2010; Gazoty et al., 2012a; Wemegah
et al., 2017) and lithological properties (e.g., Gazoty et al., 2012b; Johansson et al., 2016; Kemna et al., 2004).

Contaminant mass discharge is a commonly applied method to evaluate the environmental impact of con-
taminated sites on groundwater quality (Cai et al., 2011; Guilbeault et al., 2005; K€ubert & Finkel, 2006; Trold-
borg et al., 2010, 2012). At field sites, the contaminant mass discharge can be estimated downstream from the
source at control planes that cover the entire width and depth of a plume and are orientated perpendicular
to the groundwater flow direction. The uncertainty of the contaminant mass discharge estimate is related to
the density of the sampling grid, to the heterogeneity of the flow field, and to the contaminant concentration
field along the control plane (K€ubert & Finkel, 2006; Troldborg et al., 2012). At large contaminated sites, char-
acterized by high source heterogeneity such as landfills, it is often not economically feasible to install the
number of multilevel wells required to ensure a sufficiently dense sampling grid (Troldborg et al., 2010).

To tackle the limitation of the control plane approach, surface geophysical surveys have been suggested as
a useful tool to integrate point measurements (Rubin & Hubbard, 2005). Nevertheless, methods have yet to
be developed to integrate geophysical data in the estimation of contaminant mass discharge.

This study aims to develop a novel method for describing the distribution of contaminant concentration by
integrating geophysical and chemical data using regression kriging. Specifically, DCIP data were used for
imaging the spatial distribution of the bulk conductivity, after removing the effect of the surface conductiv-
ity (Fiandaca et al., 2018b; Maurya et al., 2018). When combined with additional knowledge on groundwater
flow, the geophysics-based method should be beneficial compared to the traditional approach of using
only concentration data from multilevel samplers (termed the concentration-based approach) for contami-
nant mass discharge estimation from large and heterogeneous sources. The two methods are tested and
compared at two field sites, representing contaminant plumes with different sizes and chemical characteris-
tics. At Grindsted landfill, a wide leachate plume (600 m wide and 60 m deep) with high concentrations of
inorganics and pharmaceutical compounds was investigated. Then, at Grindsted stream, a shallow plume
(80 m wide and 12 m thick) was studied, which contained high concentrations of chlorinated ethenes and
BTEX (benzene, toluene, ethylbenzene, and xylenes) and a low concentration of inorganics (relative to the
landfill site). At both sites a geological model has been developed and the hydraulic properties of the aqui-
fers have been characterized as a part of the study.

2. Field Sites

2.1. Grindsted Landfill Site: Source, Geology, and Hydrogeology
The landfill (Figure 1a) covers an area of 10 ha, where 300,000 t of waste were disposed between 1930 and
1977. In the northern part of the landfill, 85,000 t of waste originating from a former pharmaceutical factory
was deposited, creating a hotspot area and a downgradient plume. The plume has very high concentrations
of pharmaceutical compounds, mainly sulfonamides and barbiturates (Holm et al., 1995; Kjeldsen et al.,
1998a, 1998b), with the highest measured concentrations in recent monitoring being 67,850 and 5,307 mg/
L of sulfonamides and barbiturates, respectively.

The landfill is located in an area with primarily sand deposits within the upper �80 m of the subsurface.
From ground surface at �40 m above sea level (asl) to �30 m asl, a Quaternary meltwater layer of mainly
medium to coarse grained and gravelly sand is present. The sediments are deposited on an outwash plain
located west of the Late Weichselian Main Stationary Line. At �30 to �–40 m asl a Miocene sand succession
belonging to the Odderup Formation is present. The Miocene sand is deposited in a coastal and lagoonal
environment (Rasmussen et al., 2010). The Miocene sand is mostly fine grained with two successions of
mostly medium grained quartz sand from 20 to 10 m asl and from 215 to 240 m asl. The sand successions
have intercalated mica clay and lignite beds of up to 1 m thickness. Four thin clay beds can be seen in the
geological samples from the boreholes. Below 240 m asl, a thick and regionally extended clay layer of the
Arnum Formation underlines the unconfined aquifer (Heron et al., 1998).

A control plane (L–L0) employed to estimate the contaminant mass discharge (Figure 1b) was placed down-
gradient from the Grindsted landfill, approximately perpendicular to the groundwater flow. Seven wells
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with multilevel 1–2 m long screens were placed along the control plane, equipped with a total of 20 screens
(Maurya et al., 2017). The concentrations measured in each screen of barbiturates and sulfonamides are
shown in supporting information Figure S1. The concentration of chloride was measured in 14 screens, out
of the 20 available. The geometric mean of the hydraulic conductivities estimated by slug tests performed
in all screens was 1.7 3 1024 m/s with a variance of the log-normalized hydraulic conductivities (ln K) of 0.9.

2.2. The Grindsted Stream Site: Source, Plume, Geology, and Hydrogeology
At the Grindsted stream site (Figure 1c), the upper contaminant plume originating from the former pharma-
ceutical factory enters the stream from the north with high concentrations of BTEX (mainly benzene) and
chlorinated ethenes including the degradation products (cis-1,2-dichloroethene, cis-DCE, and vinyl chloride;
Rønde et al., 2017; Sonne et al., 2017). The highest measured concentrations are 1,744 mg/L of benzene,
5,571 mg/L of cis-DCE, and 5,160 mg/L of vinyl chloride.

The stream site is characterized by the presence of clay-rich deposits in the 15 m immediately below
ground surface, underlain by a sand-dominated succession. Thin layers (�1–2 m thickness) of postglacial
sand are present within the stream valley, while thin peat layers are present and in the stream plain. The
postglacial stream valley is cut into meltwater sand deposited on the outwash plain formed at the Late
Weichselian Glacial maximum. Here the meltwater sand is �4–6 m thick and consists of mostly medium
coarse sand. Locally, the remains of a Saalien sand till of up to 4 m thickness and older meltwater deposits
of �2–3 m thickness are preserved. The top of the Miocene succession is located at 10–12 m depth at
�25 m asl and consists of a �5 m thick mica clay and lignite succession with interbedded sand. Below the
clay-rich top layer of the Miocene succession the geology is dominated by mica and quartz sand as at the
landfill site.

Most of the highest contaminant concentrations are located in the upper meltwater sand. The focus of this
study is on the upper aquifer, which is in close hydraulic contact with the stream (Balbarini et al., 2017). The
control plane (S–S0) employed to estimate the contaminant mass discharge at the Grindsted stream is
located perpendicular to the groundwater flow and parallel to the stream meander (Figure 1c). Twelve mul-
tilevel drive point (0.1 m long) screens were placed along the control plane, providing a total of 58 data
points (Rønde et al., 2017). The concentration of vinyl chloride, cis-DCE, and benzene in the control plane
are shown in supporting information Figure S2.

Figure 1. (a) Map of Grindsted town (grey shading and inset map of Denmark) showing the two investigated areas (clear
boxes): the landfill and stream sites. The factory site (light brown) is located north of the stream site and the landfill site
(dark red) is located south of the stream. The equipotential lines (m asl) are indicated by the blue lines, originated by
water head data collected at wells marked by blue dots. The location of the control plane (red dashed lines), DCIP profiles
(orange dots), and multilevel sampling wells (black dots) are shown in (b) for the landfill and (c) for the stream site. Note
the differences in scales for Figures 1b and 1c.
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Hydraulic conductivity values measured using slug tests by Rønde et al. (2017) are available at 53 locations
along the profile. The geometric mean of the hydraulic conductivity was 5.6 3 1025 m/s in the two upper
freshwater formations, 1.8 3 1024 m/s in the Quaternary meltwater sand, and 4.3 3 1025 m/s in the lower
Quaternary sand till and Miocene layers. The variances of ln K were 3.4, 0.6, and 4.4, respectively for the
freshwater formations, Quaternary sand, and the lower sand till and Miocene layers (Rønde et al., 2017).

3. Methodology

First, the methods for collecting the geophysical, geological, and contaminant concentration data are pre-
sented. Then, the geophysics-based method and concentration-based method for contaminant mass dis-
charge are described, followed by the error and uncertainty analysis used to compare the two methods.

3.1. Direct Current Resistivity and Induced Polarization (DCIP)
The direct current (DC) and induced polarization (IP) method is used to investigate the spatial distribution
of the electrical resistivity and charge storage capacity (the polarization) of the subsurface. The IP signal can
be measured either in the frequency domain, as frequency-dependent complex resistance, or in the time
domain, as a voltage decay response when the medium is excited by a square current pulse (as in this
study).

The combined resistivity and polarization properties of the medium can be expressed in the frequency
domain in terms of a complex conductivity (r�) as the sum of two current paths (e.g., Lesmes & Frye, 2001).
One is the electrolytic bulk conduction (rbulk ), which is the conduction that takes place through the fluid
that fills the interconnected pore spaces, and the other is the complex surface conduction (r�surf ), which
comprises both the surface conduction and the surface polarization of the electrical double layer formed at
solid-fluid interface (through the real part r0surf and the imaginary part r00surf , respectively):

r� fð Þ5rbulk1r�surf f ; rwð Þ5 rw

F
1r0surf f ; rwð Þ1ir00surf f ; rwð Þ (1)

where f is the excitation frequency, i is the imaginary unit and in the second equality the bulk conductivity
rbulk is linked to the electrical water conductivity rw , and the formation factor F through Archie’s law
(Archie, 1942):

rbulk5
rw

F
(2)

In equation (1) the dependence of r0surf and r00surf on the excitation frequency f and the water conductivity
rw is explicitly stated. Furthermore, Weller et al. (2013) identified a strong linear relationship between r0surf

determined from multisalinity resistivity measurements and r00surf measured with IP at a frequency of about
1 Hz:

r00surf 5l � r0surf (3)

with l50:042 6 0:022 (dimension less). From equation (1), the total DC conductivity (r0) can be expressed
as the sum of the bulk conductivity and the real part of the surface conductivity at zero frequency:

r05
rw

F
1r0surf f 50; rwð Þ (4)

Equation (4) clarifies that in media with high surface conduction, as clays and tills, the DC resistivity alone is
not an ideal proxy for the water conductivity, which is the property of interest in this study. Weller et al.
(2013) compared the true formation factor determined from multisalinity experiments to the formation fac-
tor estimated using a single salinity measurement ignoring surface conductivity (i.e., as F5 rW

r0
) and correct-

ing for surface conductivity through equation (3) (i.e., as F5 rW
r02r00surf =l). While the estimations of formation

factor obtained ignoring the surface conductivity presented a systematic bias, the estimations obtained
using equation (3) were scattered around the 1:1 line and closer to the true formation factor (with average
deviation almost halved from 0.303 to 0.174 decades). However, a perfect correction was not achieved, as
evidenced also by the high error on the factor l of equation (3). In a similar way, in this study the IP data are
used to estimate the surface conductivity and bulk conductivity terms separate from measured conductiv-
ity, as explained in details in the inversion section.
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3.1.1. Data Acquisition and Processing
The geophysical data used in this study are part of two more extensive geophysical surveys carried out at
the landfill (Maurya et al., 2017) and stream site (Maurya et al., 2018). In this study, only the two geophysical
profiles along the contaminant mass discharge control plane were used (orange lines in Figure 1b). The pro-
files are 600 and 400 m long (Figure 1b) and were acquired using 5 m electrode spacing. In Maurya et al.
(2018), the induced polarization method is used to image the water conductivity and the hydraulic perme-
ability at the stream site, and to help the construction of the geological model. Of the 14 profiles shown in
Maurya et al. (2018), seven parallel profiles acquired with smaller electrode spacing (i.e., 2 m) are presented
in this study. The data were collected using 64 electrodes with 2 m in-line spacing and 7 m intraline spacing,
covering an area of 126 3 42 m2 (Figure 1c).

The DCIP measurements were carried out using the Terrameter LS instrument (www.guidelinegeo.com)
with the gradient array (Dahlin & Zhou, 2006). Full-waveform IP data were recorded at high sampling rate
(1 kHz at landfill site and 3.75 kHz at stream site) with on-time Ton54 s and off-time Toff 54 s. Full-
waveform data were processed following the processing algorithm described by Olsson et al. (2016), for
harmonic denoising and background drift removal. Processed data were gated using 36 logarithmically
spaced time windows, in the time interval from 1 ms to 4 s. Resistivity and gated IP data (IP decays) were
imported into Aarhus workbench software for manual data processing, in order to remove outliers (single
gates or entire decays), caused by factors such as poor electrode contact or inductive effects at early-times.
3.1.2. Inversion
DC and full-decay IP data are inverted using the 2-D inversion algorithm presented by Fiandaca et al.
(2013), with an accurate description of transmitter waveform and the receiver transfer function for an unbi-
ased estimation of the spectral parameters (Fiandaca et al., 2012). The inversion model space consists of a
parameterization of the complex conductivity of equation (1), defined in each cell of the 2-D model. The for-
ward response and the Jacobian are computed in frequency domain over a set frequencies and trans-
formed in time domain through a superposition of step responses computed by a fast Hankel transform, as
described in Johansen and Sørensen (1979) and Fiandaca et al. (2013).

In this study, the complex conductivity is modeled as a reparameterization of the Cole-Cole model (Pelton
et al., 1978), which is expressed in conductivity form as (e.g., Tarasov & Titov, 2013)

r� fð Þ5r0 � 11
m0

12m0
� 12

1

11 i2pfsrð ÞC

 !" #
(5)

where r� is the complex conductivity, r0 is the DC conductivity, m0 is the intrinsic chargeability, sr is the
relaxation time, C is the frequency exponent, f is the frequency, and i is the imaginary unit. In the Cole-Cole
model, the real part of the complex conductivity increases with frequency, while the imaginary part reaches
a maximum r00max at frequency f 51=2psr

(Figure 2).

Fiandaca et al. (2018a) have shown that the m0 and C parameters are strongly correlated in the inversion of
IP data, and suggest reparameterization of the Cole-Cole model to improve parameter resolution, for
instance by using the maximum imaginary conductivity r00max as the inversion parameter instead of m0. Fur-
thermore, by enforcing the proportionality between r0surf and r00surf of equation (3) at the frequency
f 51=2psr

, it is possible to define the Bulk and (maximum) Imaginary Conductivity (BIC) Cole-Cole reparame-
terization (Fiandaca et al., 2018b; Maurya et al., 2018) as follows:

mBIC5 rbulk ; r
00
max ; sr; C

� �
(6)

Using the BIC reparameterization, the inversion retrieves, cell by cell in the 2-D model, the bulk conductivity
rbulk (disentangled from the surface conductivity r0surf ), together with the maximum imaginary conductivity
r00max and the classic Cole-Cole parameters sr and C. Again, the quality of the disentanglement of rbulk from
r0surf depends on the effectiveness of equation (3), and a perfect disentanglement of bulk and surface con-
duction cannot be expected. Furthermore, the variability of the proportionality between r0surf and r00surf of
equation (3) with frequency is not discussed in Weller et al. (2013). Enforcing the proportionality at the fre-
quency f 51=2psr

is a conservative choice; in this way the ratio between the surface imaginary conductivity
and real conductivity never exceeds the factor of equation (3). In contrast, enforcing the proportionality at f
51 Hz would imply a ratio well above l at the peak frequency f 51=2psr for models with sr � 1. Figure 2a
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shows rbulk , r0surf and the total real conductivity r05rbulk1r0surf for the BIC model defined as
rbulk52 mS

m ; r00max50:5 mS
m ; sr50:05 s; and C50:5, together with the water conductivity rw (computed

assuming F55).

Finally, the depth of investigation (DOI) of the inversions is computed parameter by parameter along the 2-
D sections following Fiandaca et al. (2015).

3.2. Water Sampling and Chemical Analysis
At the landfill site, water samples were collected from all screens and analyzed for major cations and anions,
sulfonamides, and barbiturates. The wells and sampling methods are described by Maurya et al. (2017).
Samples for major ions were filtered (0.45 mm) and all samples were stored on dry ice in the field until analy-
ses. The analytical methods are described for ions by Maurya et al. (2017), and for pharmaceutical com-
pounds by Sonne et al. (2017). At the stream site, sampling and chemical analysis for major cations and
anions and chlorinated ethenes are reported by Rønde et al. (2017) and Sonne et al. (2017).

3.3. Contaminant Mass Discharge Estimation
The contaminant mass discharge CMD (kg/yr) through a control plane can be calculated as

CMD5
XN

n51

Cn � qn � An (7)

where Cn is the contaminant concentration at section position n (mg/L), qn is the groundwater flux normal to
the plane in section n (m/d), and An is the area of section n (m2; K€ubert & Finkel, 2006; Li & Abriola, 2009;
Mackay et al., 2012). One meter long quadratic sections were used at the landfill site and 0.1 m long quadratic
sections were used at the stream site. The location of the control planes at the sites is shown in Figure 1.

In equation (7), the variation of the contaminant mass discharge across the control plane is described by
the spatial distribution of the contaminant concentration (Cn) and of the groundwater flux (qn). In this study,
the focus is on providing a method for describing the spatial distribution of the contaminant concentration.
The Grindsted landfill field site can be assumed to be mildly heterogeneous, since the variance of ln K is
less than 1 (Bohling et al., 2012). Thus, a constant groundwater flux of 14.6 m/yr (based on the hydraulic gra-
dient and the geometric mean hydraulic conductivity) was assumed for the entire plane. At the Grindsted
stream, the contaminant plume core is located in the Quaternary sand layer, where the mean hydraulic con-
ductivity is highest and the variance of the ln K is less than 1, again indicating a mild heterogeneity. The
layers above and below the Quaternary sand show greater geological heterogeneity, but since both the
mean hydraulic conductivity and the contaminant concentrations are much lower compared to the Quater-
nary sand layer, variations in the groundwater flow have a small impact on the contaminant mass discharge
calculation. Hence, a constant groundwater flow velocity of 106 m/yr (based on direct groundwater velocity

Figure 2. Spectrum of the Cole-Cole model. (a) real conductivity r0 (black curve), obtained as the sum of the bulk conduc-
tivity rbulk (magenta curve) and the surface real conductivity r0surf . The water conductivity value rw with formation factor
F 5 5 is also shown. (b) Imaginary conductivity r00 . The model parameters, in terms of the BIC parameterization (equation
(6)), are defined as rbulk52 mS=m; r00max50:5 mS=m; sr50:05 s; and C50:5: Figure from Maurya et al. (2018).
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measurements, Rønde et al., 2017) is assumed for the entire control plane at the stream site. The effect of
the constant groundwater flow velocity assumption on the contaminant mass discharge calculation is dis-
cussed in section 5.

3.4. Determination of the Contaminant Concentration Profile
A schematic figure describing the concentration-based and geophysics-based methods is shown in Figure 3.
In the concentration-based method, the concentration data points were interpolated using ordinary kriging.

In the geophysics-based method, in order to benefit from the information provided by the DCIP, the chemi-
cal concentration data were interpolated using regression kriging. This kriging method is used when the
estimated variable (e.g., the contaminant concentration), sampled at few locations, is correlated with an
auxiliary variable (e.g., the imaged bulk conductivity from DCIP), sampled at many locations (Hengl, 2009;
Hengl et al., 2007; Matheron, 1973; McBratney et al., 2003; Odeh et al., 1995).

In regression kriging, the weighted average of auxiliary variables measured at location s0 is used to predict
the target variable, accounting for the residuals:

bz s0ð Þ5
Xp

k50

bbk � qk s0ð Þ1
Xn

i51

ki � e sið Þ (8)

where p is the number of auxiliary variables, bbk are the estimated drift model coefficient, qk s0ð Þ are the
measurements of the auxiliary variables at location s0, e sið Þ are the residuals (i.e., the difference between
the simulated and the observed values of the target variable) at location si , bz s0ð Þ is the predicted value of
the target variable at an interpolated location s0, n is the number of observations, ki are the weights, and z

sið Þ is the observation at location si . In order to ensure a value of the auxiliary variable at the interpolated
locations, the imaged bulk conductivity from DCIP was kriged using ordinary kriging. A comparison of the
location of the values of bulk electrical conductivity values provided by the DCIP data inversion and the
location of the screens for water samples is provided in supporting information Figures S3 and S4 for the
Grindsted landfill and stream site, respectively. The use of the imaged bulk conductivity from DCIP methods
to describe the distribution of the contaminant concentrations is investigated for locations where both vari-
ables are available, see section 3.5. All kriging methods used in this paper were implemented in R software
(version 3.4.3) applying exponential variogram models.

3.5. Evaluation of Predicted Contaminant Concentrations
The contaminant mass discharge and the corresponding relative error are calculated for the geophysics-
based and the concentrations-based methods. The method with the lowest error is preferable. The relative
contaminant mass discharge estimation error can be calculated as

Figure 3. Concept for the contaminant mass discharge estimation methods: the contaminant concentration-based
method and the geophysics-based method.
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Relative error5
jCMD2 dCMDjdCMD

(9)

where CMD is the estimated contaminant mass discharge and dCMD is the true mass discharge. Since the
true mass discharge is not known, the contaminant mass discharge calculated using only some of contami-
nant concentration data is compared with the ‘‘true’’ estimation made using the full data set containing all
measured contaminant concentrations. For each selected number of samples, 1,000 simulations of contami-
nant concentrations randomly chosen from the original data set were performed. The number of simula-
tions was selected in order to balance the need for reliable outcomes and a realistic computational time
(e.g., K€ubert & Finkel, 2006; Schwede & Cirpka, 2010). The assumption that the contaminant mass discharge
calculated using all contaminant concentrations can act as the true value is limited by the uncertainty of
the estimation.

The relative uncertainty of the contaminant mass discharge is calculated as

Relative uncertainty5
s CMDð Þ
l CMDð Þ (10)

where s(CMD) is the standard deviation and l(CMD) is the mean value of the contaminant mass discharge
estimation (Schwede & Cirpka, 2010). The uncertainty is determined for both the geophysics-based and the
contaminant concentration-based methods for each set of 1,000 simulations characterized by the same
sample density.

The error and uncertainty analysis are performed at the Grindsted landfill site for chloride and barbiturates
at the Grindsted stream site for vinyl chloride. The analysis is conducted using different sample densities
(stream site: ranging from 0.06 to 0.015 samples/m2, equivalent to 58 and 14 data points, respectively; land-
fill site: ranging from 0.0003 to 0.0001 samples/m2, equivalent to 14 and 5 data points, respectively) to
describe the change in relative contaminant mass discharge error as a function of the sample density. The
lower sample density analyzed (0.0001 samples/m2) is much lower than the minimum sample density con-
sidered by Troldborg et al. (2012) of 0.02 samples/m2. The initial sample density at the landfill site is 0.0003
samples/m2 which, if applied at the stream site, would include only one sample. Thus, a direct comparison
of the two sites with the same sampling density is not possible.

3.6. Dependence of Bulk Electrical Conductivity on Groundwater Composition
The electrical water conductivity depends on the concentration of ions in the water, i.e., the electrical water
conductivity and ionic strength are positively correlated (Appelo & Postma, 2005). This provides a link
between the bulk conductivity imaged through the DCIP data and the concentration of ionic compounds in
groundwater, as has previously been described for geophysical mapping of landfill leachate plumes rich in
inorganic compounds (e.g., Chambers et al., 2006; Frid et al., 2017; Maurya et al., 2017; Ogilvy et al., 2002).
3.6.1. Ionic Conservative Compounds and Semipersistent Organic Compounds
Ionic conservative compounds are anions such as bromide and chloride released from the contaminant
source and following groundwater flow pathways. These compounds can be used as indicators of the con-
taminant plume. Similarly, persistent or semipersistent xenobiotic organic compounds with high water solu-
bility, low octanol/water partition constant, and low degradability can also be used as indicators of the
contaminant plume. Therefore, the concentration distribution of semipersistent xenobiotic organic com-
pounds is similar to the concentration distribution of inorganic plume indicators, when released from the
same source area. An example of semipersistent xenobiotic organic compounds is that of the pharmaceuti-
cal compounds found at Grindsted landfill (Holm et al., 1995; Kjeldsen et al., 1998b).
3.6.2. Effects of Biogeochemical Processes on Bulk Electrical Conductivity
In contaminant plumes, and especially in landfill leachate plumes, biogeochemical processes, related to bio-
degradation of dissolved organic carbon and corresponding redox processes can affect the concentration
of organic and inorganic species. Relevant redox processes include depletion of dissolved electron accept-
ors (oxygen, nitrate, and sulfate) and formation of dissolved ionic and nonionic metabolic by products such
as manganese (Mn21), iron (Fe21), and methane (see supporting information Table S1 for an overview of
the electron donors, electron acceptors, and metabolic by-products). A sequence of redox zones can be
linked to the concentration of redox-sensitive species along the contaminant plume, as described by Chris-
tensen et al. (2000) and demonstrated for the Grindsted landfill leachate plume by Bjerg et al. (1995). The
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changes in the concentration of ionic species due to the redox processes (e.g., nitrate, manganese, iron, and
sulfate) can cause changes in the electrical water conductivity and thereby bulk conductivity (or resistivity)
according to Archie’s law. Here we explore the link between the electrical water conductivity and the
redox-sensitive species in order to investigate whether distribution of redox species can support the con-
taminant distribution in the control plane.

The distribution of chlorinated ethenes in a contaminant plume can be affected by reductive dechlorina-
tion, where tetrachloroethene (PCE) and trichloroethene (TCE) are transformed to DCE, mainly cis-DCE, and
vinyl chloride (Badin et al., 2016; Chambon et al., 2013). The chlorinated ethenes act as electron acceptors,
hence their degradation does not affect redox conditions and redox-sensitive species. However, their distri-
bution and the ratio of compounds in a plume is, among other things, highly dependent on the redox con-
ditions. In order for reductive dechlorination and generation of vinyl chloride from cis-DCE to occur,
strongly reducing conditions (iron reducing to methanogenic) are required in the aquifer. Strongly reducing
conditions are indicated by high concentrations of dissolved iron, low sulfate concentrations, and/or pro-
duction of methane (Christensen et al., 2000). As previously described, the distribution of electrical water
conductivity can potentially be used as an indicator of the distribution of redox-sensitive species or even
redox conditions in the plume. If the electrical water conductivity is affected by the distribution of redox-
sensitive species and the redox processes, then the distribution of water electrical conductivity may be simi-
lar to the distribution of chlorinated ethenes generated during reductive dechlorination. This is investigated
at Grindsted stream site where high concentrations of chlorinated ethenes, particularly the metabolites
vinyl chloride and cis-DCE, are found in the control plane.
3.6.3. Statistical Analyses
Principal Component Analysis was used to quantitatively examine relationships among the redox-sensitive
parameters in the contaminant plume at the Grindsted stream site. Water samples upgradient and down-
gradient the control plane (Figure 1), as well as water samples at the control plane were included in the
analysis. In order to detect significant relationships between the water samples, Hierarchical Cluster Analysis
(SIMilarity PROFile analysis, SIMPROF p< 0.05) was applied. The statistical analyses were performed in
PRIMER (Pedersen et al., 2006). Based on these analyses (supporting information Table S3), a main part of
the contaminant plume characterized by highly reduced conditions (iron reducing to methanogenic condi-
tions) was identified, and this became the focus area of the work presented in this paper.

Multiple regression analysis (supporting information Table S6) was performed using Microsoft Excel (2016)
to examine the relationship between major ions and water electrical conductivity at both sites. Similarly,
regression analyses were performed between water electrical conductivity and selected organic contami-
nants. All statistical analyses included F test and estimation of the coefficient of determination.

4. Results

In the following section, the results of the geophysical data collection and inversion are presented. Then,
the electrical conductivity is compared with the lithological stratification and the electrical water conductiv-
ity. The geophysics-based method and the concentration-based method are applied at the landfill site and
at the stream site. Error and uncertainty analyses for the two methods are provided at both field sites.

4.1. Imaging of Bulk Conductivity and Geologic Model
Figure 4 shows an example of BIC inversion along the second DCIP profile (from the north) of the stream
site (Figure 1c). The total data misfit of the inversion is v51:7. Figure 4d represents the pseudosection of IP
misfit (the v value) over the entire decays, and Figure 4e shows three representative measured decays with
error bars and corresponding fit. The total DC conductivity (Figure 4b) is retrieved from the BIC inversion
parameters (Maurya et al., 2018, equation 13) and differs significantly from the bulk conductivity (Figure 4a),
especially in the areas of high r00max values (Figure 4c), corresponding to the clay/till layers.

Figure 5 represents the geological models and the imaged bulk conductivity values along the control
planes LL0 and SS0 (Figure 1) at the landfill and stream sites. The geological models were built using the
methods of Maurya et al. (2018), making use of the lithological data, water conductivity and hydraulic
head observed in boreholes, the imaging results of the IP survey, in terms of rbulk , r0, r00max, and IP-
derived hydraulic permeability sections. Figure 5 shows that the distribution of bulk conductivities
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cannot be explained by the lithological stratification and, thus, the water electrical conductivity plays an
important role.

4.2. Determination of the Formation Factor by Use of Archie’s Law
The bulk electrical conductivity, imaged with surface DCIP, depends on the electrical water conductivity,
from water samples, as described by Archie’s law (equation (2)). For the two field sites, the imaged bulk con-
ductivity and the electrical water conductivity are linearly correlated, as shown in Figure 6. The inverses of
the slopes of the regression lines are the formation factors, according to Archie’s law. Since the Grindsted
landfill and the Grindsted stream sites have similar geological properties, the sites have similar formation
factors of 4.5 and 5.1, respectively. However, the coefficient of determination at the landfill site (R2 5 0.86) is
much higher than at the stream site (R2 5 0.31) because of the smaller range of electrical conductivity than
at the landfill. When combining the two data sets, the high coefficient of determination of 0.81 shows it is
reasonable to assume a constant formation factor of 4.7 for the two sites. The formation factors determined
for the individual measurement points lie between 2.93 and 8.66, which is the formation factor range for
unconsolidated sand as reported in the review by Weller et al. (2015). Thus, a formation factor of 4.7 was
used at both sites, except for the Postglacial Freshwater Peat layer at the Grindsted stream site where a for-
mation factor of 2.0 was assumed based on the measurements available in the layer.

4.3. Contaminant Mass Discharge Estimation at Grindsted Landfill
4.3.1. Inorganic Conservative Compounds
At the landfill site, the contaminant plume has electrical water conductivity values of up to 430 mS/m,
much higher than the background concentration of the studied aquifer, where the electrical water conduc-
tivity was between 20 and 30 mS/m. The electrical water conductivity correlates well with the ionic strength,

Figure 4. BIC inversion of the second DCIP profile (from the north) of Figure 1c. (a) Bulk conductivity section. (b) DC conductivity section, computed from the BIC
parameters. (c) Maximum imaginary conductivity section. (d) Pseudo section of IP misfit, computed as v value over the entire decays. (e) Examples of measured IP
decays with error bars (colored lines, from the positions highlighted by the squares with corresponding colors in Figure 4d) and data fits (black lines). In Figures
4a–4c, the lithological information from a borehole near the profile is shown in color coding, while the depth of investigation by white color fading. Modified from
Maurya et al. (2018).
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as shown in Figure 7. Thus, the distribution of major cations and anions was investigated. The ions balance
depends on the location in the transect; the data shown in Figure 7 describe the core of the contaminant
plume (see supporting information Table S5 for all concentration data of major ions available at the landfill).
The pie charts show that chloride is the dominant anion and the most important of the inorganic conserva-
tive compounds. The multiple regression analysis, performed on the major ions displayed on the pie charts
for all water samples (see supporting information Table S6), show that chloride and potassium are the only
ions with a statistically significant relationship with the water electrical conductivity. The distribution of con-
centration of chloride in the plume wells is similar to the distribution of electrical water conductivity, as
shown by the coefficient of determination of 0.74. It is important to notice that the point with a very high
electrical conductivity value (430 mS/m), in the chloride and ionic strength plot in Figure 7, is a sample col-
lected at the well located at the edge of the hotspot area of the landfill. Thus, higher concentrations of inor-
ganic and organic compounds are expected at that location. The analysis of variance also rejected the null
hypothesis of noncorrelation between the water electrical conductivity and chloride (probability values of
the F-test value are on the order of 10210, much lower than the selected significance level 0.05). Since chlo-
ride is a conservative tracer, these results suggest that electrical water conductivity can be used as an indi-
cator of the location and the migration of the plume in groundwater.
4.3.2. Semipersistent Organic Compounds
Among semipersistent organic compounds, sulfonamides and barbiturates are those found in highest con-
centration at the landfill site. The range of concentrations of sulfonamides and barbiturates on the control
plane is very large, from 0.1 to 67,850 mg/L for sulfonamides and from 0.1 to 5,307 mg/L for barbiturates, so
that a logarithmic scale is required in Figure 7. At the site, barbiturates and sulfonamides originate at the
same source as chloride and are expected to follow similar transport pathways. Given the similar distribu-
tions of the concentration of chloride and electrical water conductivity at the site, the distribution of con-
centrations of sulfonamides and barbiturates may be similar to the distribution of chloride and, thus, to the
electrical water conductivity. The analysis of variance indicated that the null hypothesis of independence of
observations between electrical water conductivity and sulfonamides and barbiturates could be rejected
(probability values of the F-test value are in the order of 10217 and 10215, respectively, which is much lower
than the selected significance level 0.05). Furthermore, high coefficients of determination of 0.82 and 0.77

Figure 5. Bulk conductivity and geological model along the LL0 and SS0 control planes at the landfill and stream sites. The distance (x axis) is relative to the most
southern well of each profile. Note that the landfill and the stream panels have different axes scales. The black dashed line in the landfill panel indicates the point
where the two DCIP profiles meet, as shown in Figure 1.
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(Figure 7) were obtained for the sulfonamides and barbiturates,
respectively. This indicates that, at the site, the electrical water con-
ductivity can be used as an indicator of the concentration distribution
of sulfonamides and barbiturates in the plume. Thus, the use of elec-
trical conductivity is promising as a surrogate for the distribution of
sulfonamides and barbiturates.
4.3.3. Estimation of the Contaminant Mass Discharge at the
Landfill Site
The concentration distributions of chloride, sulfonamides, and barbi-
turates are shown in Figure 8. The distributions are modeled by the
concentration-based and the geophysics-based methods. The distri-
bution of concentrations is used to estimate the contaminant mass
discharge, as described in section 3.4. When using the geophysics-
based method, the estimated mass discharge is 32,643 kg/yr of chlo-
ride, 1,848 kg/yr of sulfonamides, and 112 kg/yr of barbiturates (see
supporting information Table S7 for all results). The estimates were
lower when using the geophysics-based method compared to the
concentration-based method for chloride (by 13%) and higher for sul-
fonamides (by 146%) and barbiturates (by 27%).

4.4. Contaminant Mass Discharge Estimation at Grindsted Stream
4.4.1. Inorganic and Organic Compounds Affected by
Biodegradation
In the plume at the stream site, where the concentrations of ions from
the contaminant source are low, depletion of electron acceptors and
generation of metabolic by-products (e.g., dissolved iron) associated
with the degradation of xenobiotic organic compounds are reflected
in the ionic composition in the plume.

When looking at the ion balance (Figure 9) for a water sample col-
lected in the core of the contaminant plume, sodium and dissolved iron are the main cations (the ion bal-
ance of all water samples where a full ion analysis was performed is provided in supporting information
Table S5). Dissolved iron is generated as a metabolic by-product by biodegradation of organic compounds.
The multiple regression analyses performed on all major ions and electrical water conductivity identified
dissolved iron as the only ion with a statistically significant relationship with the electrical water conductiv-
ity (see supporting information Table S6). A linear correlation between electrical water conductivity and dis-
solved iron was found (R2 of 0.78), as shown in Figure 9. Since dissolved iron concentrations are affected by
redox processes (see supporting information Table S1), the distribution of dissolved iron (and thus electrical
water conductivity) may be similar to the distribution of other compounds affected by redox processes. The
distribution of water electrical conductivity is also similar to organic contaminants oxidized during biodeg-
radation (R2 of 0.67 for benzene and probability value of the F-test value of 0.0002, much lower than the
selected significance level 0.05).

The high concentrations of dissolved iron, low concentrations of sulfate, and the presence of methane indi-
cate strongly reducing conditions at the control plane. Iron reducing to methanogenic redox conditions
facilitate reductive dechlorination, explaining the high concentration of vinyl chloride and cis-DCE, com-
pared to PCE and TCE (Rønde et al., 2017). Electrical water conductivity has a similar distribution to that of
vinyl chloride (R2 of 0.93) and cis-DCE (R2 of 0.5). The analysis of variance indicates that the null hypothesis
of independence of observations between electrical water conductivity and cis-DCE and vinyl chloride could
be rejected (probability values of the F-test value are in the order of 0.001 and 1029, respectively, much
lower than the selected significance level 0.05).
4.4.2. Contaminant Mass Discharge Estimation at the Stream Site
At the stream site (Figure 10), the highest concentrations of benzene, cis-DCE, and vinyl chloride are found
in the Quaternary sand layer, above the sand till. This distribution is reflected in the kriged planes. On the
left most 10 m sections of the profile, relatively high concentrations are found below 28 m asl. A similar
result is shown by the kriged concentration profile where for vinyl chloride, concentrations higher than

Figure 6. Correlation between the bulk conductivity measured using surface
DCIP and the electrical water conductivity from water samples at the landfill
and the stream site. Due to different conductivity ranges, values from the
stream site are shown on the primary axes and values from the landfill are
shown on secondary axes. The solid and dashed lines are trend lines for the
stream and the landfill sites, respectively. The formation factor (F) calculated as
the inverse of the slope of a regression line is indicated on the figure. The selec-
tion of samples at the stream site for the correlation plot was based on the fol-
lowing two criteria: (1) the value of the model cells closest to the measured
sample points were chosen and (2) sample points only within the DOI and
within an horizontal distance up to 1.5 times the electrode spacing from pro-
files were selected. At the landfill site the same criteria were adopted, but in
the second criterion the maximum horizontal distance was 3 times the elec-
trode spacing.
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0.1 mg/L, are predicted below the sand till layer (25 m asl). This may indicate that the plume is not fully cov-
ered by the boreholes in the control plane in this area.

The estimated mass discharges are 48 and 49 kg/L of vinyl chloride, 51 and 52 kg/L of cis-DCE, and 12 and
11 kg/L of benzene, when using the concentration-based and geophysics-based method, respectively (see
supporting information Table S7 for all results). In contrast to the landfill site, where a considerable differ-
ence was found in the contaminant mass discharge estimated by the two methods, the estimated contami-
nant mass discharges using the two methods agreed well at the stream site for all three compounds. This
can be explained by the much higher sample density at the stream site (0.06 samples/m2) compared to that
at the landfill (0.0004 samples/m2).

4.5. Error Analyses for the Contaminant Mass Discharge
The average contaminant mass discharge error (calculated from equation (9)) and relative uncertainty (cal-
culated from equation (10)) are shown in Figure 11 as a function of the sample density. The error and uncer-
tainty analysis are shown for chloride from the landfill site and for vinyl chloride from the stream site. In
Table 1, the average contaminant mass discharge values used to calculate the average relative error are
shown for all tested sample densities and corresponding number of samples. The analysis was also per-
formed for barbiturates at the landfill site, showing similar results to chloride. Thus, only the results for chlo-
ride are presented here (see supporting information Table S7–S8 for the results for barbiturates).

The contaminant mass discharge relative error is inversely proportional to the number of samples for both
tested compounds. The geophysics-based method has an error consistently lower than the contaminant
concentrations method. The error difference between the two methods increases with the sample density.

Figure 7. The pie charts show the distribution of cations and anions in eq/L at a screen located in the middle of the con-
taminant plume at the landfill site (see supporting information Table S5 for data and location of the well). The cross plots
show the concentration electrical water conductivity and selected organic and inorganic compounds present in the con-
taminant plume at the landfill site. Note that the regression of the electrical water conductivity and xenobiotic organic
compounds at the landfill are power law regressions, and are shown with a log-log plot. The other regressions are linear.
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At the lowest tested sample density (0.0001 samples/m2) at the landfill site, the error of the geophysics-
based method is 10 times lower compared to the concentration-based method.

The relative uncertainty of the contaminant mass discharge is also inversely proportional to the sample
density. The uncertainties of the two methods are very similar at the Grindsted stream site for vinyl chlo-
ride. At the Grindsted landfill site, the uncertainty of the geophysics-based method is 4 times lower than
the uncertainty of the concentration-based method. Differences in the uncertainty and error analysis
between the two sites can be related to the much lower sample density at the landfill site, compared to
the stream site.

5. Discussion

In the following section, the geophysics-based method is discussed in order to identify the advantages and
the limitations of its applicability when compared to the concentration-based method.

The relative error is inversely proportional to the sample density both for the concentration-based method
and the geophysics-based method. This result is in accordance with previous studies (e.g., K€ubert & Finkel,
2006; Troldborg et al., 2012). The difference between the errors calculated by the two methods increases
with the sample density, suggesting that the geophysics-based approach is less dependent on the number
of water samples and their location than the concentration-based approach. However, the difference is
modest with high sampling densities indicating that the method is most beneficial at sites with low sam-
pling densities.

Figure 8. Contaminant concentration distribution modeled by the concentration-based and by the geophysics-based approach along the control plane at the
Grindsted landfill site of chloride, sulfonamides, and barbiturates. The black dots show the location of water samples.
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The geophysics-based approach relies on being able to correlate the imaged bulk conductivity from DCIP
to the water chemistry, through the electrical water conductivity. The electrical water conductivity is depen-
dent on the concentration of total ions in the water. Depending on characteristics of the source and the bio-
geochemical processes taking place in the aquifer, the distribution of total ions (thus electrical water
conductivity) may be similar to the distribution of specific ions or xenobiotic organic compounds. The sites
presented in this study have plumes with different water chemistry. At the landfill site, the leachate plume
has high concentrations of ions released from the landfill. Here the distribution of electrical water conduc-
tivity in the plume was similar to the distribution of a conservative ionic species (chloride) and semipersis-
tent organic species (sulfonamides and barbiturates). The plume at the stream site has a much lower
concentration of ions; thus, changes in the redox species due to microbial biodegradation have stronger
impact on electrical water conductivity. As described in the review by Atekwana and Slater (2009), microbial
activity can play a key role in redox processes and greatly affect the fluid chemistry, as seen in the geophys-
ical signature (e.g., Aal et al., 2004; Allen et al., 2007; Atekwana & Atekwana, 2010). In our study, it was possi-
ble to find a linear link between bulk and electrical water conductivity and the redox-sensitive parameters,
such as dissolved iron. Masi and Losito (2015) highlighted the importance of pH dependent processes on
the DCIP surveys. Along the investigated transects, the pH mainly falls between 5 and 7; thus, the electrical
conductivity is not highly affected by changes in the pH.

Previous studies have measured DC resistivity and IP anomalies at contaminant plumes caused by physical
changes on the grain surface due to biofilm formation during microbial biodegradation and iron precipi-
tates (Aal et al., 2004; Atekwana & Atekwana, 2010; Atekwana & Slater, 2009; Personna et al., 2013; Williams

Figure 9. The pie charts show the distribution of cations and anions in eq/L at a screen located in the middle of the con-
taminant plume few meters upstream of the investigated transect at the stream site (see supporting information Table S5
for data and location of the well). The cross plots show the concentration of electrical water conductivity and selected
organic and inorganic compounds present in the contaminant plume at the stream site. All regressions are linear. Please
note that the x axis starts at 20 mS/m.
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et al., 2009). In our study, we use the IP data to remove the effect of surface conductivity from the bulk con-
ductivity, and this is possible under the assumption that the IP signal is controlled by the surface area of the
sediments, and not by the presence of, e.g., biofilms and/or iron precipitates. Iron precipitates (e.g., siderite)

Figure 10. Contaminant concentration distribution modeled by the concentration-based and by the geophysics-based approach along the control plane at the
Grindsted stream site of vinyl chloride, cis-DCE, and benzene. The black dots show the location of water samples.

Figure 11. Relative error and uncertainty of the geophysics-based and concentration-based methods for estimating the
mass discharge of barbiturates as a function of the sample density. The analysis is performed for chloride at the Grindsted
landfill site and for vinyl chloride at the Grindsted stream site. Notice the two different x axes due to the different number
of samples available at the site.
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have been identified in the upper part of the landfill leachate plume (Heron et al., 1998). Since the concen-
trations are low and most pronounced in the Quaternary sediments, this is not expected to be a controlling
factor, especially in the deeper Miocene parts of the aquifer with high contaminant concentrations. The
microbial numbers are very small at the site (Ludvigsen et al., 1998), so the presence a biofilm at the site is
very unlikely. Indeed, the variability in the IP parameters at the site is explained well by the local lithology
and by the changes in the bulk conductivity values.

As described in section 3.5, it is important to understand the reasons behind the conceptual link between
water electrical conductivity and the semipersistent xenobiotic organic compounds and biodegradable
xenobiotic organic compounds. Semipersistent xenobiotic organic compounds, such as pharmaceutical
compounds, can be correlated with electrical water conductivity when an inorganic plume originates from
the same source and has a similar travel path as the organic plume. This was the case at the Grindsted land-
fill site, but at other sites the distribution of inorganic and organic compounds in the contaminant source
may be different. The link between the electrical water conductivity and benzene, a biodegradable xenobi-
otic organic compound was found in this study at the Grindsted stream site. Such a link can be found if
xenobiotic organic compound degradation is substantial and the production of reduced iron affects the
overall distribution of ions. However, a link between degradable xenobiotic organic compounds and electri-
cal water conductivity may be difficult to establish at sites where plumes also have large inorganic ion con-
centrations or where the main redox driver is organic carbon, such as landfill sites like the Grindsted landfill
(Bjerg et al., 1995; Christensen et al., 2001). Chlorinated ethenes are also biodegradable and their distribu-
tion often depends on redox conditions (Badin et al., 2016; Chambon et al., 2013). Electrical water conduc-
tivity can be linked to cis-DCE or vinyl chloride concentrations, through the relationship with ionic redox by-
products (e.g., dissolved iron), such as at the Grindsted stream site.

The geophysics-based approach relies on the imaging of bulk conductivity from DCIP data. The resolution
of the surface DCIP method decreases with depth and the inversion models are not reliable below the
depth of investigation. In this study, the investigated transects were inside the depth of investigation (see
Figure 4 and Maurya et al. (2018) for the Grindsted stream site and Maurya et al. (2017) for the Grindsted
landfill site). Furthermore, the disentanglement of the bulk conductivity and the surface conductivity relies
on the effectiveness of equation (3) (Weller et al., 2013).

Table 1
Average Contaminant Mass Discharge at Different Sampling Densities for Chloride and Vinyl Chloride at the Grindsted Land-
fill and Stream Site, Respectively

Sample density
(n of samples/m2)

Number
of samples Method

Contaminant mass
discharge (kg/yr)

Landfill site All data 0.0003 14 Conc 37,374
Subset of data 0.00025 12 Conc 32,943

Geophys 33,421
0.00020 10 Conc 34,476

Geophys 35,916
0.00015 8 Conc 34,230

Geophys 37,762
0.00010 5 Conc 59,740

Geophys 39,647
Stream site All data 0.060 58 Conc 48

Subset of data 0.055 53 Conc 47
Geophys 48

0.045 43 Conc 45
Geophys 46

0.035 34 Conc 42
Geophys 43

0.025 24 Conc 38
Geophys 39

0.015 14 Conc 36
Geophys 38

Note. The contaminant mass discharge values are calculated from 1,000 stochastic simulations for sample densities.
Results are shown for the geophysics-based approach (Geophys) and concentration-based approached (Conc).
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The concentration field obtained by combining DCIP and water-sample data was found using regression
kriging. Regression kriging has been previously used to combine geophysical and hydrological data. De
Benedetto et al. (2012) used the same method for modeling the spatial distribution of clay content in soil
and De Benedetto et al. (2013) applied the method for estimating the soil moisture content. Estimates of
contaminant mass discharge based on kriging can be very uncertain, especially when few water-sample
data are available. Regression kriging, used to combine geophysical information and contaminant concen-
trations, requires contaminant concentration data to derive a variogram model of residuals. Similarly, the
ordinary kriging employed to interpolate contaminant concentration data also requires a variogram model
of the concentration. When the number of samples is very low, the fitted variogram model deteriorates or
cannot be derived, resulting in a poor estimation. At the stream site, the analysis of the relative uncertainty
showed an uncertainty of 51% and 52% at the lowest analyzed sample density (0.015 samples/m2), depend-
ing on the method. These uncertainties are similar to the uncertainty (�60%) calculated by Troldborg et al.
(2012) for a sample density of 0.02 samples/m2.

The uncertainty analysis performed in this study does not account for geological heterogeneity, but such
heterogeneity is important when estimating contaminant mass discharge (Troldborg et al., 2010). The
assumption of a constant groundwater flow velocity affects both the contaminant discharge estimation and
its uncertainty. The impact of geologic heterogeneity has not been investigated in this study because the
focus has been on using surface DCIP to describe the spatial distribution of bulk conductivity and hence of
organic contaminants. Furthermore, the two field sites analyzed in this study were only mildly heteroge-
neous. For instance, at the landfill site, the variance of the ln K is 0.7, while the variances of the log-
normalized concentrations of barbiturates and sulfonamides are 11 and 18. Thus, the changes in the
groundwater flow field at the site will have a lower impact on the contaminant mass discharge than the dis-
tribution of contaminant concentrations. The recent works of Weller et al. (2015), Fiandaca et al. (2018b),
and Maurya et al. (2018), suggest that induced polarization data can reproduce the spatial distribution of
hydraulic conductivities. Therefore, it may be possible to generalize the results of this study to more hetero-
geneous settings.

Finally, the method presented here is particularly promising at sites where high sampling densities are
infeasible such as deep aquifers (because of high drilling cost) or large contaminated sites such as aban-
doned landfills and former industrial production facilities. For practical purposes, DCIP surveys should be
incorporated into site investigations at an early stage. DCIP can guide the placement of boreholes and can
be combined with geological modeling to calculate the contaminant mass discharge with the new method
proposed in this paper.

6. Conclusions

The geophysics-based method for contaminant mass discharge presented in this paper is designed to
improve the interpolation of contaminant concentration data at large contaminated sites, where the num-
ber of water-sample points is often limited compared to the size of the control plane.

The method relies on finding a conceptual link between the bulk conductivity imaged using the DCIP and
the concentration of contaminants. The method was successful estimating the contaminant mass discharge
of chloride and pharmaceutical compounds (sulfonamides and barbiturates) at a landfill site. At a contami-
nant plume from a former pharmaceutical industry, the method was applied for benzene and chlorinated
ethenes (vinyl chloride and cis-DCE). However, the conceptual links are site specific and depend on the
chemical composition of the contaminant plume and on the solute transport processes. Thus, the method
is suitable for contaminant plumes characterized by high concentration of ionic species released from the
source, such as landfill leachate plume. The method can also be applied at sites where the redox processes
and their ionic by-products can affect the ion balance of the inorganic compounds.

The estimation error of the integrated method was compared to the traditional method of kriging water-
sample data by stochastically simulating data sets with different sample densities. Results showed that the
relative error increases when decreasing the sampling density. The geophysics-based method was shown
to be more accurate than the traditional method using only contaminant concentrations, with the tested
sample densities (0.055–0.015 samples/m2). The difference between the two methods is negatively corre-
lated with the sampling density. At the lower tested sample density, the geophysics-based method
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estimates the contaminant mass discharge to have a relative error that is 24% lower than the
concentration-based method. This indicates that the geophysical-based method is less dependent on the
number of water samples and their location. Thus, the method is ideal for large contaminated sites and/or
deep plumes where the number of water samples is often low for describing the extension of the contami-
nant plume and estimating the contaminant mass discharge.
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Erratum

The Supporting Information file originally published with this article did not reflect changes made during
the final round of manuscript revisions. The file has been replaced, and this may be considered the
authoritative version of record.
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