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ABSTRACT
Tomographic measurements of the spectral induced polarization (SIP) response of aquifer sedi-
ments were conducted at the U.S. Department of Energy’s (DOE) Integrated Field Research 
Challenge site (IFRC) in Rifle, Colorado (USA), where biostimulation research is ongoing with the 
purpose to immobilize uranium in tailings-contaminated groundwater. The aims of the SIP surveys 
were to (a) collect data over a sufficiently broad bandwidth so as to determine the characteristic 
frequency of the spectral response (at which the strongest polarization response takes places), (b) 
investigate the distribution of spectral parameters (e.g., characteristic time constant) in an imaging 
framework and (c) evaluate the potential of these images to delineate changes in the hydraulic 
properties of the aquifer. Careful field procedures provided high-quality SIP data from 0.060–
256 Hz for three different periods during the remediation experiment. Data quality was evaluated 
by means of analysis of the discrepancy between normal and reciprocal measurements. A Cole-Cole 
model was fitted to pixel values extracted from the inverted images in order to assess changes in the 
SIP response – particularly in time constant (τ) and chargeability (m) – due to processes accompa-
nying the stimulation of subsurface microbial activity. A significant increase in both τ and m was 
observed after halting acetate injection, consistent with the accumulation of semi-conductive miner-
als (e.g., FeS) during biostimulation and the post-injection rebound in aqueous Fe(II). The reliabil-
ity of the imaged spectral parameters was assessed by means of a numerical study.

like pyrite). The so-called electrode polarization is caused by 
changes in the charge transfer mechanisms from ionic (in the pore 
water) to electronic (in the metallic mineral) through redox-
mediated charge transfer reactions taking place at the interface 
between pore water and the surface of metallic minerals (e.g., 
Sumner 1976; Pelton et al. 1978; Wong et al. 1979; Merriam, 
2007; Revil and Cosenza 2010). It has been demonstrated that the 
measured low-frequency (< 100  Hz) response due to electrode 
polarization is significantly larger than the polarization response 
of subsurface materials due to other polarization mechanisms, 
i.e., in absence of metallic minerals (e.g., Pelton et al. 1978; Wong 
1979; Williams et al. 2005; Slater et al. 2005, 2006; Weller et al. 
2010; Flores Orozco et al. 2012b). Moreover, it has been observed 
that the critical frequency (i.e., 63 is the frequency at which the 
strongest polarization effect is observed) can be correlated with 
the size, volume and texture of the metallic minerals (e.g., Pelton 
et al. 1978; Wong 1979; Slater et al. 2007). 

Recent laboratory studies have also demonstrated the sensitiv-
ity of SIP measurements to the precipitation of sulphide nanomin-
erals accompanying the stimulation of microbial activity 
(Williams et al. 2005) and to changes in the spatiotemporal loca-

INTRODUCTION
The induced polarization (IP) method has emerged as a promis-
ing tool for the characterization of hydraulic and environmental 
parameters in the near-surface (e.g., Slater 2007; Atekwana and 
Slater 2009; Revil et al. 2011; Flores Orozco et al. 2012a; 
Kemna et al. 2012). This is motivated by the fact that IP meas-
urements can provide information on the low-frequency conduc-
tion (i.e., resistivity method) and capacitive (i.e., induced polari-
zation) properties of sediments (e.g., Lesmes and Frye 2001; 
Lesmes and Morgan 2001). IP measurements can be performed 
at different frequencies – commonly referred to as spectral 
induced polarization (SIP) – in order to gain information about 
the frequency dependence of the electrical properties on the 
materials in the subsurface.

SIP measurements have traditionally been used in the geo-
physical exploration of disseminated sulphide deposits (e.g., 
Marshall and Madden 1959; van Voorhis et al. 1973; Pelton et al. 
1978; Wong et al. 1979) due to the strong polarization response 
observed in presence of metallic minerals (e.g., iron sulphides 
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performed to reduce and immobilize U(VI) in a shallow and 
unconfined alluvial aquifer (Williams et al. 2011 and references 
therein). The site is characterized by a clay-rich fill that extends 
from the surface to ~1.75 m below ground surface (bgs) and that 
overlies the unconfined aquifer. Aquifer material consists of 
unconsolidated sands, silts, clays and gravels, which are under-
lain by an impermeable layer of silt and mudstones comprising 
the Wasatch formation at a depth of ca. 6.5 m (bgs). The ground-
water table was located at ~2.5 m (bgs) during the experiment, 
with groundwater velocities in the range from 0.1–0.6 m/day and 
with flow direction toward the south-west. A complete descrip-
tion of the site can be found elsewhere (Williams et al. 2011 and 
references therein).

Site groundwater was amended with sodium acetate (in situ 
target concentrations of 15  mM) and sodium bromide (in situ 
target concentration of 1.3 mM) and injected into the aquifer 
over the course of 36 days using ten injection boreholes. Fifteen 
observation wells were used to collect groundwater samples for 
geochemical analysis throughout the experiment: three upgradi-
ent and twelve downgradient from the area of injection (Fig. 1). 
All wells were emplaced to an average depth of 6.5 m (~0.3 m 
into the Wasatch formation), with a diameter of 10.1 cm and 
screened (250 μm slot size) over the lower 3 m depth interval (for 
a complete description see Williams et al. 2011). SIP measure-
ments were collected along two arrays: array A, placed 3 m 
downgradient the injection gallery and perpendicular to the 
groundwater flow direction; and array Y, placed parallel to the 
groundwater flow direction and intersecting the injection gallery 
and array A (at 14 m and 17 m respectively along the direction of 
array Y), as depicted in Fig. 1. Measurements along array A were 
collected one day before amendment injection (hereafter referred 
to as t0), 19 days after injection had been started (hereafter 
referred to as t1) and two days after the injection was stopped 
(hereafter referred to as t2). Measurements along array Y were 
collected only three days after the injection was stopped (hereaf-
ter referred to as t3). Each data set was collected using normal 
and reciprocal configurations for estimation of the data error. 
Reciprocal measurements refer to the re-acquisition of the data 
after interchanging the current and potential dipoles.

A Zonge GDP32(II) with 16 channels was used to perform 
measurements of the electrical impedance in the frequency 
domain with the equipment placed at the centre of the electrodes 
array (between electrodes 15 and 16). Current injections were 
made using a constant voltage of 55 V applied to the current 
electrodes. Contact resistances were collected before every sur-
vey to ensure good contact between the electrodes and the 
ground (contact resistance values below 1 kΩ for the Rifle site). 
For data collection, 30 Cu/CuSO4 non-polarizing electrodes were 
placed at the surface with a separation of 1 m between them. 
Non-polarizing electrodes permit the collection of potential read-
ings with electrodes previously used to inject current avoiding 
polarization effects taking place at the electrode. To demonstrate 
the performance of the electrodes used in our study, we present 

tion of the nanominerals (Ntarlagiannis et al. 2005). Analysis of 
the spectral response has been used to quantify the grain size of 
precipitated metallic nanominerals (Slater et al. 2006) and revers-
ible reactions (i.e., possible oxidation and dissolution of precipi-
tated minerals) (Slater et al. 2007). Taking these laboratory results 
into account and given the possibility of measuring SIP in an 
imaging framework using complex resistivity inversion schemes 
(Kemna et al. 2000; Kemna et al. 2004), SIP imaging has been 
applied at the field scale to monitor microbial activity in the 
course of bioremediation experiments (Williams et al. 2009; 
Flores Orozco et al. 2011). Here, the method was successfully 
used to delineate the accumulation of sulphide minerals (Williams 
et al. 2009), as well as the redox status of aquifer materials 
(Flores Orozco et al. 2011) accompanying stimulation of subsur-
face microbial activity. Although encouraging, these field studies 
failed to collect data over a frequency bandwidth broad enough to 
determine the characteristic frequency of the spectral response.

Acquisition of SIP tomographic measurements over a broad 
frequency bandwidth at the field scale is very challenging 
because of three primary issues: (i) errors in the voltage measure-
ments due to polarization of the electrodes used previously for 
current injection, especially for measurements at low frequencies 
(< 10 Hz) (e.g., Dahlin et al. 2002; LaBrecque and Daily 2008); 
(ii) unwanted electromagnetic contamination of the data, i.e., 
inductive coupling associated with the layout of cables connect-
ing the electrodes and the measuring device (increasing with 
frequency and electrode separation) and capacitive coupling due 
to potential differences between the electrodes and between the 
electrodes and the subsurface causing undesirable parasitic cur-
rents (Pelton et al. 1978; Zimmermann et al. 2008); and (iii) long 
acquisition times required to collect data at low frequencies 
(< 1 Hz), with data acquisition deploying tens of electrodes tak-
ing several hours.

In this study we present field procedures that permit the 
acquisition of SIP measurements covering a broad frequency 
bandwidth. Images of Cole-Cole spectral parameters and their 
associated uncertainty were computed for inverted images of the 
field data. Changes in time-lapse images of Cole-Cole parame-
ters were found to be in agreement with variations in groundwa-
ter chemistry and precipitation of metallic minerals (e.g., mono-
sulphides, FeS). To our knowledge, this is the first field study 
presenting time-lapse SIP data collected over such a wide fre-
quency bandwidth as to enable resolution of temporal changes in 
the critical frequency of the SIP response associated with differ-
ent aspects of biogeochemical processes. Further, we attempt to 
assess the reliability of the obtained images of Cole-Cole param-
eters by means of a numerical study.

MATERIAL AND METHODS
The Department of Energy’s (DOE) Rifle Integrated Field 
Research Challenge (IFRC) site is located near Rifle, Colorado 
(USA), on the grounds of a former uranium processing facility. 
Here, biostimulation via acetate injection has repeatedly been 
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a stronger S/N (due to the large separation between the current 
electrodes) but lower spatial resolution in comparison with the 
dipole-dipole scheme. Moreover, the dipole-dipole configuration 
reduces electromagnetic coupling in the data because the poten-
tial dipole is not located inside the current dipole (and cables 
transmitting current). As observed in previous studies at the site 
(Williams et al. 2009; Flores Orozco et al. 2011), these protocols 
provide a satisfactory spatial resolution in the images for the 
intended investigation depth (~6.5 m bgs) in reasonable acquisi-
tion time (~12 hours for a complete data set in the frequency 
range between 0.06–256 Hz). Details on the significant role of 
selecting an appropriate measuring protocol regarding the reso-
lution of the images can be found in the studies of, e.g., Bing and 
Greenhalgh (2000), Dahlin and Zhou (2004) and Stummer et al. 
(2004), and will not be further discussed here.

To minimize cross-talking between the cables and reduce the 
electromagnetic coupling in the data, coaxial cables were used to 
connect the electrodes with the measuring device. Such a proce-
dure was proposed for the acquisition of tomographic measure-
ments in the laboratory (Zimmermann et al. 2008) and allowed 
for defined impedances in the cables using the shield of the 
coaxial cables. Hence, the measured impedance does not depend 
on the routing of the cable and the coupling impedance between 
the cables can be neglected (Zimmermann et al. 2008).

The inversion of the SIP data sets was performed using the 
smoothness-constraint inversion code CRTomo (completely 
described in Kemna 2000). The algorithm calculates the distribu-
tion of the complex conductivity on a 2D grid of lumped finite 

in Fig. 2 the voltage recorded between two Cu/CuSO4 electrodes 
before, during and after a typical current injection of 55 V at 
0.25 Hz. Fig. 2(b) reveals a minimal residual voltage (~0.02 V) 
immediately after terminating current injection. Moreover, this 
residual voltage drops quasi-instantaneously (<100 ms) to lower 
values (<0.01 V). Similar results were observed at 0.125 Hz and 
1 Hz (data not shown). Hence, the deployment of non-polarizing 
electrodes permits the acquisition of normal and reciprocal data 
in the same acquisition protocol, maximizing the deployment of 
the 16 available measuring channels and significantly reducing 
acquisition times.

Measurements were collected over the frequency range from 
0.06–256 Hz by means of a dipole-dipole configuration with a 
‘skip-3’ protocol (3 electrodes separating the air of electrodes 
used for current injection, as well as for voltage measurement), 
resulting in a dipole length of 4 m for current and potential 
dipoles, with a maximal length of 21 m between the current and 
potential dipoles. Measurements with a ‘gradient’ configuration 
were also performed setting the current injection between elec-
trodes 1 and 30, 2 and 29, 3 and 28 and 4 and 26 and voltage 
readings were collected with a dipole (skip-3) within the elec-
trodes contained inside the current dipole. These configurations 
are characterized by different dynamics in the measured resist-
ance values and thus signal-to-noise ratios (hereafter denoted as 
S/N): dipole-dipole measurements are associated with a high-
spatial resolution (due to the small dipole length) but low S/N 
(due to larger separations between the current and potential 
dipoles); whereas the gradient measurements are associated with 

FIGURE 1

Schematic plan view of the experimental setup for the 2009 experiment 

at the Rifle IRFC site. The position of the observation wells upgradient 

(open triangles: U01–U03) and downgradient (solid triangles: D01-D12) 

of the injection gallery (thick line) are referred to the direction of ground-

water flow (solid arrow). The solid lines represent the location and extent 

of arrays A and Y, with electrode positions marked by solid circles. All 

the dimensions are given in metres.

FIGURE 2

Measured voltage across two non-polarizing Cu/CuSO4 electrodes 

before, during and after a typical current injection (55V) at 0.25  Hz 

(Fig.  2a). The residual voltage after cessation of the current injection 

drops immediately to negligible values (Fig. 2b) demonstrating the abil-

ity to record accurate electrical impedance measurements with such 

electrodes immediately after being used for current injection.
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models (corresponding to the Cole-Cole model, with c = 1 in 
equation (1)) for SIP measurements collected on different sam-
ples at the laboratory scale (e.g., Morgan and Lesmes 1994; 
Nordsiek and Weller 2008; Weller et al. 2010; Zisser et al. 2010). 
This approach, referred to as Debye decomposition (DD), 
assumes that the SIP response is the result of the superposition 
of responses of different polarization processes taking place at 
different length scales (Morgan and Lesmes 1994). Images of 
spectral parameters computed for the present multi-frequency 
complex conductivity images with a DD scheme as outlined in 
Zisser et al. (2010) resulted in rough images with numerous 
artefacts (data not shown), most probably related to the fact that 
each pixel (finite-element cell) was analysed separately, without 
any coupling between adjacent cells. We also note that tomo-
graphic field measurements as those presented here are associ-
ated with uncertainties related to field data acquisition (typically 
larger than uncertainties of well-controlled laboratory measure-
ments) and uncertainties related to the inversion. In addition to 
this, the large number of measurements required in tomographic 
surveys is associated with longer acquisition times, limiting the 
number of frequencies in the acquisition of field data compared 
to laboratory measurements, which are typically performed with 
a denser sampling of frequencies. Because of these issues we did 
not use the highly parametrized DD approach but opted for the 
superposition of two Cole-Cole terms to describe the SIP 
response observed in our studies, one for the description of the 
low-frequency response and a second one to account for the 
electromagnetic effects at higher frequencies, as performed in 
previous studies addressing the analysis of SIP responses of 
sediments containing metallic minerals (e.g., Pelton et al. 1978; 
Kemna et al. 2000; Slater et al. 2007).

RESULTS
Raw data analysis
Analysis of the SIP measurements revealed agreement between 
normal and reciprocal measurements for data collected in the 
frequency range between 0.06–216 Hz (as presented for typical 
measurements in Fig. 3), an increase of two decades in the fre-
quency bandwidth in comparison to previous studies at the site 
(Williams et al. 2009; Flores Orozco et al. 2011). Moreover, 
phase measurements revealed a frequency-dependent response, 
with measured spectra characterized by a frequency peak in the 
low-frequency range (< 64 Hz).

To better highlight the improved quality in our data sets, in 
Fig. 4 we present plots of all measurements collected (with both 
configurations and at different time lapses) for selected frequen-
cies (0.06, 0.125, 0.5, 2, 8 and 32 Hz). Plots of the measured resist-
ance are presented only for data collected at 0.06 Hz, as the resist-
ance values recorded revealed negligible changes at higher fre-
quencies. The advantage of these plots, as presented in Fig. 4, in 
comparison with the commonly used pseudosections, is that they 
permit a quick inspection of the data (e.g., to detect outliers) and a 
qualitative analysis of the reciprocity in the data sets. Normal 

element cells from a given data set of transfer impedances 
(Z

i
, i = 1,…, N; with N being the number of measurements), at a 

given frequency. The inversion algorithm iteratively minimizes 
an objective function, which is composed of the measures of data 
misfit and model roughness, with both terms being balanced by 
a regularization parameter. More details on the inversion scheme 
and the underlying modelling algorithm are given in Kemna 
(2000). Inversion of multi-frequency measurements in this study 
was performed by the independent inversion of data sets col-
lected at each acquisition frequency.

SIP measurements may be expressed as the magnitude and 
phase of the electrical impedance recorded with the potential 
dipole. The magnitude of the electrical impedance (voltage-to-
current ratio) is commonly referred to as electrical resistance and 
the phase (φ) refers to the phase-shift between the periodic volt-
age and current signals (for further details see e.g., Sumner 
1976). In the inversion an error model for the resistance data was 
used describing the resistance error s(R) as a linear function of 
the measured resistances R (i.e., signal strength), as outlined by 
LaBrecque et al. (1996). The phase data error, s(φ), was quanti-
fied by a power-law function of resistance, which was demon-
strated to improve the quality of inverted phase images (Flores 
Orozco et al. 2011). The calibration of the error models was 
performed by means of statistical analysis of a set of resistance 
ranges, as described in Flores Orozco et al. (2012b).

The complex conductivity (σ) (or complex resistivity, ρ, with 
σ = 1/ρ), as obtained after the inversion of SIP tomographic 
measurements, can be expressed either in terms of magnitude 
(|σ|) and phase (φ) or in terms of real (σ´) and imaginary (σ´´) 
components. Given its relatively simple parametrization, the 
phenomenological Cole-Cole model (Cole and Cole 1941) is 
commonly used to describe the frequency dependence (spectral 
behaviour) of the complex conductivity (e.g., Pelton et al. 1978). 
In terms of the complex conductivity, the Cole-Cole model can 
be written in the form:

 (1)

where i2 = −1, ω denotes the angular frequency, σ0 the direct 
current DC-conductivity, m the chargeability, c is the frequency 
exponent describing the strength of the dispersion and τ is the 
time constant (inversely related to the critical frequency). 
Previous studies have demonstrated that, for polarization associ-
ated with metallic mineral particles, an increase in particle size 
is related to an increase in τ and a decrease in m, while an 
increase in the volume of metallic minerals is related to 237 an 
increase of τ and m (Pelton et al. 1978; Wong 1979; Williams et 
al. 2005; Slater et al. 2007). In this study Cole-Cole model 
parameters were quantified using the non-linear Levenberg-
Marquardt inversion routine by Kemna (2000).

Recent studies have demonstrated a better fit of spectra with 
arbitrary shapes through the superposition of a number of Debye 
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probably related to interferences of a 60 Hz AC (alternating cur-
rent) electric power supply and possibly to electromagnetic cou-
pling effects in the data. Therefore, in order to focus our study on 
the SIP response of the aquifer sediments, we only present and 
discuss in the following the results obtained for data collected at 
frequencies below 64 Hz.

Imaging results
We present in Fig. 6 the computed images of the complex con-
ductivity (σ) for background data collected at 0.5 Hz along array 
A along with a representative lithological column of the site for 
comparison. The image of the real component of the complex 
conductivity (σ´) shows agreement with the site lithology given 
by four main units: the clay-rich fill on top, the unsaturated and 
saturated alluvial sediments and the underlying silt and mud-
stones of the Wasatch formation at the bottom. The position and 
depth of the observation wells (D01 to D-04) are also depicted 
on plots in Fig. 6, revealing consistency in the depth of the aqui-
fer as resolved in the conductivity images (σ´) and as observed 
during the installation of the wells. The image of the imaginary 
component (σ´´) also shows consistency with the given litholo-
gy; however, an anomaly is noticeable at ~15 m (along the array 
direction) characterized by high-polarization (σ´´) values, related 

measurements can be identified on the top of the main white 
diagonal (low numbers in the current electrodes and higher num-
bers in the potential electrodes); whereas reciprocal measurements 
can be identified on the bottom of the main white diagonal. 
Figure 4 shows consistent patterns between normal and reciprocal 
measurements for data collected at different time lapses and fre-
quencies, independent of whether the data were collected with the 
dipole-dipole or gradient configuration. In addition to this, plots in 
Fig. 4 show that different time lapses are characterized by a sig-
nificant change in the frequency response of the phase values (φ).

For a quantitative analysis of the data quality, in Fig.  5 we 
present plots of the standard deviation between normal and recip-
rocal resistance (denoted as s(ΔR)) and phase (denoted as s(Δφ)) 
measurements for each data set (collected at different frequencies 
and time lapses). The plots in Fig. 5 reveal variations in s(ΔR) and 
s(Δφ) for data sets collected at different frequencies, as observed 
in previous studies (Kemna et al. 2000; Flores Orozco et al. 2011; 
Flores Orozco et al. 2012b). Hence we performed the inversion of 
each data set with individual error values. This procedure was 
previously demonstrated to provide images of enhanced quality 
SIP monitoring data sets (Flores Orozco et al. 2011). High-
acquisition frequencies (>32 Hz) reveal a constant increase in the 
misfit between normal and reciprocal readings s(Δφ). This is most 

FIGURE 3

Phase measurements collected 

along array A (first three col-

umns) and array Y (last column) 

for selected dipoles. The open 

circle and cross symbols repre-

sent normal and reciprocal meas-

urements, respectively.
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concentrations of geochemical parameters measured in water 
samples collected in observation well D-03, where the highest 
changes in the phase images were observed (Fig. 7), as well as 
the spectral parameters obtained from fitting the Cole-Cole 
model to pixel values extracted from the electrical images in the 
vicinity of observation well D-03 (mean value of the inversion 
results between 3–6 m depth and between 14–15 m along the 
direction of the array). Analogously, for array Y we present geo-
chemical concentrations measured in wells U-01, D-01, D-05 
and D-09 and their corresponding Cole-Cole parameters (i.e., 
between 3–6 m depth and 11–12; 17.5–18.5; 20–21; and 
24–25  m along the direction of array Y). Figure  8 shows the 
spectral complex conductivity response (open symbols) for the 
selected pixels of array A for the different time lapses (on the 
top) and for the pixels extracted at different locations along array 

to the presence of both pre-existing metallic minerals and those 
precipitated in previous experiments at the same location 
(Qafoku et al. 2009; Wilkins et al. 2009; Flores Orozco et al. 
2011; Williams et al. 2011; Campbell et al. 2012).

Images of the real component of the complex conductivity 
show only modest variations with measurement frequency and 
only minor changes between measurements collected at different 
periods of the biostimulation (data not shown). Meanwhile, 
images of the polarization effect (σ´´) reveal considerable 
changes in the frequency response (as presented in Fig. 7), for 
different periods during biostimulation (array A) and at different 
locations (array Y).

Table 1 presents a summary of the relevant geophysical and 
geochemical parameters observed at different periods in array A 
and at different locations along array Y. For array A, we present 

FIGURE 4

Plots of the measured resistances R (at 0.06 Hz on the first column) and phase values φ (at selected frequencies on columns 2–7). Each measurement 

is represented by a pixel, with the x-coordinate given by the number of the first current electrode (A) and the y-coordinate given by the number of the 

first potential electrode (M) for each 4-electrode measurement (A-B, M-N, where AB and MN represent the current and potential electrodes respec-

tively). White pixels represent non-existing measurements (i.e., where an electrode would be used for current injection and voltage measurement 

simultaneously). Normal and reciprocal measurements can be identified in each plot at the top and bottom, respectively, of the main white diagonal. 

Gradient measurements are those pixels associated with the larger numbers of A and B (>25).



Time-lapse spectral induced polarization imaging 537

© 2013 European Association of Geoscientists & Engineers, Near Surface Geophysics, 2013, 11, 531-544

chargeability is the product of the chargeability (m) and the DC 
conductivity (σ0). It provides a direct measure of the polarization 
magnitude (Lesmes and Frye 2001) and has been related to the 
specific internal pore surface area (e.g., Slater et al. 2005; Weller 
et al. 2010). Images of array A in Fig. 9 reveal a slight increase 
(4.6%) in the conductivity values (σ0) during the amendment 
injection (t1), most likely related to the increase in groundwater 
electrical conductivity (17% from values presented in Table  1) 
due to the injection of acetate and bromide salts. This period is 
characterized by a rapid decrease in the concentration of dis-
solved uranium (U(VI)), coincident with a significant decrease in 
the polarization effect (plots of m and m

n
 in Fig. 9). An increase 

in the fluid conductivity (σ
w
) due to the acetate injection may 

explain the decrease in the polarization effect due to enhanced 

Y (at the bottom), along with the Cole-Cole model response 
based on the inverted parameters presented in Table  1 (solid 
line). Although some discrepancies can be found between the 
observed phase response and the fitted Cole-Cole model 
response, the spectra are fairly well recovered, in particular with 
respect to the position (τ) and amplitude (m) of the phase peak. 
The uncertainty in the fitted Cole-Cole parameters to spectra in 
Fig. 8 (as presented in Table 1) also reveals low values, i.e., a 
good determination.

Images of Cole-Cole parameters
In order to better evaluate the distribution of spectral (i.e., Cole-
Cole) parameters and their correlation with spatiotemporal 
changes in the subsurface accompanying the biostimulation pro-
cesses, we fitted a Cole-Cole model to all pixel values for the 
resistivity and phase images. Figure 9 shows the resulting images 
for the Cole-Cole parameters σ0, τ, m and c, as well as for the 
normalized chargeability (mn) for both arrays. The normalized 

FIGURE 5

Computed standard deviation of the discrepancy between normal and 

reciprocal resistance (s(ΔR)), in Ω) and phase (s(Δφ)), in mrad) measure-

ments at different frequencies along array A (first three columns) and 

array Y (last column).

FIGURE 6

Images of the real (top), phase (middle) and imaginary (bottom) compo-

nents of the complex conductivity for background data collected at 

0.5 Hz in array A. The depth of the water table is marked for each image 

(dashed black line), as well as the position and depth of observation wells 

D-01 to D-04(solid lines). The position of the electrodes is indicated at 

the surface (black dots). At the bottom, a representative lithological col-

umn of the site is given for comparison.
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N’Guessan et al. 2010; Williams et al. 2011; Campbell et al. 
2012). Images for array Y reveal spatial changes consistent with 
temporal variations observed in array A for different periods of 
the biostimulation (i.e., at different groundwater geochemical 
compositions, as reported in Table 1). Images of spectral param-
eters in array Y reveal a noticeable increase in τ and m values 
downgradient the injection gallery, as expected due to the pre-
cipitation of metallic minerals. The low values of the Cole-Cole 
exponent c (< 0.5), presented in Fig. 9, are reasonable for uncon-
solidated sediments in areas where no precipitation of metallic 
minerals is expected (i.e., areas located upgradient from the injec-
tion gallery). The absence of metallic minerals results in a modest 
polarization response and the lack of a clear frequency peak (for 
frequencies below 32 Hz), explaining the low values in c.

Although recent studies have demonstrated that measurable 
SIP responses can arise due to the accumulation of biofilms and 
microbial cells (Atekwana and Slater 2009 and references 
therein), such effects are related to very modest phase values (|φ| 
< 2 mrad) in comparison with the typical response associated 

electrical electrolyte conduction, as also observed in laboratory 
studies (e.g., Slater et al. 2005). Moreover, the depletion of elec-
troactive ions (Fe(II)) and the accumulation of aqueous sulphide 
(ΣH2S) (as presented in Table 1) have also been correlated with a 
decrease in the polarization response in previous experiments at 
the site (Flores Orozco et al. 2011). Images of the spectral param-
eters for data collected after cessation of amendment injection 
(t2) in Fig. 9 show a significant increase in the polarization effect 
(m and m

n
 values), likely related to the precipitation of metallic 

minerals, the decrease in the groundwater electrical conductivity 
and the increase in the concentration of electroactive ions (Fe(II)), 
as presented in Table 1. Moreover, a significant increase in τ val-
ues is noticeable, which, we hypothesize, is related to the pre-
cipitation of metallic minerals, as predicted by the model pro-
posed by Wong (1979) and observed in laboratory experiments 
(Williams et al. 2005). The precipitation of iron monosulphides 
(FeS) accompanying bio-stimulation experiments at the site has 
been demonstrated by a number of geochemical and microbio-
logical evidences (as reported in, e.g., Wilkins et al. 2009; 

TABLE 1

Geochemical and fitted Cole-Cole parameters reported at different time lapses. The geochemical parameters were measured in water samples in the 

indicated observation wells. The Cole-Cole parameters were fitted to spectra presented in Fig. 8. The uncertainty associated to each Cole-Cole param-

eter is also presented.

Array A [D-03]

  pre-injection injection post injection

log10 σ [mS/m] 0.905 ± 0.069 0.95 ± 0.069 0.902 ± 0.071 

log10 τ [s] -0.69 ± 0.11 -0.43 ± 0.39 0.34 ± 0.5

m [-] 0.085 ± 0.01 0.044 ± 0.02 0.091 ± 0.04

c [-] 0.85 ± 0.12 0.68 ± 0.32 0.71 ± 0.26

Acetate [mM] 0.0 5.9 0.8

U(VI) [μM] 0.8 0.3 0.3

Fe(II) [μM] 66.2 9.9 30.9

∑H2S [μM] 9 762 92

log10 σw [mS/m] 2.44 2.51 2.45

Array Y [after stopping the amendment injection]

  U-01 D-01 D-05 D-09

log10 σ [mS/m] 0.83 ± 0.069 0.76 ± 0.069 0.868 ± 0.069 0.879 ± 0.069

log10 τ [s] -0.69 ± 0.68 -0.44 ± 0.19 -0.6 ± 0.09 -0.88 ± 0.10

m [-] 0.027 ± 0.02 0.079 ± 0.02 0.129 ± 0.01 0.115 ± 0.01

c [-] 0.36 ± 0.51 0.69 ± 0.17 0.76 ± 0.09 0.77 ± 0.09

RMSE 2.1 2.3 1.9 2.2

Acetate [mM] 0 1.1 1.6 0.9

U(VI) [μM] 1.1 0.2 0.4 0.7

Fe(II) [μM] 2.5 59.1 7.2 58.9

∑H2S [μM] 11 5 685 9

log10 σw [mS/m] 2.43 2.45 2.49 2.49
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DISCUSSIONS
Based on the time-lapse images computed for τ, we might esti-
mate the change in the characteristic length scale of the polariza-
tion processes in the pore space accompanying the precipitation 
of metallic minerals by means of an established relationship 
between the relaxation time (τ) and the mineral particle radius 
(r). First outlined to describe the frequency dependence of the 
electrochemical polarization around colloidal particles (Schwarz 
1962), the relationship was later explored for the characterization 

with polarization due to metallic minerals (|φ| > 20 mrad) (e.g., 
Flores Orozco et al. 2011). As such, phase anomalies associated 
with biological processes other than biomineralization may be 
difficult to detect at the field scale, with any response over-
whelmed by changes in pore fluid chemistry and precipitation of 
metallic minerals (Flores Orozco et al. 2011). For this reason, we 
intentionally restrict our interpretation of the anomalous SIP 
response to charge transfer processes associated with biominer-
alization and temporal variations in pore fluid composition.

FIGURE 7

Images of the polarization 

response, i.e., imaginary compo-

nent of the complex conductivity 

(σ´´), for measurements collected 

in arrays A and Y at different fre-

quencies (measurement frequen-

cy indicated in the label on the 

y-axis). Black dots indicate the 

position of the electrodes at the 

surface. Dashed black lines indi-

cate the location of observation 

wells D-04, D-03, D-02 and D-01 

(from left to right) for array A; 

and U-01, D-01, D-05 and D-09 

for array Y (from left to right). 

The solid black line represents 

the intersection between array A 

and Y.

FIGURE 8

Spectral response of the complex 

conductivity for selected pixels. 

On the top: values extracted from 

the inverted images of array A at 

the location of well D-01, for data 

collected before the amendment 

injection (t0), during the injection 

(t1) and after cessation of the 

amendment injection (t2). On the 

bottom: values extracted from the 

inverted images of array Y at the 

location of wells U-01, D-01, 

D-05 and D-09 at time t3. The 

solid lines represent the fitted 

Cole-Cole models, corresponding 

to the parameters presented in 

Table 1.
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In this study we have proposed a methodology that improves 
the quality of SIP field measurements for a broad frequency 
bandwidth, as presented in Figs 3–5. The quantification of data 
uncertainty was performed by means of statistical analysis of the 
normal and reciprocal data sets.

To investigate the uncertainty in the fitted Cole-Cole param-
eters, we present in Fig.  10 (first row) the standard deviation 
(denoted as δ) taken from the model covariance matrix of the 
fitted spectral parameters σ0, τ, m and c (for a complete descrip-
tion of the computation of the model covariance matrix we refer 
to Menke 1984, Kemna 2000 and Xiang et al. 2002). We only 
present the computed uncertainty (δ) for the images of array A 
for baseline measurements, as the others show similar results. 
The computed value (δ) quantifies the estimation error in the 
parameters for a given data confidence. The confidence level in 
our study is based on the data uncertainty as estimated from the 
normal-reciprocal analysis. Figure  10 reveals that Cole-Cole 
parameters are well determined (i.e., related to low-uncertainty 
values) for areas below groundwater level (~2.5 m) and down-
gradient the injection gallery (between ~10 and 20 m along the 
profile direction). Unsaturated materials and areas away from the 
injection gallery (i.e., with a negligible volume fraction of metal-
lic minerals relative to biostimulated locations) are associated 
with a low-polarization response, as presented in Figs 6–8. 

of metallic minerals (Wong 1979). The model proposed by Wong 
predicts a linear increase in τ with increasing radius of spherical 
metallic minerals and was recently applied to data from labora-
tory experiments to quantify the particle size of precipitated 
minerals during biostimulation (Williams et al. 2005; Slater et al. 
2007). Based on this model, it is possible to estimate a 10% 
increase in the size of metallic minerals downgradient the injec-
tion gallery due to accumulation of freshly precipitated iron 
monosulphides. However, prior to further quantitative interpreta-
tion it is important to assess the reliability of the obtained 
images of spectral parameters.

Complex conductivity imaging is a non-linear, ill-posed 
inverse problem, with typically a range of models explaining the 
data equally well (non-uniqueness). Therefore, petrophysical 
quantities derived from corresponding inversion results should be 
interpreted with caution. In addition to this, the determination of 
the Cole-Cole parameters from the imaged complex conductivity 
spectra involves a second non-linear, ill-posed and non-unique 
inversion step. Hence, these final results are affected by uncer-
tainties in: (i) the data (i.e., measured electrical impedances); (ii) 
the inverted models of complex conductivities (i.e., magnitude 
and phase of the complex conductivity); and (iii) the fitted Cole-
Cole parameters for each pixel. Therefore, petrophysical quanti-
ties obtained from inversion results should be taken with caution.

FIGURE 9

Images of Cole-Cole parameters computed for pixel values extracted from the inverted images of array A for data collected before the amendment 

injection (t0), during the injection (t1) and after cessation of the amendment injection (t2) and for array Y (t3). The depth of the water table is marked 

for each image (dashed line), as well as the position of the electrodes at the surface (black dots). The solid line indicates the position at which array A 

and array Y intersect.
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sets reveals discrepancies of 5% in magnitude (|σ|) and phase (φ) 
values (data not shown). We explain this discrepancy as a result 
of inverting synthetic data using the error parameter values 
obtained for field measurements. Fluctuations in the injected cur-
rent and changes in the contact resistances (among other sources 
of random error) need to be accounted for in the inversion of 
field data; however, this is not the case for the synthetic data sets, 
which are only affected by modelling errors. Hence, we consider 
that the discrepancy between real and numerical inversion results 
is only related to the inversion of numerical data to an inadequate 
error level.

In Fig. 10 (second row) we present the deviation (e.g., abso-
lute error) in the Cole-Cole parameters as obtained for field and 
synthetic data sets. We only present these results for the back-
ground data collected in array A, as the corresponding images for 
the other measurements reveal similar patterns. In Fig. 10 (the 
second row) it is possible to observe that discrepancies (between 
field and synthetic data) in σ0 are relatively high (20%) for lower 
σ0 values (as presented in Fig. 9). As expected, high discrepan-
cies (>40%) are observed for the rest of the Cole-Cole parame-
ters in the regions associated with high uncertainty (δ) in the 
Cole-Cole parameters. On the other hand, saturated materials 
and downgradient the injection gallery reveal negligible discrep-
ancies in τ and c. However, the chargeability (m) also reveals 
high discrepancies (~20%) between images for field and syn-
thetic data in the region downgradient the injection gallery. We 
explain the observed inaccuracy in σ0 and m values as the result 
of fitting the synthetic data to an inadequate error level, leading 
to shifts in the amplitude of the spectral response (a shift in the 
y-axis in the spectra, for example presented in Fig. 8). The spec-
tral position of the phase peak (i.e., the frequency at which the 
stronger response is observed) and the shape of the spectra, 
however, are not significantly affected by this, explaining the 
consistent values for τ and c.

In this study we performed independent inversions of data 
collected at different frequencies (and time lapses) and in a sec-
ond step fitted Cole-Cole parameters to the recovered spectra. 
Inversion was performed accounting only for 2D spatial regu-

Moreover, such spectra lack a clear frequency peak leading to 
low c values, as presented in Fig. 9. The Cole-Cole model does 
not accurately describe the spectral response of such spectra (c < 
0.2 in our results), resulting in a high uncertainty in the estimated 
τ, m, and c values, as presented in Fig.  10(b–d), respectively. 
Here it is also important to mention that a low-polarization 
response will be strongly affected by noise in the data (due to the 
lower S/N), leading to distorted spectra and thus also to high 
uncertainties (δ) in the recovered Cole-Cole parameters.

The uncertainty presented in Fig. 10 (first row) is only related 
to the fitting of Cole-Cole parameters. However, it is still neces-
sary to investigate the accuracy in the tomographic inversion of 
the SIP data and in the subsequent Cole-Cole parametrization. 
The analysis of the resolution matrix has been proposed to evalu-
ate the uncertainty of inverted (real-valued) conductivity images 
(e.g., Ramirez et al. 1995; Alumbaugh and Newman 2000; Day-
Lewis et al. 2005). However, as discussed, for instance by Meju 
(1994), a high resolution does not necessarily imply that the 
inverted image is accurate or reliable.

To investigate accuracy (i.e., the extent to which our imaged 
values match a given model) of our images, we performed a 
numerical study. A similar approach was followed by Nguyen et 
al. (2009) for the assessment of (real-valued) electrical conduc-
tivity images. Our analysis is based on the following steps: (i) the 
inversion results (i.e., distribution of complex conductivity) 
obtained for each data set (collected at different time lapses) 
were used as input for the forward calculation of synthetic data 
(i.e., simulated electrical impedances) using the same measure-
ment protocol as for the field data; (ii) inversion of the synthetic 
data was performed using the same settings as for the inversion 
of the field data (e.g., error parameters); (iii) Cole-Cole param-
eters were fitted to the inversion results of the synthetic data 
(hereafter denoted as σ0s, τs, ms and cs) analogously to the fitting 
performed for the field data; and (iv) we quantified the deviation 
between the given model (images of Cole-Cole parameters for 
field data) and the images of spectral parameters for synthetic 
data (as presented in the second row in Fig. 10).

Comparison of inversion results for field and synthetic data 

FIGURE 10

Top: uncertainty (δ) of the fitted 

Cole-Cole parameters for back-

ground field measurements col-

lected in array A (first row). 

Bottom: discrepancy in the Cole-

Cole parameters computed for the 

field (indicated by the subscript r) 

and the synthetic (indicated by 

the subscript s) data.
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typically the case for field experiments, this study does not address 
the quantification of changes in the pore-scale geometry. However, 
we believe that the images here presented might be relevant for the 
upscaling of relationships observed in the laboratory.

CONCLUSIONS AND OUTLOOK
In this study, we have presented field procedures aiming at the 
collection of SIP data sets in the frequency bandwidth from 
0.06–256 Hz. These procedures are based on the deployment of 
non-polarizing electrodes (to reduce polarization effects occur-
ring at the electrodes), coaxial cables connecting the equipment 
with the electrodes (to reduce the electromagnetic coupling 
effects in the data) and adequate configuration protocols (to 
reduce acquisition times). Analysis of the data demonstrated a 
low misfit between normal and reciprocal readings, particularly 
for acquisition frequencies below 64 Hz. The measured spectra 
revealed a significant peak in the low-frequency range (< 64 Hz). 
The data sets represent a frequency bandwidth broader than in 
previous studies performed at the site, which permitted the esti-
mation of spectral (i.e., Cole-Cole) parameters. We have demon-
strated that spatiotemporal variations observed in the images of 
Cole-Cole parameters are consistent with changes in groundwa-
ter geochemistry (groundwater electrical conductivity and con-
centration of electro-active ions) and the precipitation of iron 
sulphides (FeS) accompanying the stimulation of subsurface 
microbial activity.

A numerical study was presented to assess the uncertainty in 
the computed images of Cole-Cole parameters. Based on our 
analysis, τ values appear to be the most robust of the spectral 
parameters in an imaging framework, as they primarily depend 
only on the frequency at which the strongest polarization 
response is observed; whereas σ0 and m may be quantitatively 
affected by changes in groundwater electrical conductivity (σw) 
as a result of amendment injections.

Further research should be particularly conducted on improved 
polarization models in the presence of metallic minerals, in order 
to enable the quantitative correlation of SIP parameters (e.g., m, τ) 
with changes in the size and volume of metallic minerals within 
the saturated pore space. Such work is important for improving 
estimates of hydraulic properties of the aquifer and changes in 
such properties that can accompany bioremediation.
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larization. As an alternative approach, the multi-frequency data 
sets may be inverted simultaneously (e.g., Son et al. 2007), 
which, however, would require additional regularization in the 
inversion with respect to the spectral behaviour (frequency regu-
larization). This could be either implemented using a smoothness 
constraint as usually done for spatial regularization in imaging 
applications, or by directly implementing a specific electrical 
relaxation model – such as the phenomenological Cole-Cole 
model, a superposition of Debye models, or even a more com-
plex mechanistic model – to ensure that the inverted spectral 
response is in harmony with the expected frequency behaviour 
and/or polarization mechanism. Although the inclusion of spec-
tral regularization may improve the quantitative interpretability 
of images inverted from multi-frequency data, the study of 
Nguyen et al. (submitted to Near Surface Geophysics) demon-
strates that data quality and an adequate data error parametriza-
tion play a key role in quantitative imaging of multi-dimensional 
data sets. Also, additional regularization requires the introduc-
tion of an additional weighting (regularization) parameter, bal-
ancing between the different types of regularization (such as 
spatial versus spectral, or temporal versus spectral), the most 
appropriate value of which might be difficult to find in practice. 
In addition to this, simultaneous inversion of multi-dimensional 
data sets (spatial, temporal and/or spectral, as presented in this 
study) requires significant computation times and resources.

Our results suggest that it is possible to rely on the computed 
images and changes in τ; whereas σ0, φ and m quantities may be 
affected by distortions related to the inversion or to the fitting of 
Cole-Cole parameters. However, we consider that the interpreta-
tion of changes in terms of petrophysical parameters remains chal-
lenging. Further research is required, considering that the Wong 
model (Wong 1979) relates changes in τ due to increases both in 
the size (through accumulation and mineral growth) and in the 
volume fraction of the metallic minerals. Pelton et al. (1978) also 
reported an ambiguous trend between the time constant (τ) and the 
volume and/or the size of iron sulphides. Furthermore, Wong and 
Strangway (1981) demonstrated that the volume of metallic miner-
als might be underestimated in the model proposed by Wong 
(1979) if the shape of the minerals is not spherical, which is most 
probably the case in our study, due to the accumulation/growth of 
metallic nanominerals within a non-spherical pore space. In addi-
tion to this, the study performed by Slater et al. (2005) reported 
changes in τ associated with changes in groundwater electrical 
conductivity (σ

w
) for measurements collected in sand samples 

containing metallic minerals. Weller et al. (2010) proposed a 
model linking the polarization effect (σ´´) and the surface area (of 
metallic minerals) per unit pore volume. However, our results 
exhibit a significant change in the polarization response (σ´´) at 
different frequencies (< 64  Hz), which is not addressed in the 
model proposed by Weller et al. (2010).

Regarding the lack of an adequate petrophysical model and 
extensive ground truth information (e.g., direct measurements of 
volume or size of precipitated minerals at different time lapses) as 
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