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Accounting for spatially variable resolution in electrical resistivity
tomography through field-scale rock-physics relations

Kamini Singha' and Stephen Moysey?

ABSTRACT

A number of issues impact electrical resistivity tomogra-
phy (ERT) inversions: how ERT measurements sample the
subsurface, the nature of subsurface heterogeneity, the geom-
etry selected for data collection, the choice of data-misfit cri-
teria, and regularization of the inverse problem. Lab-scale
rock-physics models, typically used to estimate solute con-
centration from ERT, do not accommodate or account for
these issues and therefore produce inaccurate geophysical es-
timates of solute concentrations. In contrast, the influence of
measurement sensitivity and inversion artifacts can be cap-
tured by pixel-based rock-physics relationships, determined
using numerical analogs that recreate the field-scale ERT ex-
periment based on flow and transport modeling and a priori
data. In the 2D synthetic example presented here, where ERT
is used to monitor the transport of a saline tracer through the
subsurface, improved estimates of concentration are ob-
tained when field-scale rock-physics relationships based on
numerical analogs are used.

INTRODUCTION

The inversion of the voltages measured in an electrical resistivity
tomography (ERT) survey produces maps of electrical resistivity,
which can be used to infer changes in electrical properties, such as
those caused by the transport of saline tracers in the subsurface. Sol-
ute concentrations then can be determined if a rock-physics relation-
ship between electrical resistivity and concentration has been estab-
lished. However, geologic heterogeneity, variations in the sensitivi-
ty of the resistivity measurement, and the effects of image recon-
struction may require the rock-physics relationship to be spatially
dependent. Consequently, empirical rock-physics relationships de-
termined in the field may not apply throughout the region imaged by
the ERT survey (Day-Lewis etal., 2005).

The recent work of Moysey et al. (2005) developed a framework
for understanding how field-scale rock-physics relationships are im-
pacted by the spatially varying resolution of geophysical surveys.
The methodology consisted of using stochastic simulation to build a
set of numerical analogs to a field experiment, which was used to
predict the relationship between subsurface water content and di-
electric constants determined by cross borehole radar tomography.
Improved water content estimates were obtained when the numeri-
cal analogs were used to infer the field-scale rock-physics relation-
ship between dielectric constant and water content, compared to
when the lab-scale Topp equation (Topp et al., 1980) was used to
transform the field-scale dielectric constants to water content.

It is unclear whether a similar field-scale rock-physics approach
could be used to improve estimates of solute concentrations from
ERT surveys. Stationary prior covariance models, used in Moysey et
al. (2005), do not carry sufficient information to be fully representa-
tive of the characteristic shape of a solute plume. Additionally, ERT
surveys involve different imaging challenges than radar tomogra-
phy; ERT measurements are most sensitive to resistivity contrasts
near the electrode positions, whereas radar tomography provides the
best estimates of properties between the wells, where the highest
density ray coverage occurs (Day-Lewis et al., 2005).

In this work, we present a 2D synthetic example to demonstrate
the difficulty in obtaining accurate estimates of concentration from
an ERT survey using traditional rock-physics approaches, e.g., Ar-
chie’s law (Archie, 1942). We then investigate whether a numerical
analog approach to field-scale rock physics can be used to obtain im-
proved estimates of solute concentrations. We use a process-based
approach, i.e., flow and transport modeling, to generate the numeri-
cal analogs.

DESCRIPTION OF APPROACH

The numerical experiment we perform to investigate the ability of
ERT to image a solute plume is based on a test where a saline tracer is
introduced to the subsurface at an injection well and subsequently
captured at a production well pumping at a higher rate than the injec-
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tion rate. A simple flowchart describing the field-scale rock-physics
approach is shown in Figure 1 and will be discussed in more detail
later.

Overview of the reference case

Throughout this paper, reference case refers to the specific set of
parameters and modeling choices used to perform the two-well trac-
er test and determine the resistivity distribution with ERT. To create
the reference case, we performed a 3D steady-state, unconfined
aquifer-flow simulation with MODFLOW-96 (Harbaugh and Mc-
Donald, 1996), given a heterogeneous hydraulic conductivity field.
An ambient regional hydraulic gradient of 0.001 was set in the model
by establishing fixed head boundaries so that flow in Figure 2a is
from left to right. All other nonspecified boundaries were treated as
zero-gradient. The injection and pumping well were set 10 m apart,
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Figure 1. Flowchart associated with forming field-scale rock-phys-
ics relations. The goal is to produce analog models with concentra-
tion plume shapes and magnitudes similar to the true field scenario.
Note that standard estimation of concentration from ERT would not
use steps 1-5. Instead, the true resistivity map would be converted to
an estimate of concentration using a standard lab-scale relationship,
like Archie’s law.
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Figure 2. (a) The true concentration map produced by flow and transport modeling, (b)
the estimated concentration from application of Archie’s law to the inverted ERT tomo-
gram of the true map, (c) the mean of the 50 concentration realizations used to build the
concentration-resistivity analog models, and (d) the concentration based on field-scale
rock physics (RP). Estimation accuracy of concentrations based on (e) direct application
of Archie’s law to the ERT tomogram of the true data, (f) mean of the concentration real-
izations used for calibration, and (g) field-scale rock physics. The 1:1 line is dashed.
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parallel to the ambient gradient. The hydraulic conductivity field for
the reference case was modeled lognormal with a mean of 4.5 m/
day, a variance of In(K) of one, and a spherical variogram (horizon-
tal range = 8.4 m, vertical range = 2.8 m). Realizations were creat-
ed using SGSIM (Deutsch and Journel, 1992). The extraction rate
was set to three times the injection rate. Transport was simulated us-
ing MT3DMS (Zheng and Wang, 1999), given a constant effective
porosity of 0.39. We injected a 2000 mg/L conservative tracer for
eight days from 14.75-16.25 m below the surface, followed by the
injection of water with a background concentration of 50 mg/L.
Concentration boundaries were fixed ~ 100 m from the region with
the injection and extraction wells.

A 2D ERT experiment was simulated six days after the initial
injection. The concentration distribution for the reference case dur-
ing this time is shown in Figure 2a. Before simulating the ERT sur-
vey, solute concentrations were transformed to fluid conductivities
[where 1 mg/L equals 2 mS/cm (Keller and Frischknecht, 1966)],
which were subsequently converted to bulk resistivity using Arch-
ie’s law with a formation factor of five, a representative value for po-
rous sand. Note that although this value is assumed to be homoge-
neous and known in this study, Kemna et al. (2002) have shown that
in many cases, changes in bulk electrical conductivity can still be in-
terpreted as an absolute change in concentration in heterogeneous
environments.

The two ERT wells are positioned 14 m apart with the pumping
wells centered between them. Each ERT well is instrumented with
60 electrodes separated by 0.5 m in depth, allowing for collection of
1850 resistance measurements. The resistivity simulations were per-
formed on a nonuniform grid of 50 X 71 elements, but our analysis
focuses on the interior of the mesh where cells are regularly spaced
at 0.5 m. Zero-current-flow boundaries were placed 100 m from
the subgrid of interest. The ERT inversion routine used for this work
is based on Occam’s approach (Binley, personal communication,
2005). The inversion was performed on the same grid used for the
forward simulations, without adding measurement noise, including
model regularization with a discretized 2D second-derivative opera-
tor.
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1000 Our approach to building field-scale rock-
physics relationships relies on the use of numeri-
cal analogs of the real field experiment. In this
study, the reference case acts as our surrogate for
a real-world field experiment. We define an ana-
log as the set of field-scale parameters that are ob-
tained as the result of flow, transport, and ERT
forward and inverse simulations. The simulations
used to produce the analogs recreate the condi-
tions of the field experiment as closely as possi-
ble. Uncertainty in the distribution of subsurface
properties is addressed by creating multiple ana-
logs, each having a different hydraulic conductiv-
ity distribution. In this study, hydraulic conduc-
tivity analogs were created using the same meth-
odology described for the reference case. For the
specific example presented in this paper, the pro-
cedure for creating the reference case concentra-
tion field and resistivity tomogram is repeated 50
times to produce 50 numerical analogs, each

600

Concentration (mg/L)

200



Field-scale rock-physics relations for ERT A27

based on a different geostatistical realization of hydraulic conductiv-
ity (Figure 1).

For every analog, a pair of concentration-resistivity values is
formed at each pixel. Over the ensemble of analogs, a set of concen-
tration-resistivity points (50 in total) are obtained and used to fit a
linear relationship between the parameters at each spatial location.
As aresult, over the entire study region we produce 3500 field-scale
concentration-resistivity relationships, one for each pixel. Ultimate-
ly, this large set of linear relationships determined from the analogs
form the rock-physics model we use to convert each pixel in the re-
sistivity tomogram to concentration for the reference case.

RESULTS OF 2D SYNTHETIC ESTIMATION

The concentration field for the reference case is shown in Figure
2a. In comparison, the concentrations estimated by applying Arch-
ie’s law to the resistivity tomogram (Figure 2b, 2e) are significantly
lower due to poor sensitivity of the resistance data coupled with the
smoothing used in the inversion algorithm. Note that if ERT were
able to capture the true resistivity distribution perfectly, Archie’s law
would provide an accurate assessment of the concentration.

Figure 2c is the mean of the 50 concentration realizations pro-
duced to generate the numerical analog models in the field-scale
rock-physics approach. This average represents the concentration
estimate we might obtain using stochastic flow and transport model-
ing if we knew the site statistics and the pumping regime. The aver-
age also is the concentration map we would obtain using the field-
scale rock-physics approach if the ERT data contained no informa-
tion. Note that this concentration estimate fails to capture the high
and low concentrations (Figure 2f) and is unable to reproduce the
specific details of the plume shape.

The concentration estimate obtained from the resistivity tomo-
gram using the field-scale rock-physics relationships (Figure 2d, 2g)
gives the best match to the true plume shape and concentration mag-
nitudes (Figure 2a), a result that can be quantified by the lower rms
error achieved with this technique compared to the other two estima-
tion methods. The field-scale rock-physics estimate of the plume
better reproduces the shape of the plume and concentration magni-
tudes than the estimate obtained by taking the mean of the concentra-
tion realizations.

However, field-scale rock physics cannot account for all the issues
inherent in estimating concentrations based on ERT inversions, par-
ticularly if the electrical data hold little information about the evolu-
tion of tracer migration through space and time. For example, the
spatial sensitivity of ERT is not uniform, so our ability to image a
plume depends on the position of the plume in the subsurface. Figure
3ais the diagonal of the model resolution matrix for the initial back-
ground conditions; perfectly resolved model parameters take a value
of one in this plot. A reduced sensitivity of ERT to parameters in the
center of the model is apparent in Figure 3a. The consequences of
this spatially varying sensitivity are shown in Figure 3b. The rms er-
ror of the concentration estimate is improved only marginally by in-
cluding ERT data compared to the concentration estimates alone
when the plume is located in the center of the model. It is important
to note, however, that the field-scale rock-physics estimate and the
ensemble mean of the concentration realizations still provide better
concentration estimates than those obtained by applying Archie’s
law directly to the ERT inversions.

DISCUSSION

The field-scale rock-physics procedure that we have described
provides a method to account for variable measurement sensitivity
and the impact of regularization, thereby producing better concen-
tration estimates from ERT compared to those obtained from Arch-
ie’s law. In field applications, a priori information to produce the hy-
draulic conductivity fields can be based on geologists’ renditions of
the subsurface, two-point (or higher order) statistics from well data
(Hess et al., 1992), cores, outcrop studies, or other geophysical data
Rea and Knight et al., 1998. In field studies, the true site statistics are
unknown, and therefore many different conceptual models of geo-
logic heterogeneity may need to be considered. Different geologic or
experimental scenarios may lead to increased complexity in the
rock-physics relationships, thereby precluding the use of a linear re-
lation at each pixel and requiring the inference of posterior probabil-
ity distribution functions where uncertainty can be quantified.

Other considerations complicate field calibration. The impact of
errors in field data may be hard to assess, making selection of data-
misfit criteria for the inversion of analogs difficult to select. Repre-
senting all relevant processes at the field scale, such as surface con-
ductance in the presence of clays, may require explicit modeling.
Furthermore, to make quantitative assessments of concentration in
the field, 3D ERT data are necessary (Vanderborght et al., 2005). The
computational expense of producing the numerical analogs — spe-
cifically the inversion of the ERT data— may make this method bur-
densome for 3D data, considering present computational resources.

While we have only shown results for a single example here, this
method is flexible and can be used with alternative grid spacings,
electrode configurations, and data-collection geometries. The rela-
tive degree of improvement will depend on the situation and the pa-
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Figure 3. (a) Representative diagonal of the resolution matrix from a
background inversion. Values of one indicate perfectly resolved
model parameters. Resolution is plotted on a log scale and drops dra-
matically toward the center of the plane, where the model parame-
ters are poorly resolved. Boreholes are outlined in black. (b) The rel-
ative value of the ERT data for estimating concentrations is a func-
tion of the distance of the plume from the center of the array (an area
of poor sensitivity). The plotted rms=error ratio is obtained by di-
viding the rms error for the mean of the concentration realizations by
the rms error of the concentration estimates obtained using ERT in
conjunction with field-scale rock physics. An rms-error ratio of 1 in-
dicates that the ERT data contain no additional information regard-
ing the plume concentrations compared to the flow and transport
simulations. Values greater than one indicate that field-scale rock
physics improve the estimation of the plume concentrations. The
dotted line in 3a corresponds to the same location in 3b.
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rameters involved. A number of factors control how well field-scale
rock physics performs, including the sensitivity of inverted resistivi-
ties to ERT data, the accuracy of the realizations used in the simula-
tions, and the geometry used for data collection. In cases where the
geophysical information from ERT is noninformative, field-scale
rock physics cannot improve the concentration magnitudes beyond
what information is provided through transport simulation. Addi-
tionally, poor estimates of site hydrogeology, which are used to build
the analog models, may lead to inaccuracies regarding the location
and magnitude of the tracer plume.

We note that greater agreement between resistivities measured in
the lab and field can be attained by making improvements to ERT in-
version strategies. Ultimately, the improvements in ERT inversion
should enhance the accuracy of concentration estimates regardless
of the rock-physics approach applied. The advantage of the field-
scale rock-physics approach is that it allows for quantitative assess-
ment of the degree to which lab- or core-scale rock-physics informa-
tion is transferable between scales and provides a practical mecha-
nism for dealing with these scale changes.

CONCLUSION

We have provided a method to better estimate tracer concentra-
tions from ERT data. This approach also allows us to integrate our
knowledge of site hydrogeology and the effects of spatially varying
resolution in the tomogram to correct for inversion artifacts and the
sensitivity of ERT measurements. We have shown that, for the exam-
ple discussed in this paper, the field-scale rock-physics approach
was able to produce more accurate tracer concentrations from ERT
than traditional rock-physics techniques. Continued research will al-
low us to better quantify the impact of alternative geologic and ex-
perimental scenarios on this method and assess the viability of its ap-
plication to field data.
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