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ELECTRICAL RESISTIVITY SURVEYS AND DATA INTERPRETATION

Definition
Electrical survey - Mapping the subsurface resistivity by injecting an electric current into the
ground.

Electrode - Commonly a metal rod through which current is injected into the ground, or is
used to measure the induced voltage on the ground surface.

Least-squares resistivity inversion - Finding the subsurface resistivity model that minimizes
the sum of squares of the differences between the measured and calculated apparent
resistivity values.

Introduction
Electrical resistivity surveys map the subsurface structure by making electrical measurements

near the ground surface. An electric current is injected into the ground through two electrodes
and the voltage difference is measured between two other electrodes (Figure 1a). The true
subsurface resistivity can be estimated by making the measurements of potential difference at
different positions of the current and potential electrodes, converting these values into
apparent resistivity and then inverting the data set. The ground resistivity is related to various
geological parameters such as the mineral and fluid content, porosity and degree of water
saturation in the rock (Electrical properties of rocks). Over the past 25 years the resistivity
method has undergone rapid developments in instrumentation, field survey techniques, data
interpretation and novel applications in the geosciences. It has now become one of the
standard geophysical exploration techniques widely used in environmental, engineering,
hydrogeological and mining investigations.

The basic data from a resistivity survey are the positions of the current and potential
electrodes, the current (/) injected into the ground and the resulting voltage difference (AV')
between the potential electrodes (Figure 1a). The current and voltage measurements are then

converted into apparent resistivity (Instrumentation, electrical resistivity), p,, by using the

following formula

AV
Pa = k T > (1)
where & is the geometric factor that depends on the configuration of the current and potential

electrodes (Koefoed, 1979). Over the years, various electrode configurations (or arrays) have

been developed. Figure 1 shows the arrangements for some commonly used arrays. A



discussion on the merits of the different arrays are given by Dahlin and Zhou (2004), Szalai
and Szarka (2008) and Martorana et al. (2017). There has also been substantial work in
nontraditional arrays that maximizes resolution of the subsurface (Wilkinson et al., 2013) or
maximizes the use of unused channels on multi-channel resistivity meters (Cubbage et al.,
2017). Determining the true subsurface resistivity from the apparent resistivity values is the

data inversion problem.
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Figure 1. Common arrays used in resistivity surveys and their geometric factors. The current
is injected into the ground through the C1 and C2 electrodes while the voltage
difference is measured between the P1 and P2 electrodes. For the arrays with fewer
than four electrodes, the remaining electrodes are placed at sufficiently large
distances so that they do not affect the measurements.

Traditional profiling and sounding surveys

The resistivity survey method has its origin in the 1910s due to the work of the Schlumberger
brothers. Traditionally resistivity surveys were divided into profiling and sounding surveys.
The distances between the electrodes are kept fixed in a profiling survey, such as in the
Wenner survey (Figure 1a), and the four electrodes are moved along the survey line. The
data interpretation for profiling surveys was mainly qualitative. The second type of survey is
the vertical sounding method, such as with the Schlumberger array (Figure 1b), where the
center point of the electrode array remains fixed but the spacing between the electrodes is
increased to obtain deeper subsurface information. Apparent resistivity plotted as a function
of the current electrode spacing gives information on subsurface resistivity variations (Figure

2a).



Quantitative data interpretation for sounding surveys uses a one-dimensional (1-D) earth
model with a series of horizontal layers (Figure 2b). One commonly used method for 1-D
data inversion is the damped least-squares method (Inverse theory, linear) (Inman, 1975) that

is based on the following equation

[JiTJi + iiI]Aqi =Jig, (2)

where the discrepancy vector Ag contains the difference between the logarithms of the
measured and the calculated apparent resistivity values and Aq is a vector consisting of the

deviation of the estimated model parameters from the true model. Here, the model parameters
are the logarithms of the resistivity and thickness of the model layers. J is the Jacobian matrix
of partial derivatives of apparent resistivity with respect to the model parameters. i represents
the iteration number. A is a damping or regularization factor (Inman, 1975) that stabilizes the
ill-conditioned Jacobian matrix usually encountered for geophysical problems (Inverse
theory, singular value decomposition). Starting from an initial model (such as a homogeneous
earth model), this method iteratively refines the model so as to reduce the data misfit to a
desired level.

The resistivity sounding method has been used for many years, particularly in groundwater
exploration. It gives useful results for subsurface features (such the water-table) where a 1-D
model is an acceptable approximation. The greatest limitation of this method is that it does
not take into account lateral changes in the subsurface resistivity which can result in errors in
the interpreted resistivity and thicknesses of the layers. A two-dimensional (2-D) survey and

interpretation model is required for more accurate results.
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Figure 2. Example of (a) 1-D sounding curve and (b) layered earth model.



Two-dimensional resistivity imaging surveys

Since the early 1990s, development of the multi-electrode resistivity meter system
(Instrumentation, electrical resistivity) has made 2-D surveys a practical tool for mapping
moderately complex geological environments. The apparent resistivity measurements from
the survey are commonly plotted in the form of a pseudosection (Edwards, 1977). The
pseudosection (Figure 3a) is a useful method to present the data in a pictorial form and as an
initial guide for further quantitative interpretation. The pseudosection gives a distorted picture
of the subsurface because the shapes of the contours depend on the type of array used as well
as the true subsurface resistivity.

A 2-D model that consists of a large number of cells is commonly used to interpret the
data (Loke and Barker, 1996a). The finite-difference (Numerical method, finite difference) or
finite-element methods (Numerical method, finite element) are used to calculate the apparent
resistivity values for the 2-D model. A non-linear optimization method is then used to
automatically change the resistivity of the model cells, so as to minimize the difference
between the measured and calculated apparent resistivity values. The inversion problem is
frequently ill-posed due to incomplete, inconsistent and noisy data. Smoothness or other
constraints are usually incorporated to stabilize the inversion procedure such that numerical
artifacts are avoided. As an example, the following equation includes a model smoothness

constraint to the least-squares optimization method,

[JiTRdJi + )\‘iWTRmW]Aqi = JiTRdgi - ;“iWTRqui—l . (3)

W includes the roughness filters in the x-, y- and z- directions. Rq and R are weighting
matrices employed if the L1-norm inversion method is used (Farquharson and Oldenburg,
1998; Loke et al., 2003). One common form of the roughness filter is the first-order
difference matrix (deGroot-Hedlin and Constable, 1990), but the elements of the matrices can
be modified to introduce other desired characteristics into the inversion model (Pellerin and
Wannamaker, 2005; Farquharson, 2008). The method can also be modified to produce
'blocky' models for regions that are piecewise constant and separated by sharp boundaries
(Farquharson and Oldenburg, 1998; Loke et al., 2003). A number of computer-based software
packages are now available that can automatically carry out the inversion of a 2-D survey

data set in seconds.



Figure 3a shows an example of a measured apparent resistivity pseudosection from a
survey using the dipole-dipole array. The resistivity model after inversion is shown in Figure
3b. This survey was part of a long-term landslide monitoring program. From the base to the
top of the slope, the formations are the Lias Group Redcar Mudstone Formation (RMF),
Staithes Sandstone and Cleveland Ironstone Formation (SSF), and Whitby Mudstone
Formation (WMF). Slope failure occurs within the WMF in the upper parts of the slope
(Uhlemann et al., 2017).
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Figure 3. Example of (a) apparent resistivity pseudosection and (b) 2-D inverse model.

Three-dimensional resistivity imaging surveys

Since geological structures tend to be three-dimensional (3-D) in nature, a 3-D resistivity
survey and interpretation model (Figure 4) should give the most accurate results. Although it
has not reached the same level of usage as 2-D surveys, it is now more widely used in very
complex areas such as in many environmental (Chambers et al., 2006; Rucker et al., 2010)
and mineral exploration surveys (White et al., 2001; Bingham et al., 2006; Abbassi et al.,
2018). Many of the early 3-D surveys used the pole-pole array over relatively small grids (up

to about 20 by 20 electrodes) with measurements in different directions (Park and Van, 1991;



Loke and Barker, 1996b). The use of other arrays, such as the pole-dipole and Wenner-
Schlumberger, is now becoming more common in 3-D surveys that involve thousands of
electrode positions (White et al., 2001; Chambers et al., 2006). A true 3-D survey requires
placing of electrodes in the form of a 3-D grid. However, a more cost-effective strategy is
usually followed wherein 3-D data sets are collated from independent 2-D survey lines. This
strategy greatly reduces the cost of a 3-D survey and also allows for 2-D inversions of each
individual line. The data interpretation techniques used for 2-D surveys can be extended to 3-
D surveys (Loke and Barker, 1996b). Fast computer software that takes minutes to hours to
invert a 3-D data set (depending on size) on multi-core PCs is now available (Loke et al.,
2013). Other non-linear optimization methods such as neural networks, simulated annealing
and conjugate gradient techniques have also been used for resistivity data inversion (Pellerin
and Wannamaker, 2005).

Figure 4 shows an example from the Hanford site in Washington state, USA where liquid
waste of high ionic strength (mostly comprised of sodium nitrate) was disposed in trenches
and concrete cribs (Rucker et al., 2009). Different resistivity survey phases were carried out
using 2-D lines in different directions and with different spacings. The linear high resistivity
features near the surface are due to the trenches and concrete cribs. The leakage zones are
marked by the prominent low resistivity zones in the deeper regions.

The field survey and data inversion methods have been adapted for other types of
problems such induced polarization (IP) surveys (White et al., 2001; Fiandaca et al., 2013),
measurements across boreholes (Wilkinson et al., 2008), aquatic surveys (Rucker and
Noonan, 2013; Dahlin and Loke, 2018), for cylindrical geometries (Chambers et al., 2004; al
Hagrey et al., 2004), measurements with long electrodes (Rucker et al., 2010; Ronczka et al.,

2015) and mobile survey systems (Instrumentation, electrical resistivity).
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Figure 4. A 3-D survey (electrodes marked by black dots) and model. Blue regions have
resistivity of less than 100 ohm.m, while light-green and orange regions have resistivity

above 400 ohm.m.

4-D time-lapse surveys

In time-lapse surveys measurements using the same array configurations are repeated,
usually at regular intervals, to monitor temporal changes in the subsurface resistivity. The
least-squares optimization method can be modified for time-lapse surveys so as to minimize
temporal changes in the model resistivity values (Kim et al., 2009; Loke et al., 2014), as

shown by the following equation.

IR, + (1, W'R, W+a,M"RM)|Aq, = J'R,g, —(\, W'R,W+a,M"RM)q,, (4)

M is a difference matrix applied across the time models to minimize the difference in the
resistivity of each model cell and the corresponding cell for the next temporal model.
Sophisticated integrated monitoring data acquisition systems have been developed in
recent years (Rosquist e/ al, 2011; Uhlemann et al, 2017; Poje et al., 2018) that can
automatically carry out the measurements at preset times and transmit the data over the
internet to a processing center where it is automatically inverted. Figure 5 shows an example
from a survey to monitor the flow of a leaching reagent though a rock ore heap as part of a
secondary recovery method at a gold mine (Rucker et al., 2014; Poje et al., 2018). Plots of

the change in saturation (calculated from the change in the resistivity) show the regions



within the rock heap penetrated by the leaching reagent. The volumes of the regions covered

by the plumes provided an estimate of the value of the gold and silver extracted using the

known concentration of the metals.
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Figure 5. Stacked plumes of 5% saturation increase for different zones from injects at wells
W1 and W2 (a) side view; and (b) overhead view.



Summary

The electrical resistivity survey method has undergone tremendous changes over the past 25
years. While traditional resistivity profiling and sounding surveys are still used, 2-D imaging
surveys are now the method of choice for most areas as they can accurately map moderately
complex structures. The field equipment and computer interpretation software are widely
available. 3-D surveys now play an increasingly important role in very complex areas. In
many cases the 3-D data set is collated from a number of separate 2-D survey lines. There
have been rapid developments within the past decade in the instrumentation, data aquistion
and inverse modelling techniques for 4-D time-lapse surveys to monitor temporal changes in

the subsurface resistivity.
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