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ABSTRACT 

We are developing a new imaging technique, Electrical Resistance 
Tomography (ERT), to map subsurface liquids as flow occurs during natural or 
clean-up processes; ERT can also be used to map geologic structure. Natural 
processes (such as surface water infiltrating the vadose zone) and clean-up 
processes (such as air injection in the saturated zone, steam injection, 
emplacement of subsurface barriers) can create changes in a soil's electrical 
properties that are readily measured. We use these measurements to calculate 
tomographs that show the spatial distribution of the subsurface resistivities The 
information derived from ERT can be used by remediation projects to: monitor 
the effectiveness of clean-up processes, characterize hydrologic processes 
affecting contaminant transport, select appropriate clean-up alternatives, 
demonstrate regulatory compliance, and to verify the installation and 
performance of subsurface barriers. 

INTRODUCTION 

We have conducted laboratory and a variety of field experiments to 
investigate the capabilities and limitations of ERT for imaging underground 
structures and processes. ERT has been used in the laboratory since the mid-
1980's to study hydrologic properties of fractured rock. The technique allowed us 
to map the electrical resistivity inside a rock core under high pressure and 
temperature from resistance measurements made at the core's surface [Daily et 
al., 1987]. The technique was useful for visualizing processes such as water flow 
in fractures under simulated in-situ conditions. We have also carried out 
numerous ERT experiments on scale models and through computer simulations. 
This previous work demonstrated the potential for resistivity imaging. However, 
our goal has been to move ERT from a lab scale tool to a field scale technique. 
In the last two years we have used ERT to successfully monitor several field 



processes including: a subsurface steam injection process (for VOC removal), an 
air injection process (below the water table) for VOC removal, and water 
infiltration through the vadose zone (Daily et al, 1992, Ramirez et al, 1991 and 
1992). In this report, we show a sample of the results obtained during a steam 
injection test. 

Figure 1. Schematic diagram showing our data collection approach for ERT 
measurements, where I = source current, S = signal source, and V = voltage. 
Electrodes in each borehole make electrical contact with the formation. Current is 
driven through the formation from two electrode's and the potential difference is 
measured between other electrode pairs. The procedure is repeated for many 
combinations of source and receiver electrode positions in the same borehole or 
in different boreholes. Each pole in a transmitter or receiver dipole can be 
located in different boreholes. 

DESCRIPTION OF ERT 

We place a number of electrodes in each borehole to image the resistivity 
distribution between two boreholes, (Fig. 1). Using an automatic data collection 
and switching system, we then applied a known current to any two electrodes 
and measured the resulting voltage difference between other pairs of electrodes. 
Each ratio of measured voltage and current is a transfer resistance. Next, we 
switched to two other electrodes, applied current between two other electrodes 
and again measured the voltage differences using electrode pairs not being used 
for the source current. We repeated this process until many combinations were 
measured. For n electrodes there are n (n - 3)/2 linearly independent transfer 
resistances. 

Calculating the distribution of resistivity in the vicinity of the boreholes given 
the measured transfer resistances is a highly nonlinear problem because the 



current paths are dependent onihe resistivity distribution. This type of inversion 
has been widely studied by others. For example. Dines and Lytle (1981) used a 
circuit analysis approach to generate estimates of the conductivity using an 
iterative process on network equations that are linearized in the unknown 
conductance variables. Others tried different approaches with varying degrees of 
success [(e.g., Henderson and Webster (1978), Pelton et al. (1978), Nariida and 
Vozoof (1984), Kohn and Vogelius (1984), Wexler et al. (1985), Brown et al. 
(1985), Isaacson (1986)]. Recent work by Berryman and Kohn (1990) showed 
that using variational constraints can stabilize the inversion. 
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Figure 2. The reconstruction plane was modeled by a finite element mesh 8 
elements wide (between the boreholes) and 14 elements long (along the 
boreholes). The image plane height was in all cases 32 m (105 ft.) and its width 
was 18.3 m (60 ft.). Additional elements were used to model the resistivity 
external to the region between the boreholes. ' 

The ERT inversion process involves solving both the forward and inverse 
problems. The solution to the forward problem uses the finite element method 
(FEM) to compute the potential electrical response of a two-dimensional earth 
due to a three-dimensional source. To avoid the difficulty of numerically solving a 
three-dimensional problem, Poisson's equation is formulated in wave number 
domain using Fourier transformation in the strike direction. Additional details of 
this method are provided by LaBrecque (1989). 



SAMPLE OF RESULTS ' 

The site was near Lawrence Livermore National Laboratory in 
unconsolidated, interbedded alluvium consisting of days, sands and gravels. 
Steam was injected in one well between 27 and 47 m depth and extracted 
from another hole 19 m away in the same depth interval. Thirteen other 
wells, in a grid centered on the injection-extraction wells, were used to 
monitor the steam during 25 days of injection. Each of the boreholes used 
for ERT measurements contained eight electrodes spaced every 4.57 m (15 
ft.) between depths 16.77 m (55 ft.) and 48.77 m (160 ft.). Data from pairs of 
these holes were inverted to tomographically map the electrical resistivity 
distribution in 11 different image planes. 

The image plane width was in all cases 18.3 m (60 ft.) except for one case 
where the image plane width was 10.7 m (35 ft.). All reconstruction planes were 
modeled by a finite element mesh 8 elements wide (between the boreholes) and 
14 elements long (along the boreholes) as shown in Figure 2. Other elements 
were used to model the resistivity external to the region between the boreholes 
although their values are poorly constrained by the data and therefore are not 
reliable. The efficacy of ERT to detect the effects of the steam invasion was 
evaluated by comparing the tomographs with other independent data: lithologic, 
temperature and induction well logs An example of one such comparison is 
shown in Figure 3. 
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Figure 3. This figure shows the typical evolution of resistivity changes caused by 
steam invasion. The changes developed near one edge of the tomograph 
between 42 and 47 m depths after a few days of injection. Gradually, these 
changes spread laterally across the image plane as steam injection continued. 
The images are compared with temperature logs (shown on either side of the 
ERT images) collected along the same boreholes used for ERT. 



TECHNOLOGY IMPLICATIONS AND FUTURE PLANS 

Some of the desirable traits of ERT as a new environmental technology are 
as follows: 1-The technique minimizes the need for drilling monitoring wells while 
providing unprecedented detail of subsurface structures and processes. 2-Data 
acquisition rate is sufficient to allow detailed sampling of large subsurface regions 
in reasonable amounts of time. 3-Sensors are cheap and robust-pieces of 
stainless steel buried in the ground to depths of hundreds of feet; sensors can be 
placed in boreholes (alternatively they can be pushed into the ground thereby 
reducing need for drilling) and/or at the ground surface. 4-True 3 dimensional 
imaging is possible-not just a series of 2-D planes. 5- Borehole separation can 
range from a few tens to hundreds of feet. 6-The technology can be applied to a 
wide range of conditions and sites; it has been demonstrated in a variety of 
geologic environments. 

Possible environmental applications of ERT include the following. It can be 
used to monitor the progress of subsurface environmental clean-up processes 
(e.g., air injection, steam injection, radio frequency electromagnetic heating and 
low frequency heating) so that the processes can be adjusted and optimized in 
almost real time. ERT can also be used to map the movement of liquids in the 
vadose zone so that it can verify the emplacement and performance of surface 
and subsurface barriers; it can also be used to map liquid infiltration pathways 
through the vadose zone. 

This technology is sufficiently mature to be transferred to the commercial 
sector. Plans for technology transfers are being discussed with a few potential 
industrial partners at the time of writing. Close collaboration between industrial 
partners) and researchers will be required for a successful technology transfer 
effort. The industrial partner will learn the following during the collaboration 
period: how to build an automatic data acquisition system (most of the hardware 
used is commercial grade), how to collect data of sufficient quality for successful 
inversion, how to trouble-shoot data quality problems, how to discretize the 
inversion target efficiently and how to use the inversion algorithm correctly. 
Development and demonstration work still remaining includes: development of a 
3-D inversion algorithm, development of a faster data collection system, and 
development of induced polarization tomography for the possible detection of 
hydrocarbons. 
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