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is disclosed. Current is injected into the subsurface to measure electrical poten-
tials using multiple sets of electrodes, thus generating electrical resistivity
tomography measurements. A numeric code is applied to simulate the meas-
ured potentials in the presence of the metallic structures. An inversion code is
applied that utilizes the electrical resistivity tomography measurements and the
simulated measured potentials to image the subsurface electrical conductivity
distribution and remove effects of the subsurface metallic structures with
known locations and dimensions.
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METHOD OF IMAGING THE ELECTRICAL CONDUCTIVITY
DISTRIBUTION OF A SUBSURFACE

CROSS-REFERENCE TO RELATED APPLICATIONS

{0001] This application claims priority to U.S. Application Serial No.
14/447,443, filed july 30, 2014 titled “METHODS OF IMAGING THE
ELECTRICAL CONDUCTIVITY DISTRIBUTION OF A SUBSURFACE.”

hereby incorporated by reference in their entirety for all of their teachings.

44STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
OR DEVELOPMENT

{0002} This invention was made with Government support under Contract DE-
ACO5-76RL0O1830 awarded by the U.S. Department of Energy. The Government

has certain rights in the invention.

TECHNICAL FIELD
[6603] This invention relates to electrical resistivity tomography (ERT)
imaging. More specifically, this invention relates to ERT imaging of a

subsurface containing metallic structures with known locations and dimensions.

BACKGROUND
[0004] Direct current electrical resistivity tomography (ERT) is a robust and

well proven method of characterizing and monitoring the subsurface distribution
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of bulk electrical conductivity (Revil et al., 2012, Loke et al., 2013, Kemna et
al., 2006). Electrical conductivity is a useful metric for understanding
environmentally significant properties and processes because it is governed by
pore fluid chemistry, porosity, pore connectivity, saturation, mineralogy, and
grain size distribution (Slater and Lesmes, 2002, Revil and Glover, 1998,
l.esmes and Friedman, 2005). In some cases, only one of these properties
changes significantly in space or time, enabling spatial or temporal changes in
ERT-derived bulk conductivity to characterize the property or process in a
relatively unique manner.

[6605] ERT works by injecting current into the subsurface across a pair of
electrodes, and measuring the corresponding electrical potential response across
another pair of electrodes. Many such measurements are strategically taken
across an array of electrodes to produce an ERT data set. These data are then
processed through a computationally demanding process known as inversion to
produce an image of the subsurface conductivity structure that gave rise to the
measurements. Data can be inverted to provide 2D images, 3D images, or in the
case of time-lapse 3D imaging, 4D images.

[0006] Spatial and/or temporal changes in conductivity caused by
anthropogenic sources often originate from or are interspersed with buried
metallic infrastructure (e.g. transfer pipes, well casings, and storage tanks).
Being highly conductive, such infrastructure naturally tends to dominate and
degrade ERT images, reducing or e¢liminating the utility of ERT imaging under
otherwise favorable conditions. The forward model, a critical computational
component of ERT imaging, is used to simulate ERT data. As discussed further

herein, the forward model is the numerical solution to the Poisson equation,
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which provides the subsurface electrical potential arising from a known source
of current and known conductivity distribution discretized within a numerical
grid or mesh. Several authors have approached aspects of the infrastructure
problem by modeling metallic well casings as a line of highly conductive cells
relative to the background material (Zhu and Feng, 2011, Daily et al., 2004b,
Daily et al., 2004a, Ramirez et al., 1996, Rucker, 2012, Rucker et al., 2012,
Rucker et al., 2011, Rucker et al., 2010). Rucker et al., (2010) described the
general approach, whereby vertically stacked rectangular cells of high
conductivity are used to approximate a metallic well casing. To model the
casing as a long current source electrode, a point source is placed within one of
these cells, and the numerical solution is expected to adequately approximate
current flow through the wellbore, and the corresponding constant potential that
develops along the casing. The numerical inaccuracies with this approach for a
large jump in conductivity at the wellbore interface are well documented (Hou
and Liu, 2005, Kafafy et al., 2005, Liu et al., 2000, Yang, 2000). Namely, the
conductive discentinuity at the wellbore causes the forward solution matrix to
become ill-conditioned, with a condition number proportional 10 Gmetat/Gsoils
where ometat and Gg0;1 are respectively the conductivity of the well casing and the
conductivity of the host material (Klapper and Shaw, 2007). For example,
Rucker et al., (2010) noted inaccurate modeling results when modeling the
wellbore at 10,000 S/m within a 0.01 S/m host material. To compensate, they
used a wellbore conductivity of 167 S/m meter, noting that this provided the
most accurate match to the analytic solution for a homogeneous halfspace.
Actual conductivities for common metallic wellbore materials range from 1x106

to 7x106 S/m. Other infrastructure modeling applications to date include the
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work of Ricker and Glinther (2011), who demonstrated an approach for
accurately modeling non-point electrodes, but their method does not account for
the influence of metallic objects which are not used as electrodes.

{0007} F‘orward models using the direct modeling approach described above
on an orthogonal mesh suffer from another disadvantage in that arbitrary shapes
of metallic structures are difficult to efficiently model, particularly considering
the finely divided meshes necessary to model pipes and wells in true dimension.
in addition, the direct modeling approach cannot accommodate situations where
metallic structures are discontinuous in space, but electrically connected (e.g.
buried tanks connected by above-ground piping, buried pipes with electrically
insulated segments etc.). ERT is generally not well suited for environments with
buried electrically conductive infrastructure such as pipes, tanks, or well
casings, because these features tend to dominate and degrade ERT images. This
reduces or eliminates the utility of ERT imaging where it would otherwise be
highly useful for, for example, imaging fluid migration from leaking pipes,
imaging soil contamination beneath leaking subsurface tanks, and monitoring
contaminant migration in locations with dense networks of metal cased
monitoring wells. Ignoring or inaccurately modeling metallic infrastructure is a
significant source of forwarding modeling error. In practice, such errors
compromise imaging results because the imaging algorithm compensates for
forward modeling errors by incorrectly recovering the subsurface conductivity
distribution.

[0008] The capability to produce ERT images with confidence in the presence
of conductive infrastructure could be better assessed and significantly improved,

through more accurate forward modeling. What is needed is a method of
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imaging the subsurface electrical conductivity distribution that removes the
effects of the subsurface metallic structures.

SUMMARY

[6009] The present invention provides computational methods for ERT
imaging of subsurfaces containing metallic structures with known locations and
geometry.

[0010] In one embodiment of the present invention, a method of imaging
electrical conductivity distribution of a subsurface containing metallic structures
with known locations and dimensions is disclosed. The method includes
injecting electrical currents into the subsurface and measuring the resulting
electrical potentials using multiple sets of electrodes, thus generating electrical
resistivity tomography measurements. The method further includes applying a
numeric code to simulate the measured potentials in the presence of the metallic
structures. The method also includes applying an inversion code that utilizes
the electrical resistivity tomography measurements and the simulated measured
potentials to image the subsurface electrical conductivity distribution and
remove effects of the subsurface metallic structures with known locations and
dimensions.

[0011] In one embodiment, the numeric code is a forward model.

{0012] In one embodiment, applying the forward model to simulate the
subsurface potentials comprises a solution to a Poisson equation.

{0013] The Poisson equations include, but are not limited to, at least one of
the following: integral calculations, analytical calculations, numerical
calculations, partial solutions calculations, digital calculations, and an immersed

interface boundary condition solution,
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[0014] In onc embodiment, the inversion code is applied so that the simulated
electrical potentials match actual measured electrical potentials in the presence
of the metallic structures.

{6015] In one embodiment, applying the inversion code includes generating
an electrical conductivity distribution that minimizes error between the
simulated electrical potentials and the actual potentials measured in the presence
of the metallic structures.

[0016] In one embodiment, applying the forward model and the inversion
produces a reconstructed three-dimensional image of the subsurface electrical
conductivity, while removing the effects of the subsurface metallic structures.
[6017] The electrodes are, but not limited to, at least one of the following:
surface electrodes, well casing electrodes, arrays of point buried electrodes, and
the metallic structures with known locations and dimensions.

[0018] In one embodiment, a boundary of each metallic structure is
represented by nodes, faces, or segments of unstructured tetrahedral elements.
[0019] In another embodiment of the present invention, a method of imaging
electrical conductivity distribution of a subsurface containing metallic structures
with known locations and dimensions is disclosed. The method includes
injecting current and measuring the electrical potential of the subsurface with
mulitiple sets of electrodes in the presence of the metallic infrastructures, thus
generating electrical resistivity tomography measurements. The method also
includes applying a forward model to generate an electrical conductivity
distribution that minimizes error between the simulated electrical potentials and
actual measured electrical potentials, while removing the effects of the metallic

structures.
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[6020] In another embodiment of the present invention, a method of imaging
electrical conductivity distribution of a subsurface containing metallic structures
with known locations and dimensions is disclosed. The method includes
injecting electrical currents into the subsurface and measuring the resultant
electrical potentials using multiple sets of electrodes, thus generating electrical
resistivity tomography measurements. The method further includes solving a set
of Poisson equations to simulate the measured potentials in the presence of the
metallic structures, wherein a boundary of cach metallic structure is represented
by nodes, faces, or segments of unstructured tetrahedral elements. The method
also includes applying an inversion code that utilizes the measured potential and
the simulated potentials to produce a reconstructed three-dimensional image of
the subsurface electrical conductivity in the presence of the subsurface metallic

siructures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] Figure 1 shows a diagram of a general subsurface region containing
infinitely conductive inclusions €Q;...Q,, with surface boundaries 1'j...[,,
embedded within a finite conductivity host medium £ with electrical
conductivity op.

{00221 Figure 2 shows two types of tetrahedral elements that can form a
boundary, along with corresponding interior planes (P1-P6) used for local
CVFM current flux computations through an infinite conductivity inclusion.
[0023] Figure 3 shows a flow diagram illustrating the paraliel computation of

a forward simulation.
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[6024] Figure 4 is a conceptual diagram for the analytic solution to the
potential generated at a point from a line source pole current injection.

[0025] Figure SA shows a conceptual model of a system of buried metallic
storage tanks, transfer pipes, and monitoring wells.

[0026] Figure 5B is a cutoutl of the computational mesh used to model the
system of Figure SA.

{0027] Figure 6 shows A) computational mesh for current injection between
two line sources; B) partial solution for the line source at (6,0) m: C) partial
sclution for the line source at (20,0) m; D) Analytic solution — or potential
distribution per ampere of current injected; E) numeric solution; F) percent error
distribution; and G) percent error histogram.

[0028] Figure 7 shows A) computational mesh for a pole current source in the
presence of an infinite conductivity vertical line — e.g. well casing; B) partial
solution for the point current source; C) partial solution for the line source; D)
analytic solution — or potential distribution per ampere of current injected; E)
numeric solution; F) percent error distribution; and G) percent error histogram.
[0029] TFigures 8A and 8B show two examples of potential distributions
generated in the presence of the metallic subsurface infrastructure (tanks, pipes,

and wells) illustrated in Figures 5A and 5B.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[6038] The present invention relates to methods and systems of imaging the
electrical conductivity distribution of a subsurface containing metallic structures
with known locations and dimensions. In one embodiment of the present
invention, the method accurately accommodates the large conductivity contrast

typically existing between subsurface host materials and buried metallic
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structures. In one embodiment, the global solution to the Poisson equation is
decoupled at the metallic boundaries into a series of well-conditioned partial
solutions. Each partial solution is then scaled to honor known current flux
conditions based on the divergence theorem. Finally, the partial solutions are
superimposed to form the global solution.

[0031] In addition, other advantages of the present invention include, but are
not limited to, the following: 1) the solution can be formulated on an
unstructured tetrahedral mesh, enabling arbitrary shapes to be accommodated
efficiently; 2) discontinuous structures that are electrically connected can be
easily accommodated; 3) metallic objects can be used as current sources and/or
potential measurement electrodes; 4) no special requirements or adjustments are
required for the inversion problem; and 5) a method of singularity removal may
be provided without the necessity of an analytic solution (Weigmann and Bube,
1968), and 6) the method or algorithm can be implemented in parallel to
accommodate the computational demands of 3D imaging. With respect to
computational requirements, an additional forward solution may be provided for
each distinct metallic object, which is the computational equivalent of adding
one point source electrode to the inversion algorithm.

[0032] In one ecxample, the present invention allows for the imaging of
contaminated soil beneath a leaking tank using surface electrodes, well casing
electrodes, and/or vertical arrays of point source electrodes. The capability to
accurately model infrastructure with known dimensions and location — as
described in the present invention — enables ERT imaging to be accurately

assessed and executed.

9
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Subsurface electrical potential

[0033] The direct-current electrical potential arising from a given current
source is given by the Poisson equation:

Vo (r)\Vé(r) = J(r) eq. (1)

[60634] where ris a position vector, ois electrical conductivity, ¢is electrical
potential, and Jis the source current density. Given o, Jand appropriate
boundary conditions, the objective of the forward model is to solve equation 1
forg, which is measured at known electrode locations during an ERT
experiment. Consider the general subsurface region Q which is comprised of a
background sub-region Q with electrical conductivity o {r), and nsub-regions
Q,---Q,with infinite conductivity, such that the potential in each sub-region has
a unique, constant potential, designatedg, .--¢, as shown in figure 1. In this
example, the surface boundary (T, ) condition is Neumann, whereby the current

flux normal to the surface boundary is zero. In this example, the subsurface

boundary conditions are Dirichlet (1", ), and specify zero potential on each

subsurface boundary. In practice, the subsurface boundaries of the
computational mesh are placed far from the region of interest to approximate

zero potential at infinite distance. The sub-regions Q,..-Q, represent (for

example) electrically conductive well casings, pipes, or tanks with known
location and dimension that are assumed to have infinite conductivity. The error
introduced by the infinite conductivity assumption is insignificant under most
circumstances, as discussed below.

[6035] The solution to equation ! under the conditions shown in figure 1 is

computed herein using, as one example, a specific application of the more

10
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general framework described by Klapper and Shaw (2006), which provides a
generalization of the immersed interface boundary condition method for
accommodating large coefficient discontinuities in the numerical solutions of

elliptic and parabolic equations. In one embodiment, the global solution ¢, is
generated by 1) solving a series of well-conditioned partial solutions that are

decoupled at the discontinuous conductivity boundaries (i.e., I',---T', ), 2} scaling
the partial solutions to honor a set of known current flux conditions, and 3)
superimposing the partial solutions to provide the global solution. Below is
shown the development for the global solution arising from a single current
source with a current sink at infinite distance from the source, termed herein the
pole solution. To simulate an ERT data set, one such solution is generated for
every electrode used as a current source or sink. The total potential for any
source-sink electrode pair may then be generated by subtracting the pole
solution for the current sink electrode from the pole solution for the current
source electrode. This approach provides a significant computational savings
over explicitly computing the global solution for each measurement, the number

of which is typically much larger than the number of current source electrodes.

[6636] The pole solution for a point electrode located in Q, comprises n+l

partial solutions, one for the electrode and one for each of the » infinite
conductivity sub-regions. The partial solution for region Q, (4,) is given by

solving:

11
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V.oV, ) =Jr) re,

$(r)=0 rel, T,

oc(r)Vor)-n=0 rel, eq. (2)
(r)=0 rer,

[06037] where n is the unit normal vector to the corresponding surface. In

equation 2, the partial solution in region Q  is computed for given current
source in O (e.g. an electrode point source), with the potential at each infinite-

conductivity boundary set to zero, and the outer boundary conditions as
previousiy specified.

[6038]  The partial solution (¢, j=1---n) for region Q,, is given by solving:

Voo(@)Ve,(r)=0 reQ,
gry=0 rel’ T rel,
pry=1 rerl,
o(@)Ve(ry-a=0 rel
¢(r)y=0 rel

eq. (3)

§

{0039]  The solution to equation 3 provides the potential in Q, given a unit
potential on the infinite conductivity boundary I',, zero potential on the
remaining infinite conductivity boundaries, and outer boundary conditions as
previously specified.

166401  The partial solutions ¢, ---¢, provide the basis desired to construct the
global solution. However, direct superposition of ¢, ---4, will provide a global

solution that violates the known flux conditions through each infinite conductor.

Those conditions are given by the divergence theorem, which specifies:

[ oWV g(r)-ads = [ J(m)av eq. (4)

£y

12
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[0041] In this work there are two possible source conditions for equation 4.

In the first case there is no current source within Q.. and the right hand side of
equation 4 is zero. This represents the case were Q is not being used as a
current source electrode. When region €, is the current source electrode, the

right hand side of equation 4 is set to one in order to simulate ERT potential
measurements which are typically normalized to one unit of injected current.
{0042] The partial solutions are assembled to form the global solution by the

equation:

p) =g,y + Y Cg, () eq. (5)

{00437 where the scaling factors 7/ are chosen to satisfy the flux conditions
specified by equation 4. The scaling factors are determined by solving the

matrix equation:

f;,] f12 T f;,n r (“’1 - ]71

| F
o Ji=l0 ] ea (6)
f"’ " nf;}ﬂ §_ CYn Fﬂ

[0044]  where f is the current flux through Q, arising from §,(r), computed
as described in the forthcoming sections. £ is chosen to satisfy equation 4. For
example, if the current source is a point electrode within Q. then:

[0045] K =—f,i=l-n eq. (7)

{0046]  so that the net current flux out of Q.,i=1-.-n arising from ¢ is negated

by the cumulative current flux out of Q,,i=1...narising from C ¢ (r),j=1n.

{0047} Ifregion Q,, k=1---n is a non-point current injection electrode, then:

13
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(048] F=0ifi+k o
Flifi=k eq. (8)

[06849]  so that the net current flux from Q,is one unit, and the current flowing

out of the remaining infinite conductivity regions is zero. Note also that in this

case, ¢,(r)is zero because there is no current source within Q.

[0050] lLet sp be the number of point source electrodes and wmp be the

number of non-point source electrodes used to generate an ERT survey.
Inspection of equations 2 through 6 reveals that the forward simulation for an

ERT survey requires mpsolves of equation 2 (one for each point source

electrode), nsolves of equation 3 {one for each infinite conductivity region), and

np+nnpsolves of equation 6 (one for each non-point current source).

Numerical solution

{0051} Equations 2 and 3 are discretized and solved using the weak form
finite element solution on an unstructured tetrghedral mesh (Gunther et al.,
2006). The unstructured mesh enables arbitrary shapes to be accommodated,
and facilitates efficient modeling of complex structures (e.g. piping systems,
buried tanks etc.). Potentials are computed on the nodes of the mcsh, and
conductivities are specified on the mesh elements, each element being formed
by four bounding nodes. As will be shown, linear structures {e.g. pipes,
wellbore casings) can be accurately modeled as a series of connected nodes {e.g.
a line source), and 2D structures (e.g. sheet piles or other planar metallic
barriers) can be modeled as a mesh of connected nodes (e.g. a planar source). In
addition, because the potential of an infinite conductivity feature is everywhere

equal, it is only necessary to model the boundary of 3D structures, with

14
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boundary conditions as described in the previous section. Thus only the shells
of 3D structures are incorporated into the computational mesh, the internal
structure being hollow. Figure 5B shows an example of a computational mesh
incorporating buried tanks, pipes, and well casings that will be used in the

forthcoming synthetic modeling and inversion demonstration.

Flux computations

[0052] To solve equation 6 for the flux scaling factors (), the current flux
terms f  comprising the left hand side matrix is computed. It is well known

that finite element flux computations are globally conservative, but locally non-

conservative, eliminating the possibility of computing f, by the weak form

finite element solution. Instead, localized control volume finite element
(CVFM) computations (Voller; 2009) are used to compute the flux through each
infinite conductivity inclusion.

{60053] To illustrate the CVFM computations, consider the neighboring
tetrahedral elements A and B shown in figure 2, which illustrate the two types of
elements that can bound a point, line, plane, or volume representing an infinite
conductivity feature. Element A illustrates the case where only two nodes of the
element lie on an infinite conductivity boundary (N3 and N4, or NI and NS3).
Element B illustrates the case where either three nodes (N2, N3, or N4), or |
node (N1), lies on the boundary. Note that it is not possible for all four nodes to
lie on the boundary with a non-degenerate tetrahedron. Typically many
elements of types A and B will be combined to bound a given infinite

conductivity structure.

15
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{0054} In the CVFM method, six sub-planes (P1-P6) are formed within each
bounding element by connecting segment midpoints, element face centroids, and
the nodal centroid in the case of element B as shown in figure 2. These
subplanes are defined on every element having nodes that bound an infinite

conductivity surface I',. As a whole, they form a closed boundary around Q, by
which the left hand side of equation 4 may be approximated to compute £ . To
illustrate, let erepresent an element bounding Q,, and let ne be the total number
of elements bounding Q,. Equation 4 is approximated by:

~

[o@Voe)hds~3 0.3 4, (Ve 5, )=1, eq ®
F;

e=i p=l
{0055] where o, is the conductivity of element e, 4, is the area of plane pin

element ¢, ¢

,; is the potential within element earising from source j, m,,is the

outward pointing normal vector of plane pin element e, and < ) represents the
inner product. Note that ¢ is a solution of equation 2 or 3 as described above,
and V¢, is constant within each element, computed using the linear finite

element shape functions for each element. In words, equation 9 computes and
sums the outward flux flowing through every subplane to provide the total net

flux flowing through Q, due to the potential field¢ (r). For computational

efficiency, equation 9 is reduced to the form:
e 4

[0056] f,=> 0.0 K., 0., eq. (10)
e=} k=1

[0057] where k spans the four nodes in element e, ¢,,, is the simulated
potential in node kof element e, arising from source j, and X, is row e and

column k of a flux computation matrix K, formed to account for the geometric

16
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terms of equation 9 for region Q,. Since K,depends only on the mesh geometry,
it is computed only once, and provides a means to efficiently compute the net
flux through Q, given any potential field ¢,(r)and conductivity distributiono(r)

As shown below, computation of K, facilitates efficient computation of the
forward problem in the parallel algorithm. This is particularly helpful in the

inverse problem, where the forward problem must be solved multipie times.

Paraliel implementation

[6058] To summarize, steps to compute the forward solution include:

{6059 1. Compute the mppoint source partial solutions ¢,(r), one for each
point electrode (equation 2).

[6660] 2. Compute the nnon-point partial sciutions ¢(r),j=1..n, one for
each infinite conductivity region (equation 3).

{0068] 3. Using the partial solutions computed in parts [ and 2, compute
the mp-+nppsolutions to equation 6, one for each np point source/sink electrode
and each npp non-point current source/sink electrode.

[0662] 4. Construct the np+npppole solutions using equation 5.

[0063] 5. Superimpose appropriate pole solutions and extract potentials to
construct simulated measurements.

[0664] Steps | through S are amenable to parallel computation. The parallel
algorithm described herein uses a master/slave configuration (Johnson et al.,

2010), whereby a single master process handles input/output and orchestrates

17
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computations. One or more slave processes handle the primary computational
burdens, message passing, and memory requirements.

[0065] For the sake of simplicity, assume one slave process is assigned to
each of the np point source electrodes, and to each of the » infinite conductivity
regions. Figure 3 shows a flow diagram iilustrating the paraliel computation of
a forward simulation. Rectangles represent the master process and circles
fepresent slave processes. Each slave step is perfectly parallel — no inter-
process communications are required — except for step 3, which represents a
small portion of the overall computational burden, enabling the algorithm to
remain highly scalable. In the setup phase the master process reads input
information (i.e. computational mesh, electrode locations, measurement
sequenée etc.) and broadcasts pertinent informaﬁon to each of the slave
processors. The slave processors construct the finite element matrix. The slave
processes responsible for infinite conductivity inclusions (slaves np+1 through

np+n) also construct the flux computation matrices K, for regions Q,i=1..n.

Steps 1 and 2, whereby the partial solutions for each point electrode source and
each infinite conductivity source are computed, are executed at the same time.
In step three, message passing between slaves is required in order to efficiently
compute the left and right hand sides of equation 6. In step 4, each slave uses
equation 5 to compute the pole solution for its corresponding electrode. Finally,
in step 5, each slave extracts those potentials necessary to simulate the ERT
measurement sequence and sends them to the master process where they are
assembled.

[0066] In this work the partial solutions (i.e. equations 2 and 3) are not

parallelized, enabling the forward computation to remain highly scalable, except

18



WO 2016/018492 PCT/US2015/030151

for the message passing required in step 3. The matrix equation required to
solve equations 2 and 3 is sparse, such that relatively large problems (many
millions of elements) can easily be computed stored on the memory typically
allocated to a single processor. The message passing requirements to formulate
and solve equation 6 are typically small such that the computation burden
associated with steps 3 is much smaller than that of steps 1 and 2, even for large |
numbers of infinite conductivity inclusions. Thus, message passing
requirements for the forward simulation are minimal, enabling the algorithm to

remain highly scalable.

Inverse Problem

Analytic Solutions

[0067] In the results section numeric forward modeling resuits using the
procedure described above are validated through comparison to analytic
solutions for a line source. Referring to figure 4, the potential at a point within
an infinite medium of homogeneous conductivity caused by a vertical line
source whose axis passes through the origin is given by (Wait, 1982, Bhagwan
and Trofimenkoff, 1982):

o(r,z) = L |8z ) 4

8nlc (z;,—2)+ \/(Z] —z) +¥

eq. (11)

[0068] where z,z,z,,land rare distances as outlined in figure 4, 7 is the

current source strength of the line source, and o homogeneous conductivity.

Using the method of images, the corresponding half space potential is given by:

.( ) [5 1 (Zzwz)+m+(zz+z)+vm
Wr,z)= n :
Bnlo | (z,-2)4y(z -2+ (5 D4z +2) +r

eq. (12)
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{00691  where the half-space boundary is located at z=

[0070] Using equations 11 and 12, a semi-analytic solution for the halfspace
potential arising from a point source of current in the presence of a vertical
conductor may be derived. The solution is similar to the numeric procedure
described above as outlined in detail by Johnston et al 1987. The vertical
conductor is divided into a number of small segments, and the current strength
of each segment is adjusted so that the total current flux emanating from the line
source is perfectly negated by the current flux through the line source that arises
from the point source potential, thereby honoring conservation of charge within
the conductor. Once the current s-trength of each segment is known, the
potential distribution arising from that segment is computed with equation 12,
and the global potential is produced by summing the contributions from each

segment with the point source potential.

Synthetic Analysis: Imaging vadose zone contamination in the presence of
buried conductive pipes, tanks, and well casings

{0671} To demonstrate a real-world application, consider the conceptual
model shown in figure 5A, which consists of a series of six metallic storage
tanks connected together by buried metallic piping, such that the tanks and pipes
have the same electrical potential. The pipes are tanks connected physically and
electrically to form a single ‘electrode’ of constant potential. The conductivity
of soils surrounding the tanks and pipes is 0.001 S/m, except for the regions
where leaks have occurred. The three pipe-leak regions have a conductivily of
0.1 S/m, and the tank leak region has a conductivity of 1.0 S8/m. The system

also includes 14 metal-cased monitoring wells to a depth of 40 m, distributed as
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shown in figure SA. The objective of the analysis is to investigate the capability
to image the leak zones using 1) surface electrodes deployed directly above the
transfer pipes, 2) well casings as long electrodes, and 3) borehole electrodes
installed beneath the leaking tank. The surface and borehole electrodes are
shown as dots, and well casings are used as electrodes for ERT imaging. The
surface array, in this example, consists of 43 eclectrodes over the main transfer
line, and 39 electrodes over each of the three lines connecting to the six tanks,
for a total of 160 electrodes at 2m spacing. Each of the four boreholes arrays
contains 16 electrodes at 2m spacing, for a total of 64 electrodes. Wenner array
surveys were simulated along each of the four surface lines, for a total of 815
measurements. The borehole survey included a series of 3995 cross-hole dipole-
dipole measurements. The Well-casing survey comprised every possible unique
measurement, including potential measurements on the tank/pipe “electrode’, for
a total of 4095 measurements using 15 electrodes (14 wells and 1 tank/pipe
electrode).

[0072] A cutout of the computational mesh is shown superimposed on the
tanks in figure 5B. As discussed previously, only the conductive boundary of
the tank is included in the mesh, the interior tank regions being hollow. The
pipes and wells are modeled as line sources with 0.5 m spacing between each
node on the line, which produces a refined mesh around pipe and well locations.
The mesh is also refined near point electrodes for modeling accuracy in the high
potential gradient regions near electrodes. Mesh boundaries extend far beyond
the imaging region (~5000 m) to reduce boundary effects (not shown), with
expanding elements to reduce computational demand. In total, the mesh

consists of 1,567,844 elements and 254,409 nodes.
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{0073} Forward modeling and inversion are executed on the same mesh using
161 processors for the surface array simulation, 16 processors for the well-
electrode array simulation, and 65 processors for the borehole array simulation.
To simulate field conditions, 5% normally distributed noise is added to each

measurement.

Results

[0074] Figure 6 shows a comparison of the analytic and numeric solutions
computed for a current injection of 1 Ampere between two line sources (e.g.
well casings). Figure 6A shows a cutout of the computational mesh and the
focations of the current source and sink lines. Figures 6B and 6C show the two
partial solutions to equation 2 need to form the pole solutions, one for each line
source. Figure 6B shows the partial solution for the line source at (0.0) m.
Figure 6C shows the partial solution for the line source at (20,0) m. For each
partial solution the potential on the source line is one volt and the potential on
the remaining line is zero as required. As described previously, the partial
solutions are scaled and summed so that the net current flux emanating from the
pole line source is equal to one ampere and net flux through the remaining line
source is zero, thereby providing the pole solution for the given line source.
The pole solution for the line source at x=20m is subtracted from the pole
solution for the line source at x=0 m to provide the global solution shown in
Figure 6E, which is a numeric solution. For comparison, Figure 6D shows the
corresponding analytic solution — i.e., potential distribution per ampere of
current injected - computed using equation 12. Figure 6F shows the numeric

solution error, which is given by:
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%Err =100[MJ eq. (13)

{0075} where ¢, and ¢, are respectively the analytic and numeric potential

solutions for node i. Figure 6G shows the error histogram.

[0076] Figure 7 compares the semi-analytic solution for a point current pole
source in the presence of a vertical line of infinite conductivity. As with figure
6, the Figure 7 shows: A) the computational mesh for a pole current source in
the presence of an infinite conductivity vertical line (e.g., a well casing), B) the
partial solution for the point electrode source (see equation 2), C) the partial
solution for the line source (see equation 3), D) the semi-analytic soiution (i.e.,
potential distribution per ampere of current injected), and E) the numeric
solution, F) the percent error distribution or percent difference between the
numeric and semi-analytic solution, and G) the percent difference histogram.
Both figures ¢ and 7 display good agreement between analytic and numeric
solutions, and demonstrate the accuracy of the numeric solution.

{0077] Figure 8 shows two examples of potential distributions generated in
the presence of the metallic subsurface infrastructure {(tanks, pipes, and wells)
itlustrated in figure 5. Figure 8A shows the potential generated {rom a 1
Ampere current injection between point source electrodes on the surface, and 8B
shows the potential generated from a | Ampere current injection between two
well casing line sources. Current flows perpendicular to constant potential
isosurfaces, so the potentials are presented as isosurfaces to illustrate the nature
of current flow through the subsurface. Careful inspection of 8A and 8B shows
how the pipes and tanks provide primary current flow paths between source and

sink electrodes, dramatically altering the potential field that would exist in the
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absence of the infrastructure. Isosurfaces are shown at +/- (10.0, iv.(), 6.1, and
0.001 V/A). Pipes and tanks are electrically connected. As current flows
perpendicular to the isosurfaces, the isosurfaces indicate how current flows into
and out of metallic features, and how those features influence the potential field.
Noting the dominant influence the infrastructure exerts on the potential field, it
is valid to conclude that erroneous modeling of infrastructure effects in this case
and simitar cases, such as assuming tanks are electrically isolated, will likely
result in significant inversion artifacts as the inversion algorithm attempts to

compensate for modelling error.
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disclosed embodiments comprise forms of putting the invention into effect.
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CLAIMS

We Claim:

1. A method of imaging electrical conductivity distribution of a subsurface containing
metallic structures with known locations and dimensions, the method comprising:

a. injecting electrical currents into the subsurface to measure electrical potentials
using multiple sets of electrodes, thus generating electrical resistivity tomography
measurements;

b. applying a numeric code to simulate the measured potentials in the presence of the
metallic structures; and

c. applying an inversion code that utilizes the electrical resistivity tomography
measurements and the simulated measured potentials to image the subsurface
electrical conductivity distribution and remove effects of the subsurface metallic

structures with known locations and dimensions.

I

The method of Claim 1 wherein the numeric code is a forward model.

3. The method of Claim 2 wherein the applying the forward model to simulate the
subsurface potentials comprises a solution to a Poisson equation.

4. The method of Claim 3 wherein the Poisson equation includes at least one of the
following: integral calculations, analytical calculations, numerical calculations, partial
solutions calculations, digital calculations, and an immersed interface boundary
condition solution.

5. The method of Claim 3 wherein the inversion code is applied so that the simulated

electrical potentials match actual measured electrical potentials in the presence of the

metallic structures.
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9.

10.

il

The method of Claim 4 wherein applying the inversion code includes generating an
electrical conductivity distribution that minimizes error between the simulated electrical
potentials and the actual potentials measured in the presence of the metallic structures.
The method of Claim 2 wherein applying the forward model and the inversion produces
a reconstructed three-dimensional image of the subsurface, while removing the effects
of the subsurface metallic structures.

The method of Claim 1 wherein the electrodes are at least one of the following: surface
electrodes, well casing electrodes, arrays of point buried electrodes, and the metallic
structures with known locations and dimensions used as electrodes.

The method of Claim 1 wherein a boundary of each metallic structure is represented by
nodes, faces, or segments of unstructured tetrahedral elements.

A method of imaging electrical conductivity distribution of a subsurface containing
metallic structures with known locations and dimensions, the method comprising:

a. injecting current and measuring electrical potential of the subsurface with multiple
sets of electrodes in the presence of the metallic infrastructures, thus generating
electrical resistivity tomography measurements;

b. applying a forward model to simulate the subsurface electrical potential
measurement, including effects of the metallic structures; and

c. performing an inversion of the forward model to generate an electrical
conductivity distribution that minimizes error between the simulated electrical
potentials and actual measured electrical potentials, while removing the effects of
the metallic structures.

The method of Claim 10 wherein the applying the forward model to simulate the

electrical potential measurement comprises a solution to a Poisson equation.
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12.

14,

15.

16.

The method of Claim 11 wherein the Poisson equation is solved using an immersed
interface boundary condition solution to simulate subsurface potentials generated in the
presence of the metallic structures.

The method of Claim 12 wherein the Poisson equation includes at least one of the
following: integral calculations, analytical calculations, numerical calculations, partial
solutions calculations, digitai calculations, and an immersed interface boundary
condition solution.

The method of Claim 11 wherein applying the forward model and performing the
inversion produces a reconstructed three-dimensional image of the subsurface, while
removing the effects of the metallic structures.

The method of Claim 10 wherein the electrodes are at least one of the following: surface
electrodes, well casing electrodes, arrays of point buried electrodes, and the metallic
structures used as electrodes.

The method of Claim 10 wherein a boundary of each metallic structure is represented by
nodes, faces, or segments of unstructured tetrahedral elernents.

A method of imaging electrical conductivity distribution of a subsurface containing
metallic structures with known locations and dimensions, the method comprising:

a. injecting electrical currents into the subsurface to measure electrical potentials
using multiple sets of electrodes, thus generating electrical resistivity tomography
measurements;

b. applying a Poisson equation to simulate the measured potentials in the presence of
the metallic structures, wherein a boundary of each metallic structure is
represented by nodes, faces, or segments of unstructured tetrahedral elements; and

¢. applying an inversion code that utilizes the electrical resistivity tomography

measurements and the simulated measured potentials to produce a reconstructed
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three-dimensional image of the subsurface electrical conductivity in the presence
of the subsurface metallic structures.

18. The method of Claim 17 wherein the Poisson equation includes at least one of the
following: integral calculations, analytical calculations, numerical calculations, partial
solutions calculations, digital calculations, and an immersed interface boundary
condition solution.

19. The method of Claim 17 wherein the electrodes are at least one of the following: surface
electrodes, well casing electrodes, arrays of point buried electrodes, and the metallic
structures used as electrodes.

20. The method of Claim 17 wherein the inversion code is applied so that the simulated
electrical potentials match actual measured electrical potentials in the presence of the

metallic structures.
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