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[11 We present a sensitivity study applied to water front monitoring of an onshore oil
reservoir, using a remote controlled source electromagnetic method (CSEM) with electric
dipoles and a borehole-to-surface configuration. We have developed an optimized and
parallelized code based on the method of moments, in order to study the influence of
several static or time-varying background uncertainties on the time-lapse CSEM signal
(also called 4-D CSEM). Analysis of the relative and absolute variations in phase or
quadrature of the time-lapse signal induced by the fluid substitution process, inside the
reservoir, has shown that the vertical electric dipole allows the shape of the water front to
be monitored, while remaining less sensitive (compared to a horizontal electric source
dipole) to the total volume of substituted fluid. We have examined the influence of
missed anomalies (1-D/3-D), with more or less conductive properties, near to the ground
surface or the reservoir, and with or without time-varying properties. In most cases, the
4-D signal behaves like a reliable filter, canceling almost all response anomalies.
However, it can also lead to strong, local perturbations of the time-lapse signal. We have
also shown that in the presence of steel cased boreholes at the source location, or with

outlying steel cased boreholes, the recording of exploitable data does not present
insurmountable difficulties at low frequencies (~1 Hz), and for a dense array of surface
receivers. These positive results with CSEM monitoring suggest that minimal, coarse-time
3-D explorations should be used to ensure reliable interpretation of the monitored data.
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1. Introduction

[2] The monitoring of reservoirs during production is
implemented mainly to assess the efficiency and costs of
recovery, and for security purposes to prevent the intrusion
of water into the wells. Oil and gas production can induce
essentially lateral displacements of the water-oil contact
(WOC), because of the limited thickness of the reservoir,
when compared with its lateral extent. The monitoring of an
oil reservoir (i.e., WOC) requires the use of geophysical
methods allowing the electrical conductivity contrast, asso-
ciated with the boundary between oil and mineralized water,
to be accurately discriminated.

[3] In order to tackle the problem of WOC monitoring, a
numerical study based on controlled source electromagnetic
(CSEM) methods is presented, for the case of the diffusive
domain, i.e., the low-frequency domain in which there are
no propagation phenomena. CSEM methods offer good
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sensitivity to the nature of the fluid, due to the electrical
conductivity contrast between the oil-saturated and water-
invaded parts of the reservoir. Despite their relatively low
resolution (diffusive phenomena), they have become com-
petitive with seismic methods (propagation phenomena),
especially in compact and poorly fractured sediments such
as carbonates, in which it is difficult for seismic techniques
to distinguish between different fluids [Wang et al., 1991;
Cadoret et al., 1995; Wulff and Mjaaland, 2002]. For further
information concerning some of the initial time domain
CSEM experiments, applied to petroleum exploration on
land, the reader can refer to Strack [1992] and Strack and
Vozoff [1996], who made use of long-offset transient elec-
tromagnetic (LOTEM). In order to first maximize the
method’s sensitivity to small WOC displacements, and
secondly to ensure a reliable and stable source during the
monitoring process, for a target located at a depth of 1 km,
all of the simulations were made with a single vertical or
horizontal electric source dipole situated inside the bore-
holes, associated with a dense grid of horizontal receiver
dipoles located at the surface. Numerous studies dedicated
to various specific contexts, with different geometrical
scales and polarizations, converge toward the fact that the
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monitoring of resistivity variations should benefit from
such an electric source/receiver configuration, especially at
low frequencies, namely, below 10 Hz [Newman, 1994,
Pellerin and Hohmann, 1995; Liu et al., 2008; He et al.,
2005; Hordt et al., 2000; Wright et al., 2002]. The main
current issues concern land CSEM applied to water-oil
contact monitoring in the frequency domain, with poten-
tially inadequate signal to noise levels, the source-receiver
setup (type, overall positioning and polarization), shallow
or near-reservoir 1-D and 3-D resistive or conductive
anomalies, and, finally, steel casing effects. In practice, all
of these factors lead to superimposed constructive or
destructive interferences in the 4-D signal. The aim of the
present paper is thus to study specific aspects of CSEM
affected by these influences, for borehole-to-surface con-
figurations using an electric source and electric receivers,
at a frequency equal to 1 Hz.

[4] The issue of static or time varying background
uncertainties is of major concern in many oil fields, and
particularly when fine, thus costly, CSEM exploration has
not been performed. As EM measurements in the low-
frequency domain correspond to the integration of a large
volume of the Earth surrounding the oil field, it can be
expected that a poor knowledge of part of the subsurface,
even far from the reservoir, could strongly modify the 4-D
signal associated with the location at which fluid substi-
tution occurs. A sensitivity study of offshore monitoring
made by Lien and Mannseth [2008] shows that error
cancellation of the misrepresentation of the background
conductivity can be expected in the case of reasonable
background conductivity errors. Lien and Mannseth [2008]
showed that errors of nearly 10% in time-lapse signals are
induced by a 50% overestimation of the conductivity of
one of the following elements: a 200 m thick layer just
below the seafloor, inside the entire background earth, or
inside the oil reservoir, or a missed 40 m thick resistive
layer just beyond the reservoir. In addition to the typical
1-D anomalies mentioned above, 3-D resistive hetero-
geneities associated with gas leakages and geochemical
alterations may appear far above the reservoir [Oehler and
Sternberg, 1984]. For the case of marine exploration,
Sasaki and Meju [2009] have provided numerical evidence
of galvanic effects on the 3-D signal of such resistive
anomalies. On land, particular care has to be taken with
near-surface changes of electrical conductivity, because
frequent variations of water content can occur due to sea-
sonal rainfall or drought. Wirianto et al. [2009] has ana-
lyzed this issue for a reservoir located at a depth of about
1.5 km, associated with variations in the near surface
resistivity ranging between 10 and 50 2 m. These results
revealed that the latter variations produce a strong imprint,
which does not however overwhelm the relative amplitude
of the 4-D signal in the case of short offsets from the
source (below 2 km), for surface-to-surface measurements.
Therefore, in the case of a borehole-to-surface configura-
tion at 1 Hz, we studied the influence of unnoticed thin
conductive/resistive layers or 3-D bodies, which are alter-
natively located near to the surface and just above the oil
reservoir. In addition, by using a buried VED (Vertical
Electric Dipole) source and HED (Horizontal Electric
Dipole) surface receivers at 1 Hz, the time-lapse signals
were calculated for the case of a strongly time-varying
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conductivity, ranging from 0.01 to 1 S/m between two
measurements.

[5] The final issue, and perhaps the most challenging from
a numerical point of view, is related to the impact of a steel
casing located at the borehole used for the CSEM monitor-
ing, and of an outlying steel casing. The majority of reservoir
boreholes are surrounded by a steel casing which, theoreti-
cally, should not prevent the diffusion of EM waves at very
low frequencies. An early study published by Augustin et al.
[1989] reported very good sensitivity to the measurement,
through the steel casing, of the surrounding conductivity
at low frequencies and for a surface-to-borehole device.
However, they studied the EM field measured inside the
cased borehole, using a large-loop transmitter located on
the surface. Kong et al. [2009] have recently proposed a
very interesting study of EM field diffusion with an electric
dipole located inside a cased borehole, which shows how
the steel casing is energized. This work, inspired by
Kaufman [1990], is based on the replacement of the ener-
gized steel casing by a series of equivalent vertical dipole
sources with decreasing intensities. As the modeling of a
very fine structure for long-offset measurements leads to
significant difficulties, whatever the modeling method used,
we used the same source-equivalence approach to study the
effect of centered, cased boreholes (at the source location).
For outlying cased boreholes, the steel casing was modeled
as a highly conductive 3-D heterogeneity.

[6] An optimized (using the Toeplitz matrix formalism)
and parallelized (EM_MOM) code, using the method of
moments, has been developed to investigate the issues
highlighted above [Schamper, 2009]. In particular, we
studied the influence of several heterogeneities (1-D, 3-D,
casing, time varying properties) on the land 4-D-CSEM
forward response, for a large-scale problem and for an
electric configuration involving a buried VED (or HED)
associated with a dense grid of HED receivers on the sur-
face, at a single frequency equal to 1 Hz.

2. Methodological Development

[7] As we are interested in the time-lapse response of a
zone limited to a reservoir and its neighborhood, the semi-
analytical and so-called method of moments (MoM) mod-
eling, described for electrical conductivity contrast several
decades ago by Wait [1966] and Hohmann [1975], is an
interesting approach for the purposes of our theoretical
study of CSEM monitoring. It enables discretization of the
3-D domain only, representing the target, and for which
the numerical electromagnetic response is superposed onto
the analytical solution of a tabular Earth (see the Green
function from Wannamaker et al. [1984]). Recent improve-
ments made by Zhdanov [2002] allow more complex and
larger models to be built using this method.

[8] The superposition of the tabular Earth and 3-D body
responses can first be summarized by

E = Ey + E, (1)

where E is the total electric field, E, is the background
electric field associated with a simplified “1-D Earth,” and
E; is the scattering field due to the presence of a 3-D het-
erogeneity in the electrical conductivity. The particularity of
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this method is that it requires discretization of the 3-D
space only in the zone of the heterogeneity. Its electro-
magnetic response will be proportional to the difference
between the conductivities of the 3-D body and the
background, as can be seen in the integral development of
equation (1) [Hohmann, 1975]:

E(tree) = Ep(Frec) + /V GEy(Free, #') - 60 (FE(r)dr'  (2)

where r,,. is the position of the receiver, V is the volume
of the 3-D heterogeneity, r' is the position of a unit source
inside the 3-D body, Ggy(r, ¥') is the analytical Green
function [3 X 3], here for a tabular Earth (i.e., with resis-
tivity variations along the vertical axis only), which ex-
presses the electric field at position r for a unit electric
dipole at position ¥, and 6o is the difference in conduc-
tivity between the 3-D body and the background.

[o] It is important to note that we should thus always
reason in terms of conductivity differences (S/m), rather
than resistivity ratios. Actually, a highly resistive body
located inside a relatively resistive environment (e.g., 500 to
50 €2 m) will have a poor response, even though the resis-
tivity ratio between these two components may be quite
high. In the present study, we expect a notable response due
to the large difference in conductivity between rocks con-
taining brine (about 1 S/m) and rocks containing a high
proportion of oil (about 0.01 S/m).

[10] For the purposes of computing the volume integral of
equation (2), the heterogeneity domain is discretized into
rectangular parallelepipeds, which are sufficiently small in
comparison with the wavelength of the source frequency:
L < |1/kl. This condition allows the electric field to be
considered as constant inside each cell [Tabbagh, 1985].
Because of the low frequencies used in oil CSEM methods,
1.e., around 1 Hz, the lateral size of the cells often lies in
the range between 50 and 100 m. Inside the 3-D body,
equation (2) becomes

N
E(ri) - ;{‘S"(’k)E(rk) ' /V GEJ(rivr')dr\j.— 1(?:(;; (3)
1€ (1,

where r; are the coordinates of the center of the ith cell, N
is the number of cells from which the 3-D heterogeneity is
composed, k is the index corresponding to one of the N
cells, and V; is the volume of the kth cell.

[11] If the total electric field is defined as the sum of
a primary field and a secondary (or scattered) field, as
expressed in equation (1), then equation (3) can be written
for the scattered field only:

r) - /Vk GEJ("i,r')dr’}

Eb rk) ‘/V GEJ(r;,r’)dr’}V i€ (I,N) (4)

Er) - > {5&@,,)15
-y 1{

Equation (4) is the central part of the method of moments
and needs to be handled with care in order for its com-
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putation to be well optimized. The analytic Green function
needs to be computed first, which is time consuming due
to the numerical computation of the Hankel transform
[Guptasarma and Smgh 1997]. Although the number of
cell interactions (N?) increases rapidly, there are several
computational tricks which can be used to reduce the
computation time. Diffusion of the electromagnetic field at
low frequencies allows interpolation methods, such as the
cubic spline, to be used effectively to reduce the number of
calls to the Green function itself. Since the Green function
is used to represent a horizontally layered Earth, rotation
about the vertical axis can be used to fill the electromag-
netic interaction matrix.

[12] Equation (4) is a square linear system [3N, 3N]
with the electric fields inside each cell being the un-
knowns (3N). The latter system is not sparse, and its
solution is computationally challenging when the number
of cells is large. Due to the axial symmetry of the tabular
Earth, the electromagnetic dependence matrix (corre-
sponding to the electromagnetic interactions between the
cells of the 3-D heterogeneity) has a two-dimensional
Toeplitz structure, which allows the matrix-vector opera-
tion to be accelerated inside an iterative solver [Barrowes
et al., 2001]. Recent improvements in the solving of
linear systems, and the increasing availability of distrib-
uted computational resources, allow the response of a
relatively complex model based on this technique to be
computed, by solving the entire system. Various approx-
imations have been proposed, such as the Born, the
Quasi-Analytical [Zhdanov et al., 2000a], and the Quasi
Linear [Zhdanov et al., 2000b] methods, to avoid solving
the complete system. These allow millions of cells to be
managed, thus making it possible to compute the field
over very large scales. In the present study, we chose not
to analyze the accuracy of these approximations, but
rather to focus on the results themselves, by solving the
full integral equation.

[13] Once the electric field has been computed inside each
cell, the electromagnetic field can be deduced everywhere,
using the following equation:

Ewwwmw+ikmmmffmwwﬂ-m

k=1

[14] In this paper, we have adapted the equations described
in detail by Lien and Mannseth [2008] with our own nota-
tions, in order to highlight the impact of a background error
on the 4-D signal inside the integral equations. First, the 3-D
measurement error can be expressed as

E (1) — B (1) = E§™ () — E§™ ()
N .
Z |:6Jk (Etabz rk / Gg})z (rrem r')dr’
k=1 J Vi
_Etab (rk) . /V Ggl})l (rmc’ r')dr’):| (6)
(3

where the subscripts tab, and tab; correspond to two dif-
ferent tabular backgrounds.
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Figure 1. A 3-D dome hydrocarbon reservoir, with oil in the upper zone (0.01 S/m) having an initial
lateral extent of 2000 m. The slope has a maximum low dip of 3°. Water-invaded zone below the oil:
1 S/m. Vertical electric dipole at a depth of 500 m, with a 100 m electrode spacing, a current of 10 A,
and a frequency of 1 Hz. Electric and magnetic receivers are arranged on the Earth.

[15] If it can be assumed that the background does not
change between two states, then the time-lapse signal of the
reservoir can be written as

Etz (rrec) - tl (rrec)

Zl{/ GEy (Free, ¥')dr' - (067 E™ (1) — 66 E" (1)) | (7)

where the subscripts 7, and ¢#; correspond to two different
times, or states of the monitored reservoir.

[16] As can be seen in equation (6) additional and non-
neghglble errors can arise from EfR*(Foe) — EFP'(Frec),
which is cancelled by applying a time difference to the total
field of the 3-D measurements, in order to obtain the 4-D
data of equation (7). The total electric field inside each cell
can be separated into two terms, written as: Ei(ry) = Ey(ry) +
E%(ry). Equation (7) then becomes

Etz (rrec) - Etl (rrec)

Npixed

=> UV Gy (Frec,1')dr" - 66 (B (ri) — E (1))
n demugei I:/ GEJ rreu )d [Eb(rk)(éo'k — é"’tl)
Vi
+ (667 E (re) — 801 EY! ("k))ﬂ ®

where Nj,.q is the number of cells in which the conductivity
has not changed, from time #, to time %, and N,japgeq 18 the

Table 1. Different States of the 3-D Oil Reservoir

number of cells in which the conductivity has changed from
time ¢, to time #, by fluid replacement.

[17] The time-lapse signal is proportional to the back-
ground field, only in the zone where the oil saturation
changes (Npangeq). This region has a volume which is
smaller than the total volume of the 3-D target. Therefore,
the effect of a poorly known background could be attenu-
ated. As equation (4) clearly indicates that there is no simple
relationship between the scattered (E,) and background (Ej)
fields, which can be extracted from the full linear system,
additional numerical analysis is required to precisely quan-
tify the impact of a poorly known background on the 4-D
signal.

3. Borehole-to-Surface 4-D Response:
HED Versus VED Configuration

[18] In this study, we compare the responses resulting
from both a horizontal (HED) and a vertical electric dipole
(VED) source. Previous works by Newman [1994] and
Pellerin and Hohmann [1995] have considered the case of a
buried vertical electric source. Newman [1994] considered
both cross-well and borehole-to-surface measurements. For
the latter configuration, the EM monitoring of an EOR
(Enhanced Oil Recovery) process was simulated very near
to the surface (around 20 m depth). In the present paper, the
EM device must be capable of monitoring the water front
over surface areas of the order of several square kilometers,
for a target located at a depth of 1 km. Newman [1994]

Average Oil Rock Volume Top Surface of Oil Diameter of Top Maximum Thickness
State Recovered” (Mbbl) Containing Oil (Mm®) Disc (km?) Surface (m) of Oil Disc (m)
1 30.04 79.6 3.76 2200 40
2 22.30 60.8 3.32 2000 35
3 16.68 442 2.76 1800 30
4 11.47 30.4 2.16 1600 25
5 7.40 19.6 1.72 1400 20
6 4.15 11.0 1.20 1200 15
7 1.89 5.0 0.76 1000 10
8 0.45 1.2 0.24 800 5

“Mbbl, one million barrels.
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Figure 2. Number of receivers (Ex component) for which the relative variation in amplitude is greater
than 4% (solid lines) and for which the 4-D amplitude signal is stronger than 1 nV/m (dashed lines).
Time-lapse signal between states 1 and 3 (3vsl, compare Table 1). Variation as a function of the
depth of a vertical electric dipole (10 A, 100 m). All of the receivers are arranged on the Earth’s surface,
within a radius of 3 km centered on the borehole containing the source.

noted that the inductive response is better if a VED is
considered, rather than a VMD (Vertical Magnetic Dipole),
for which the response drops off rapidly at low frequencies.
Newman worked at frequencies above 500 Hz, which sug-
gests that a VMD should not be considered in our case,
since our measurements are made at a frequency close to
1 Hz. Contrary to Newman [1994], who was particularly
interested in the magnetic components at the receiver
locations, we present here the measurements of the elec-

tric field components only. Pellerin and Hohmann [1995]
focused their parametric study of a VED source on the
characterization of a mineral target which was more
conductive than the background, and located at a depth
around 500 m. In the present study, we focused on the
monitoring of a deep oil reservoir, which is more resistive
than the surroundings. As in the work by Newman
[1994], Pellerin and Hohmann [1995] focused more
closely on the magnetic field, on the vertical component
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Figure 3. Normalized 4-D signal of the Ex component, between the reservoir’s states 1 and 3. Buried
vertical or horizontal electric dipole at 1 Hz (100 m, 10 A). Profile Y = 0 m.
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Figure 4. Relative variations (amplitude, in-phase, and quadrature components) for a deep horizontal
electric dipole (100 m, 10 A, 1 Hz) between states 1 and 3 of the reservoir (dashed line indicates circle

of 3 km radius).

in particular, which is nonexistent in the case of a 1-D
Earth with a VED, and which may highlight the presence
of a 2-D/3-D structure. Here, we concentrate our analysis
on the electric field components of time-lapse signals.

[19] Two criteria need to be observed in order to carry out
this theoretical study. First, the relative amplitude variations
of the CSEM signal have to be greater than a few percent.
According to previous studies, we set the lower limit to 1%
[Hordt et al., 2000; Orange et al., 2009]. A time-lapse
signal is then considered to be nonexistent below this
threshold. It is reasonable to attempt to go down to this
level, since numerous stacks can be made during the mon-
itoring measurements. Second, it is essential to check the
amplitude variation itself. Even though a significant relative
variation may be found with the numerical simulations, the
amplitude variation could be far below the sensitivity of the
best geophysical sensors. For the electric field, the lower
limit is set to 1 nV/m, which gives a limit of 10-100 nV for a
10-100 m long receiver. This level was defined via passive
measurements of the electric field, made in Arpajon (30 km
southwest of Paris) by CGGVeritas. The noise level reached
after 2-3 days of vertical stacking was below 100 nV for
copper electrodes separated by 100 m.

[20] Schamper et al. [2008] proposed an oil reservoir
model, which we made more complex by adding a slope to
the reservoir (Figure 1). The oil is pumped from the cap of
a domed structure, which has a dip around 3°, such that a
100 m lateral displacement of the WOC corresponds to a

rise of 5 m. The top of the vertical-axis-symmetric dome is
located 1000 m beneath the surface. For the background
Earth, we set the conductivity to 0.1 S/m, which is a high
value on land. This does not make it easy to achieve good
resolution of the reservoir edges, since low-frequency
emission is necessary to reach the target (in our case, the
4-D CSEM signal is essentially due to the replacement of
the oil, 0.01 S/m, by conductive mineralized water, 1 S/m).
Mineralized and highly conductive water is located below
the oil-saturated part of the reservoir, for which the con-
ductivity is set to 0.01 S/m. The high conductivity of the
water-invaded part of the reservoir, set to 1 S/m, i.e., close
to the conductivity of marine sediments, should provide a
sensitive EM response to the WOC.

[21] Details of several states of the reservoir are enu-
merated in Table 1. Table 1 gives the numbers we use to
designate the different states of the oil reservoir produc-
tion, the number of potentially produced barrels, assuming
a porosity of 30% and an oil recovery rate of 20%, the
rock volume is directly related to average oil recovered,
since it corresponds to the volume of rock, which is highly
saturated with oil. The oil reservoir has a domed structure
whose vertical section can be seen in Figure 1. The upper
part, which is saturated with oil, forms a disc in the top
view. The upper surface area of this disc and its diameter
are given in Table 1. Table 1 also gives the maximum
thickness of the oil disc located at the vertical axis of
symmetry of the reservoir. For the oil disc diameter in

6 of 23



B03101 SCHAMPER ET AL.: CSEM MONITORING OF A LAND RESERVOIR B03101
6vs3
Area = 30.9 km2
5000
—>» 0
Similar
Vo!ume -5000
variation -5000 0 000
X(m)
2vsi 3vs1 7vs1
Area =13.7 km2 Area = 27.5 km2 Area= 494 km2
5000 5000 50001
>~§_r 0 ‘ z ' —» 0 i§
-5000 5000 5000
-5000 0 5000 -5000 0 £000 -500( 0 5000
X(m) X(m) X(m)

Figure 5. Measurable zone of the Ex component for a deep horizontal electric dipole (100 m, 10 A,
1 Hz). Conditions are as follows: Relative amplitude variations >1% and absolute amplitude varia-
tions >1 nV/m. The variations are based on a comparison with the initial state 1 of the reservoir.
The step from state 3 to state 6 (indicated by 6vs3) has been added for comparison with the step
from state 1 to state 3, which corresponds to a similar volume of fluid substitution.

Table 1, between two consecutive states, the WOC is
displaced by 100 m from the periphery. The maximum
thickness of the oil disc shows that the water level rises by
5 m between each step. As can be noticed, the evolution of
the volume of fluid substitution is not linear. The last
states of the reservoir in this table correspond to the
smallest volumes of fluid replacement. In the following,
we consider the evolution of the oil reservoir, from state 1
to 3, as the reference step. This step will be designated as
3vsl. Since we are more interested in the lateral dis-
placement of the WOC than in the estimation of the
quantity of oil, we chose to make a specific investigation
of the smallest fluid substitutions, in an attempt to test the
EM device’s ability to follow the lateral movement, despite
the smaller volume of change in conductivity.

[22] Since surface-to-surface land CSEM monitoring
has not previously led to very conclusive results [Strack
et al., 2009], it was decided to bury the electric source
to enhance the signal-to-noise ratio of the time-lapse data.
In order to increase the measurement system’s sensitivity
to the lateral extent of the reservoir, we chose to install a
very dense array of receivers at the surface. Since the
source is buried deep in a borehole (two boreholes in the
case of a horizontal, two-electrode dipole), it is not pos-
sible to use the in-line electric field generated by a hor-
izontal electric dipole, towed with a constant offset
between the source and the receiver. This configuration
has demonstrated good sensitivity to a thin resistive layer,

with broadside data assisting with the retrieval of informa-
tion relevant to the global Earth model. This was verified by
Eidesmo et al. [2002], who also underlined the strong effect
of a thin resistive layer on the vertical component of the
electric current. However, the vertical electric component,
Ez, has a very weak amplitude (10° times smaller than the
horizontal components) near to the Earth’s surface. For
the case of shallow water (100 m), which is similar to
the case of land, Andréis and MacGregor [2008] have
shown that isolating the Transverse Magnetic (TM) mode
(a method described by Andréis [2008]), which contains
the Ez component (Hz being zero), helps in obtaining a
high sensitivity, similarly to when the Ez component is
measured directly. Gauss’ law, with no chargeability,
leads to

V.E::—):> V.E=0 (9)

-0
where p is the charge density (C/m’) and ¢, is the
electric permittivity of free space (F/m).
[23] Equation (9) leads to the following:

OF. (0, o,
oz ox Oy
Expression (10) will be used in the following sensitivity

study to compute O0Ez/0z from the measured values of the
horizontal components.

(10)
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Figure 6. Measurable zone of the Ex component,

for a deep horizontal electric dipole (100 m, 10 A,

1 Hz). Conditions are as follows: Relative amplitude variations >1% and absolute amplitude varia-
tions >1 nV/m. The variations represented here are with respect to the previous state (i-1) of the res-
ervoir. The graph showing the step from state 3 to state 4 has been added for the purposes of comparison
with the step from state 2 to state 3, which corresponds to a similar volume of fluid substitution.

[24] It is necessary to determine the optimal depth and
frequency of the vertical dipole source in order to enhance
the 4-D reservoir signal. For this purpose, simulations were
made by varying both the depth and the frequency of the
electric source. Figure 2 plots the change in the number of
receivers for which there is a notable change in terms of
relative variation, and in terms of absolute amplitude vari-
ation as a function of the depth of the vertical dipole source,
over the frequency range 0.1-2 Hz. The number of receivers
is expressed in percent and corresponds to the proportion of
the surface of a 3 km radius circle, in which all receivers are
equally spaced. A depth of 500 m, at middistance between
the receivers and the target, seems to be a good choice. In
fact there is a drop in the time-lapse signal shortly beyond
this depth. This can be explained by the fact that the vertical
electric dipole generates essentially vertical electric currents.
As a consequence of the source geometry, these vertical
currents lead to a considerably weaker irradiation of the far-
from-borehole water front, as long as the source is close to
the center of the reservoir. Another cause of the decrease in
number of sensitive receivers (where relative and absolute
variations are larger than 4% and 1 nV/m, respectively) is
the fact that the 4-D information tends to be more concen-
trated near to the surface of the Earth, when the source is
closer to the depth of the monitored target. Inversely, the
closer the source is brought to the surface, the greater the
lateral offset required in order for the energy maximum of
the time-lapse signal to be recorded. In the particular case

of surface-to-surface measurements, the optimal offset is
around 2-5 times the depth of the target, depending on
the frequency and the conductivity of the Earth. With
respect to frequency, there is a slight decrease between
0.1 and 1 Hz, whereas between 1 and 2 Hz the number of
receivers above 4% drops dramatically. This can be ex-
plained by the skin depth (or depth of penetration) of the
electromagnetic signal, which decreases when the fre-
quency increases. A frequency of 1 Hz was retained for
the following simulations.

[25] In Figures 4—11, the results are presented on a 10 km
by 10 km surface array centered on the source borehole.
Figure 3 shows the 4-D signal of Ex along the profile ¥ =
0 m, for buried vertical (dashed line) and horizontal (solid
line) electric dipoles, between states 1 and 3 of the reser-
voir (see Table 1). The time-lapse response is normalized
by the 4-D signal measured just above the borehole. As
can be seen (Figure 3), the time-lapse signal remains at a
maximum value inside a radius of less than 1 km. It
reaches 10 times the amplitude above the borehole for a
vertical dipole, and a local maximum (X = 1200 m) 7—
8 times smaller than the field measured above the source
for the horizontal electric dipole. Comments concerning the
relative variations will be relevant for our case, inside a
radius of no more than 3 km. Beyond this radius, the time-
lapse signal is 100 times smaller than its maximum
amplitude for the vertical dipole and 10 times smaller for
the horizontal one.
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Figure 7. Measurable zone of the Ey component for a deep horizontal electric dipole (100 m, 10 A,
1 Hz). Conditions are as follows: Relative amplitude variations >1% and absolute amplitude varia-
tions >1 nV/m. The variations represented here are with respect to the initial state 1 of the reservoir.
The graph showing the step from state 3 to state 6 has been added for the purposes of comparison
with the step from state 1 to state 3, which corresponds to a similar volume of fluid substitution.

[26] Since low-frequency electromagnetic involves the
diffusion equation, we can expect better information
concerning the global volume and position of the fluid
substitution, than concerning the geometric shape of the
water front. The estimation of the volume of oil that can be
produced is just as important as the distance of the water
front from the production wells. For this reason, the
behavior of the 4-D CSEM response, for the same volume
of change, but for a different shape, will be observed in
order to determine the sensitivity of the measurement device
to the geometric shape of the WOC.

[27] All the profile plots presented in this paper corre-
spond to the x axis, with the y coordinate being fixed at 0 m.
The length of the electric dipole source is set to 100 m, and
its intensity to 10 A.

3.1.

[28] Figure 4 shows the relative variation of the ampli-
tude, in-phase and quadrature parts of the two orthogonal
horizontal electric components Ex and Ey measured on the
Earth’s surface. The divergence of the horizontal compo-
nents (Figure 4, right) is discussed later. The time-lapse
signal corresponds to the difference measured between
states 1 and 3 (see Table 1). The Ey component produces a
weaker relative response than the Ex component, since
the darker EM zones corresponding to high relative
variations are less present. This is explained by the fact
that the source is x-oriented. It is important to note that

Buried Horizontal Dipole

additional high relative variation zones (above 5%) can
be identified with the in-phase and quadrature parts of
the complex electromagnetic field. These zones are
contained inside the 3 km radius, which is drawn on all
surface plots. It is thus likely that relative variations
inside these areas are significant. This outcome highlights
the need to interpret the complex field rather than the
amplitude data only.

[29] As mentioned before, the amplitude variation itself
has to be checked in order to ensure that the 4-D signal
amplitude remains above the assumed instrumental sensi-
tivity of 1 nV/m for the electric field (100 nV for a 100 m
long receiver). The measurable zones of both Ex and Ey
components are considered to be those where both condi-
tions, i.e., concerning the relative (>1%) and absolute var-
iations (>1 nV/m), are verified. Figure 5 shows the
measurable zone for the Ex component, by determining the
time difference with respect to the initial state 1. The mea-
surable zone has a comparatively large surface area, greater
than 10 km? for a target at a depth of only 1 km. This
measurable zone grows as long as the reservoir is pumped.
Its size and shape are similar if we compare the 3vsl and
6vs3 steps, which have the same volume variations but
different shapes (Table 1).

[30] Figure 6 shows how the measurable zone changes
when closer time monitoring is made. The comparison is
not made with the initial state 1, but with the previous
state (i-1). The measurable zone vanishes almost com-
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Figure 8. Measurable zone of the Ey component for a deep horizontal electric dipole (100 m, 10 A,
1 Hz). Conditions are as follows: Relative amplitude variations >1% and absolute amplitude varia-
tions >1 nV/m. The variations represented here are with respect to the previous state (i-1) of the
reservoir. The graph showing the step from state 3 to state 4 has been added for the purposes of
comparison with the step from state 2 to state 3, which corresponds to a similar volume of fluid

substitution.

pletely when the last states of the reservoir are monitored.
The same observations can be made for the Ey component
in Figure 7, shown in comparison with the initial state 1,
and in Figure 8, shown in comparison with the previous
state (i-1). From the initial state, the measurable zone of Ey
also has a significant surface area, greater than 10 km?,
despite the x-oriented electric dipole (Figure 7). The
measurable zone also vanishes in the case of short time
interval monitoring of the last reservoir states (Figure 8).
As observed for the Ex component (Figures 5 and 6), the
measurable area of Ey is similar if the volume of change is
identical (Figures 7 and 8). This indicates that the device
with a horizontal electric dipole source is more sensitive to
changes in volume than to the geometric shape of the water
front.

[31] Since the measurable zones of Ex and Ey intersect
(see Figures 5 and 7), it is of interest to compute OEz/0z
from these two horizontal components, according to
equation (10) (Figure 4, right), which allows the relative
variation (for the amplitude, in-phase and quadrature com-
ponents) to be enhanced over a disc, having a geometry
similar to that of the WOC movement.

3.2. Buried Vertical Dipole

[32] As for the horizontal dipole (Figure 4), Figure 9
shows the relative variation of the electromagnetic field
measured at the Earth’s surface, induced by a buried vertical

electric dipole (still between states 1 and 3). If there is no
zone for which the relative variation is largely above 5% at a
maximum radial distance of 3 km from the source, the Ex
and Ey receivers produce a relative amplitude response of
approximately 4%, over a wide area. The quadrature com-
ponents are seen to have a stronger relative response than
the amplitude, over a large disc defined by inner and outer
radii of approximately 1000 and 3500 m, respectively.
Stronger relative variations can also be observed if the
electromagnetic field is split into in-phase and quadrature
components. Since the 3-D reservoir has vertical axis
symmetry in each state, the relative variations of Ex and Ey
are similar and axially symmetric. Both the x and y com-
ponents should be retained in order to detect any asymmetric
variation of the WOC.

[33] Figure 10 shows the measurable zone of the Ex
component, considering the same thresholds as in Figure 5
(relative variation >1% and amplitude variation >1 nV/m),
by making the time difference with respect to the initial state
of the reservoir. The measurable zone is smaller than for a
horizontal electric dipole (Figure 5), but is still quite large
(more than 10 km?). As can be seen (Figure 10), the surface
area of the measurable zone is not the same for 6vs3 as for
3vsl, despite their identical volume variations. In numerical
terms, it is 49% greater in the case of the 6vs3 step. This can
be explained by the greater upper surface variation for the
case of 6vs3 (1.56 km?), when compared with 3vs1 (1 km?),
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Figure 9. Relative variations (amplitude, in-phase, and quadrature components) for a deep vertical elec-
tric dipole (100 m, 10 A, 1 Hz), between states 1 and 3 of the reservoir (dashed line: circle of 3 km

radius).

corresponding to a relative difference of 56%, as detailed in
Table 1.

[34] Figure 11 shows the measurable zone, while com-
paring the consecutive states of the reservoir. The measur-
able area does not vanish during the monitoring of the last
reservoir states, as it did in the case of the horizontal electric
dipole (Figure 6). It remains greater than 10 km?, and even
increases slightly as the WOC get closer to the borehole,
despite the decreasing variation in volume between the last
states. In this case, when compared with the HED source,
the VED source is less sensitive to the volume of replaced
fluid. Nevertheless, the VED source allows lateral variations
of the WOC to be monitored, even though the variations in
volume are quite small, for example during the last states of
the reservoir (see Table 1 for details). For the sake of sim-
plicity, it was therefore decided to perform the sensitivity
analysis using the buried vertical electric dipole source only.

[35] Since a vertical source is used, and it is assumed that
the modeled reservoir has axially symmetric geometry, Ey
and Ex can be expected to produce identical figures, with
one rotated by 90 degrees with respect to the other. Since the
measurable zones of the horizontal components are crossing,
it is then interesting to compute 0Fz/0z from equation (10).
Figure 9 (right) shows the relative variation of this deriva-
tive, when computed from the horizontal components. The
amplitude and in-phase components do not exhibit strong
relative variations above 5%, unlike those obtained for a
horizontal electric dipole (see Figure 4, right). Only the

quadrature component is characterized by a disc, where the
relative variation is high, i.e., close to or greater than 10%.
The computation of 0Ez/0z thus appears to be less beneficial
in the case of a vertical dipole source than for a horizontal
source. The phase and quadrature data again demonstrate
their importance, since the strong relative variation is seen in
the quadrature component only.

4. Influence of Background Resistivity
Uncertainties on the 4-D Signal

[36] Errors due to uncertainties in the location of the
source or the receiver are not discussed here, since the
positioning problem does not really exist on land, when
compared to the offshore case. However, a poor knowledge
of the Earth’s conductivity (i.e., background uncertainties) is
definitely crucial, if prior fine-scale exploration has not been
carried out, and/or has not been perfectly calibrated with
well-log data.

[37] Lien and Mannseth [2008] have shown that un-
certainties in the background Earth conductivity generally
induce relative errors in the 4-D signal of the reservoir,
which remain below 10% for the case of a 50% overesti-
mation of the conductivity of a layer whose thickness is
greater than 40 m. Here, we propose to consider, first, the
effect of a missed, highly conductive (saline aquifer) thin
layer, with a thickness of 10 m and a conductivity of 1 S/m,
and, second, the effect of a very resistive (oil or gas
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Figure 10. Measurable zone of the Ex component for a deep vertical electric dipole (100 m, 10 A). Con-
ditions are as follows: Relative amplitude variations >1% and absolute amplitude variations >1 nV/m. The
variations represented here are with respect to the initial state 1 of the reservoir. The graph showing the
step from state 3 to state 6 has been added for the purposes of comparison with the step from state 1 to
state 3, which corresponds to a similar volume of fluid substitution.

leakage) layer with a thickness of 10 m and a conductivity
of 0.01 S/m. This layer will be located at different depths
between the receivers and the top of the reservoir. Figure 12
provides a sketch of the different positions of this layer: N1
within the first 10 m below the surface; N2 at an intermediate
distance between the source and the surface, or between the
source and the reservoir; N3 in the vicinity of the dipole
source; and N4 just above the oil-saturated part of the res-
ervoir. Simulations of the N2 and N3 cases revealed only
very small modifications to the time-lapse response of the
reservoir, due to the presence of these thin layers, even when
they are close to the dipole source. Moreover, the coupling
effect between the reservoir and the thin layer will be max-
imum if the layer is located in the vicinity of the reservoir.
For these reasons, only the N1 and N4 cases have been
shown in this paper. The effects of these two 1-D hetero-
geneities have also been compared to those of 3-D bodies at
the same locations.

[38] Two cases of 3-D near-reservoir heterogeneities were
considered, both being located 100 m above the top of the
reservoir, with the dimensions 500 m x 500 m x 100 m and
1500 m x 3000 m x 100 m, respectively. These were
positioned in order to cover the water-oil contact during the
reservoir’s production (Figure 13). Since these 3-D bodies
are close to the reservoir, they are included in the 3-D grid
already generated for the oil reservoir, which allows only
one 3-D heterogeneity to be considered, and are associated
with the method of moments formalism. The effect of near-

surface 3-D heterogeneities (500 m x 500 m x 100 m at a
depth of 100 m, and 4000 m x 2000 m x 100 m at a depth
of 200 m) were also studied. Their localizations were
chosen so as to have the potentially greatest effect on the
receivers for which the time-lapse signal is maximum
(Figure 13). In order to model these additional hetero-
geneities using the method of moments, we applied the
inhomogeneous background conductivity (IBC) method
described by Zhdanov et al. [2006], which allows a 3-D
background to be considered. In the case of near-surface
bodies, the coupling effects with the deep 3-D reservoir
are very small, such that with the IBC method, only a
small number of alternative inductions between the two
distant bodies is required, in order for the algorithm to
converge.

4.1.

[39] Near-reservoir heterogeneities are assumed to pro-
duce a greater disturbance to the coupling between cells
used to discretize the reservoir with the method of moments
(details in section 2), than heterogeneities located farther
from the reservoir. The interactions between the cells of the
reservoir are separated into two components: a primary
component corresponding to the direct effect in a homoge-
neous medium, and a secondary component corresponding
to the presence of layers which are different to the homo-
geneous medium.

Near-Reservoir Heterogeneity
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Figure 11. Measurable zone of the Ex component for a deep vertical electric dipole. Conditions are as
follows: Relative amplitude variations >1% and absolute amplitude variations >1 nV/m. The variations
represented here are with respect to the previous state (i-1) of the reservoir. The graph showing the step
from state 3 to state 4 has been added for the purposes of comparison with the step from state 2 to state 3,
which corresponds to a similar volume of fluid substitution.

[40] Figure 14 shows the relative variation in the 4-D just above the top of the reservoir. The curves marked 1 S/m
amplitude of the Ex component, between states 1 and 3, (conductive layer) or 0.01 S/m (resistive layer) correspond
along the x profile at Y = 0 m. Figure 14a shows the vari- to the time-lapse signal between states 1 and 3, with the thin
ation between the first states 1 and 3; the thin layer is located  layer included in the background Earth which, as described
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Figure 12. Synthetic case. Lack of knowledge of the background: 10 m conductive thin layer (1 S/m), or
resistive thin layer (0.01 S/m) missed. N1, near surface; N2, near source; N3, intermediate distance; N4,
near reservoir.
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Figure 14. Effect of a near-reservoir thin layer on the relative amplitude variation of Ex, for a vertical
electric dipole (100 m, 10 A, 1 Hz). Profile Y = 0 m. (a) Between states 1 and 3 of the reservoir.

(b) Between the last states, 6 and 8, of the reservoir.

in section 3, was considered to be homogeneous. The other
curves, 4vsl and 6vs3, correspond to the time-lapse signal
between states 1 and 4, and between states 3 and 6 (see
Table 1 for details). The latter two curves are the responses
with the initial, homogeneous Earth background (0.1 S/m).
When the curves corresponding to the addition of the thin
layer remain close to the 3vsl curve and do not cross 4vsl
and 6vs3, this means that the effects of the thin layer have
almost been canceled in the 4-D signal. This condition is
observed for both conductive and resistive layers. Therefore,
the effect of a very conductive (1 S/m), or very resistive
(0.01 S/m), 10 m thick layer located just above the top of

the reservoir (1000 m) will be almost completely damped
in the 4-D signal, since the initial states of the reservoir are
observed in this case.

[41] However, the change in the reservoir’s cells between
these two states occurs at a greater distance (40 m) from
the thin layer than during the last states, for which the
WOC is closer to the layer (<10 m). Figure 14b shows
the 4-D relative signal between the last states, 6 and 8.
The curves including the effect of the thin layer still do not
cross the other monitoring curves associated with the
homogeneous Earth: 5vs7, 6vs7, and 4vs5. Nevertheless,
the gap between these curves and the homogeneous 6vs8
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Figure 15. Effect of a near-reservoir 3-D body on the relative amplitude variation of Ex for a vertical
electric dipole (100 m, 10 A, 1 Hz). Profile ¥ = 0 m. (a) Small, 500 m x 500 m x 100 m, 3-D body.

(b) Large, 1500 m x 3000 m x 100 m, 3-D body.

curve is greater than that between the 3vs1 and conductive/
resistive layer curves at the initial states of the reservoir
(Figure 14a).

[42] A visible difference between the 6vs3 and 3vsl
curves, with similar volume variations, can be pointed out
(Figure 14). This confirms that it is possible to separate the
responses of two 4-D signals, if they are due to the same
volume of fluid substitution, but to a different shape of
water invasion. It can also be noticed that curves 4vs5 and
6vs8 are quite different (Figure 14b), despite similar quan-
tities of fluid substitution. It is important to observe the
proximity of the 5vs7 and 6vs8 curves. The volume of fluid

replacement between states 5 and 7 (14.6 Mm?) is greater
than between 6 and 8 (9.8 Mm>). This appears to compen-
sate for the location of the fluid substitution which occurs at
a further distance from the source borehole (from 700 to
500 m for 5vs7, and from 600 to 400 m for 6vs8). This
outcome underlines the well known problem of equivalence,
which can be encountered during data interpretation, espe-
cially during the inversion of time-lapse data.

[43] Figure 15 shows the 4-D relative variation in the
amplitude of the Ex component, as in Figure 14a, but
takes a 3-D heterogeneity into consideration, rather than
an additional 1-D layer. Two different sizes of 3-D body
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Figure 16. Effect of a near-surface thin layer on the relative amplitude variation for a vertical electric
dipole (100 m, 10 A, 1 Hz). Profile Y = 0 m. (a) On Ex component. (b) On 0Ez/0z computed from Ex

and Ey (equation (10)).

were considered: in Figure 15a, the body is relatively
small (500 m x 500 m x 100 m), whereas in Figure 15b
the body is larger (1500 m x 3000 m x 100 m). For both
bodies, the nearest corner of the source borehole is
located 500 m from the very top of the reservoir, in order
to cover the WOC during production. Both types of
heterogeneity are considered, i.e., more resistive and more
conductive than the background.

[44] For the small, resistive 3-D body (Figure 15a), the
curve remains close to the one for which a homogeneous
Earth only was considered for the background. The shift
due to the larger resistive 3-D body is more significant
(Figure 15b), especially on the right side of the profile

where the heterogeneity is located. Nevertheless, the
curves are very close, for distances below 1.5 km from
the source borehole. The left side is almost identical to
the curve corresponding to a homogeneous background.

[45] The disturbance is substantially stronger when the
3-D body is considered to be conductive. For the smallest
body (Figure 15a), the perturbation still allows the different
curves to be separated at offsets below 2.5 km. However,
the interpretation becomes more difficult when the con-
ductive body is larger (Figure 15b), especially on the sur-
face, immediately above the buried 3-D body.

[46] Fortunately, the presence of a resistive body due to a
gas leakage above the oil-saturated part of the reservoir is
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Figure 17. Effect of a near-surface 3-D body on the relative amplitude variation of Ex for a vertical
electric dipole (100 m, 10 A, 1 Hz). Profile ¥ = 0 m. (a) Small, 500 m x 500 m x 100 m, 3-D body.

(b) Large, 1500 m x 1500 m x 100 m, 3-D body.

more likely than the presence of a conductive body, which
could occur in the case of a highly saturated water zone or a
clay lens.

4.2. Near-Surface Heterogeneity

4.2.1. No Time Variation

[47] Figure 16a is configured similarly to Figure 14a,
with the exception that the thin layer is located in the first
10 m below the ground surface. The curves with the
additional thin layer remain close to the 3vsl curve.
Therefore, a poorly described near-surface conductivity,
which is stable in time, will not disturb the 4-D CSEM
signal of the reservoir.

[48] Figure 16b shows the 4-D relative signal (based on
0Ez/0z, determined using equation (10)), for the same setup
as the one defined for Figure 16a. In accordance with
Figure 9 (right), we chose to plot the relative variation of
the quadrature component, since the dark disc corresponding
to high relative variations is only visible in Figure 16b. The
curve corresponding to the additional conductive layer is
quite different to the 3vsl curve, whereas the curve with the
additional resistive layer remains very similar to the 3vsl
curve. The curve with a conductive layer also crosses the
4vsl and 6vs3 curves. The influence of the thin conductive
layer on the time-lapse signal is greater at shorter offsets,
and tends to vanish as the offset grows (the curve with an
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5000

additional thin conductive layer approaches that of the 3vsl
curve). The perturbation due to the presence of the thin
conductive layer occurs at distances from the borehole
which are identified above (section 3.1) as leading to
optimal offsets for the 4-D signal (see Figure 16b, between
500 and 1000 m). This strong effect can be explained by
the fact that the Ez component is sensitive to a thin layer,
such as a thin reservoir. Thus, in order to correctly interpret
the time-lapse signal with such data transformations, the
accurate determination of the location of a potentially
conductive thin layer is mandatory.

[49] As in the case of Figure 15 for near-reservoir bodies,
Figure 17 shows the impact of a near surface 3-D body,
whose dimensions are similar to the examples given by
Sasaki and Meju [2009]: in Figure 17a, the body is relatively
small (500 m % 500 m x 100 m) and located at a depth of
100 m, whereas in Figure 17b the body is larger (4000 m x
2000 m x 100 m), and located at a depth of 200 m. These
3-D bodies are positioned so as to be close to the re-
ceivers, where the 4-D CSEM signals from the reservoir
production produce an optimal response.

[s0] For the small 3-D body (Figure 17a), the perturbation
is focused on the area just above the near-surface hetero-
geneity. The rest of the curve remains unchanged, and the
modified part could even be filtered to remove the peak
perturbation response of this body.

[51] For the large 3-D body (Figure 17b), the effect on the
4-D reservoir signal is very strong on the right side, where
the heterogeneity is located, for both resistive and conduc-
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tive bodies. On the left, the influence of the resistive body is
not strongly penalizing and still authorizes valid interpre-
tation of the time-lapse signal. The impact of the conductive
body remains strong on this side, for offsets greater than
1.5 km. Figure 17b shows that ignoring the presence a
large 3-D body located near to the surface could seriously
damage the interpretation of the time-lapse signal emerg-
ing from the production of the reservoir. However, such
vast heterogeneities (thickness of 100 m), should clearly be
detected during the exploration campaign. Although the
precision with which the boundaries of these 3-D bodies
can be determined remains problematic, the resulting lack
of accuracy can be considered to be similar to the very
local influence of small 3-D heterogeneities on the receiver
array, as can be seen in Figure 17a.

4.2.2. Time Variation

[52] Near-surface conductivities are subjected to non
negligible variations on land, because of varying weather
conditions, especially rainfall variations. The 4-D signals
resulting from near-surface conductivity changes (first
10 m) thus overlap with the time-lapse signature of the
reservoir.

[53] Figure 18 shows the superposition of the 4-D reser-
voir signal with the time-lapse response of different near-
surface conductivity changes, ranging from 0.01 to 1 S/m.
The curves marked with a resistivity contain both the 4-D
signal of the 3vs1 step of the reservoir, and the 4-D response
due to the change in resistivity, in the first 10 m below the
Earth’s surface.
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Figure 19. Electric current distribution inside a steel casing (0 = 10° S/m) surrounding the source bore-

hole (from equation (11)).

[54] The thick solid line corresponds to the time-lapse
signal between states 1 and 3, assuming the Earth to remain
homogeneous. Curves 4vsl and 6vs3 were added in order to
determine whether the curves, which also contain the time-
lapse response of the near-surface, cross these two 4-D
signals; this would mean that the 3vsl 4-D signal is suffi-
ciently perturbed by the time-lapse signal of the near-surface
conductivity change, to be misidentified with other reservoir
monitoring signals.

[s5s] The shapes of the curves are quite different at short
offsets from the source borehole (below 1000 m), when the
near-surface conductivity changes. Moreover, the curves for
which there are deep reservoir changes only are grouped
around 0% and are not distinguishable despite the different
steps of the reservoir production. The 4-D reservoir signal is
negligible inside this interval (below 1000 m). It is thus
possible to directly detect potential near-surface effects,
using receivers placed near to the source borehole, since the
time-lapse signal for deep reservoirs is nonexistent at such
short distances.

[s6] Beyond a distance of 1 km from the borehole
(source location), the curve closely approaches the 4vsl
step when the resistivity decreases to 5 2 m (100%
increase in conductivity). The curve corresponding to an
increase in resistivity, up to 50 Q m (80% decrease in
conductivity), is located at the same distance from 3vsl as
the curve corresponding to a decrease to 5 2 m. In the
extreme case where the near surface becomes highly
conductive (changing from 0.1 to 1 S/m), the 4-D signal
resulting from an increase in conductivity in the first 10 m
completely overwhelms the 4-D signal resulting from
changes in the deep reservoir (1000 m).

5. Steel Cased Borehole

5.1. At the Source Location

[57] Old production and monitoring boreholes are often
cased with metallic alloys, generally steel, which are a
serious obstacle during cross-well EM tomography or dia-

graphy, especially when the frequencies used are greater
than a few hundred hertz. At a few hertz, the problem of a
steel cased borehole is not thoroughly established, as a
consequence of the skin depth, which is approximately ten
times the usual thickness of the steel casing. In fact, by
considering a conductivity in the range 10° to 10" S/m and a
relative magnetic permeability equal to 100, the skin depth
is approximately 20 cm, which is about 10 times the clas-
sical casing thickness. Following the work of Kaufman
[1990] developed for the DC case, Kong et al. [2009]
have recently proposed an original study of casing effects
in sea-to-borehole CSEM, in which the source and the steel
cased borehole are replaced by a long antenna (a dipole
series with an exponentially decreasing intensity). Kong
et al. [2009] have shown that at 1 Hz, and with the above
mentioned steel properties, the DC approximation of
Kaufman [1990], which is a straightforward equivalence
formulation, can be used to replace the source located in a
steel casing by a large dipole antenna (equation (11) and
Figure 19):

I(z) = Iy exp (—z g—:)

Se = 0e X 27ri(ry — 14)

(11)

where
I(z) current intensity (A) along the casing at a distance z
from the electric dipole (m),
oy conductivity of the formation surrounding the casing
(S/m),
0. conductivity of the casing (S/m),
r; inner radius of the casing (m),
r, outer radius of the casing (m).

The example shown in Figure 20 shows the impact of
replacing a steel casing by an equivalent dipole distribution
(equation (11) and Figure 19). The time-lapse signal,
although less pronounced than the results without a casing
(<4%), is close to the casing-less curve below 1.5 km, and
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Figure 20. Effect of a steel casing, surrounding the source borehole, on the relative amplitude variation
of Ex for a vertical electric dipole (100 m, 10 A, 1 Hz). Profile Y = 0 m. Between states 1 and 3 of the
reservoir.

is still stronger than 1% for distances from the source volume equivalent to a hollow cylinder with an outer

borehole between 1 km and 1.5 km. diameter of 20 cm, and an inner diameter of 18 cm. To
model this additional heterogeneity using the method of
5.2. Outlying Cased Borehole moments, we used the previously described IBC method

[ss] For the case of an outlying cased borchole, it was applied to the former rectangular 3-D bodies [Zhdanov et
decided to model the casing as a solid cylinder, with a @, 2006]. The effect of the outlying steel casing (located
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Figure 21. Effect of a steel casing offset (by 1000 or 2500 m from the source borehole) on the relative
amplitude variation of Ex, for a vertical electric dipole (100 m, 10 A, 1 Hz). Profile ¥ = 0 m. Between
states 1 and 3 of the reservoir.
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at 2500 m from the source), shown in Figure 21, indicates a
very localized signature with a maximum amplitude very
similar to that which was recorded in the case of the 3-D
near-surface conductive body of 500 m x 500 m x 100 m
(Figure 17a). At a shorter distance (1 km), the effect is more
pronounced (Figure 21) but still permits reliable interpreta-
tion. Clearly, the effect of a nearby, outlying cased borehole
(i.e., located at a distance smaller than the depth of the
reservoir) is sufficiently significant and disturbing to gen-
erate a nontrivial effect on the interpretation of the time-
lapse signal.

6. Conclusion

[59] Several issues have been highlighted, concerning
the land-based monitoring of WOC, in particular the use
of a VED or HED electric source, the distribution of
surface receivers, the system’s sensitivity at large offsets,
the influence of resistive or conductive 1-D layers or 3-D
anomalies, near-surface time varying properties, and the
influence of a centered or outlying steel casing. In order
to simplify the presentation of this parametric study, the
reservoir model and its temporal evolution used for all of
the tests is axisymmetric, and the source dipole, either
vertical or horizontal, has its center located on the axis of
revolution. It is important to notice that only the fre-
quency of 1 Hz has been used and that a dense grid of
HED receivers was used (receiver spacing of the order of
one tenth of the reservoir depth). Our key results are
summarized below:

[60] 1. Among the different setups studied with a buried
source and surface receivers, the use of a vertical electric
dipole source is more sensitive for the monitoring of the last
states of the reservoir, for which a horizontal electric dipole
source delivers a weak 4-D signal. In the case of a HED
source, the electric field measured at the surface is related
essentially to the volume variation of oil-filled rocks (which
becomes smaller during the final states of the reservoir
evolution), whereas a VED source is shown to be highly
sensitive to the shape of the fluid substitution. Since the
time-lapse signal response can be very different, even when
the changes in volume are identical, the VED source is
preferred in the present study.

[61] 2. Analysis of the time-lapse signal reveals the need to
treat complex data, which certainly contains complementary
information, in addition to the amplitude. The evaluation of
OEz/0z (based on equation (10)) allows the measurement
system’s sensitivity to lateral variations in the thin reservoir
to be improved. However, it is also very sensitive to the
eventual presence of an unresolved thin layer associated with
the background, which could lead to uncertainties in the
interpretation of the data.

[62] 3. In general, it was observed that the presence of an
additional thin tabular layer, having a strong resistive or
conductive contrast with the surrounding rocks, induces a
small perturbation to the time-lapse signal of the reservoir,
except when the layer is close to the reservoir. Near-surface
3-D anomalies clearly have a more significant effect than
near-reservoir 3-D anomalies, because of their proximity to
the receivers. However, small near-surface 3-D anomalies,
with a lateral extent smaller than a few hundred meters, or

SCHAMPER ET AL.: CSEM MONITORING OF A LAND RESERVOIR

B03101

bad definition of the extent of large 3-D bodies, have a
localized perturbation.

[63] 4. The natural variation of the near-surface conduc-
tivity change can be significant, with an increase or decrease
of 80% with respect to the initial state value. The results
obtained in such a case revealed a strong modification of the
time-lapse signal, which indicates the need to carefully
follow near-surface resistivity changes during monitoring,
by means of more or less local CSEM or electrical explo-
ration methods.

[64] 5. The steel casing effect has been quantified for both
centered (i.e., at the source location) and outlying positions.
Considering the difficulties inherent to the extreme dis-
cretization of the cylinder thickness and the reservoir geom-
etry, the equivalent dipole formalism provided by Kaufiman
[1990] appears to be an elegant and efficient technique for
studying an energized casing. Preliminary results have shown
no significant influence on the time-lapse signal, when the
source borehole is cased. For an outlying steel casing, the
method of moments allows an equivalent solid cylinder to be
implemented; in such a configuration, the 4-D signal is sig-
nificantly perturbed when the casing is placed at a distance
equal to or smaller than the depth of the reservoir. Otherwise,
a strong, but local perturbation is visible on the time-lapse
signal.

[65] In conclusion, this theoretical study, based on a
schematic but representative reservoir model of on-land
monitoring of the WOC, has shown that this MoM code
offers flexible and robust forward modeling, as required by
future inversion schemes. Despite the computational cost of
an increasing number of 3-D anomalies, the present MoM
code can be considered as a technique, which is comple-
mentary to full domain discretization methods such as finite
difference frequency domain (FDFD) or finite element
method (FEM).
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