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1. INTRODUCTION

During recent years marine controlled source -electromagnetic
(MCSEM) surveys have become intensively used for off-shore petroleum
exploration (Eidesmo et al., 2002; Ellingsrud et al., 2002; Carazzone et al.,
2005). The importance of MCSEM as an exploration tool is now widely
accepted. As the technology advances and the method becomes more
affordable, applications other than exploration may find MCSEM data
useful. In this paper we study the use of MCSEM methods for reservoir
production monitoring.

Effective reservoir management requires time-lapse reservoir informa-
tion throughout the interwell volume. The ability to understand and control
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reservoir behavior over the course of production allows for optimization of
reservoir performance and production strategies. Good monitoring infor-
mation makes it possible to improve the timing and location of new drilling
(for both production and injection wells), to recognize flow paths, and to
map oil that has been bypassed. The use of seismic data for monitoring is
very challenging because of the small variation of seismic velocities over time
and because of the difficulty of survey repeatability.

Early investigations of the use of cross-borehole EM data for reservoir
monitoring include Malinverno and Torres-Verdin (2000), Hoversten et al.
(2001), and Wilt and Morea (2004). Recent sensitivity studies (Lien and
Mannseth, 2008; Wang et al., 2008) have assessed the potential of the
CSEM technique for reservoir monitoring. Hu et al. (2008) have considered
monitoring with array transient electromagnetic (TEM), or time-domain,
sounding.

Here, we perform a numerical experiment of reservoir monitoring using
MCSEM. We compute EM fields for a model of a partially depleted sea-
bottom reservoir with different positions of oil-water contact over time. For
a more realistic representation of the sea-bottom environment, we include
a salt dome and compare models with and without a rough sea-bottom
bathymetry. As an EM modeling tool we use the integral equation (IE)-
based code developed at the Consortium for EM Modeling and Inversion
(CEMI) at the University of Utah (Hursan and Zhdanov, 2002). We use the
multiple-domain (MD) IE method (Endo et al., 2009) to efficiently model
extensive anomalous regions of bathymetry, salt structures, and the reservoir
itself. Maps of the EM field components clearly reflect the position of the oil-
water contact. The principal advantage of the multiple-domain technique
is that we are able to isolate the effect of the reservoir. This is especially
important in a case where bathymetry must be considered. The oil-water
interface is clearly resolved in several field components by extracting only the
induction from the reservoir. Our study demonstrates that MCSEM data can
accurately provide the position of the oil-water contact inside the reservoir
over time.

2. PRINCIPLES OF RESERVOIR PRODUCTION MONITORING
USING MARINE EM METHODS

EM methods are potentially useful as a means to monitor reservoir
production because they can distinguish between hydrocarbons and saline
water based on their differing resistivities. The range of resistivity variation is
much greater than the range of variation for seismic velocities. Seismic data
are useful primarily for estimating lithography and porosity, both of which
remain essentially constant over the lifetime of a producing reservoir. Seismic
velocities are different enough to discriminate fluid type (oil vs. water) only
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for high porosities, greater than about 30%. Since the velocity differences are
small, seismic methods rely on fixing survey parameters so that differences
between surveys at different points in time can be seen. The potential of
seismic methods for monitoring is thus limited by the repeatability of the
seismic surveys.

Enhanced oil recovery (EOR) is a prime scenario for investigating the
potential use of EM for monitoring. For water injection recovery, there will
be a flooding front that advances over time as the reservoir is produced. The
ability to locate the position of this oil-water contact is an important test of
the method. The main question with EM is resolution. It remains to be seen
whether the low frequencies of these methods, which are needed to avoid
attenuation to the depths of interest, can resolve the smaller-length scales
associated with monitoring compared with those needed for exploration.
Since the process is diffusive, there is no applicable Rayleigh criterion
limiting expected resolution, and hence a numerical experiment needs to
be performed.

3. OVERVIEW OF THE NUMERICAL MODELING TECHNIQUE

In this section we will present a short overview of the IE method with
multiple domains, following Endo et al. (2009). Over the last several years
CEMI has developed several computer codes for EM forward modeling
based on the integral equation (IE) formulation of Maxwell’s equations. In
the framework of the IE method, the conductivity distribution is divided
into two parts: (1) the background conductivity, 0, which is used for the
Green’s functions calculation, and (2) the anomalous conductivity, Aoy,
within the domain of integration, D. One principal advantage of the IE
method over the other numerical techniques is that the IE method requires
discretization of the anomalous domain D only.

The inhomogeneous background conductivity (IBC) IE method
(Zhdanov et al., 2006) overcomes the limitation of the conventional IE
method of restriction to layered backgrounds only and allows inclusion
of important geoelectrical structures like bathymetry and salt domes
in the background model. Endo et al. (2009) developed an iterative
inhomogeneous IE method for modeling with multiple inhomogeneous
domains. By using this method we can evaluate the individual response from
every domain, which includes the possible EM coupling effects between the
different domains. A rigorous separate calculation of the EM fields produced
by different anomalous domains representing different geological structures
(e.g., bathymetry, salt structures, reservoirs) is an important practical problem
of EM exploration.

The following summarizes the principles of the IE method of EM mod-
eling with multiple inhomogeneous domains. We assume that N inhomoge-
neous domains (D;,i = 1, ..., N) are located within a horizontally layered
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Figure 1 A sketch of a 3D geoelectrical model with horizontally layered (normal)
conductivity and N inhomogeneous conductivity domains.

earth (Flgme 1). The conductivity of the horizontally layered earth (nor-
mal conductivity) is 0,, while the inhomogeneous (anomalous) conductiv-
ity within each inhomogeneous domain is denoted as Aop,, i =1, ..., N.
The total EM fields at any point T, E!(r) and H'(r), can be e\plessed as a
sum of the normal fields E" (r), H"(r), and the EM fields induced by every

inhomogeneous domain E AoD; (), HADi @G =1,....N):

N
E’(r):E"(r)+ZEA"Dr (r) = E"(r)+ZG [AopE], (1)

i=1 i=1

N N
H' (r) = H'(r) + Y_HA72 () =H'(®) + ) _ Gy [AopE'l, (2

i=1 i=1

where Gg and G are electric and magnetic Green’s operators acting
within domain D;, 1 espemwlv Then the EM modeling problem is reduced
to the calculation of the total electric fields inside each inhomogeneous do-
main.

R earranging Eq. (1) for the electric field induced in the inhomogeneous
domain Dy, we have the following:

N—1
E27Py (r) = E'(r) - E"(r) — )_ EA% (n). (3)

i=1

In practice, at the first step of the field calculation, we do not know the
values of any electric fields in Eq. (3). We thus first calculate the electric field
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in domain D; without taking into account the induction effect from any
other domains:

EA?2i (r) = G' [Aop,E'] = E'(r) — E"(r). (4)

Equation (4) can be written as an integral equation with respect to the
field EA7P1;

E*21 () = GP' [ Aop, (E" + B4 )] (5)

This integral equation is solved using the contraction form of the inte-
gral equations (Hursan and Zhdanov, 2002) and the complex generalized
minimal residual (CGMRES) method (Zhdanov, 2002).

In the calculation of the field due to the currents induced in the next
domain (2), we take into account the electric field induced from the inho-

mogeneous domain Dj, E2D1 (r):
E2°P2(r) = G2* [Aop,E'] = E'(r) — E"(r) —E2P1(r).  (6)

The last equation is equivalent to the following integral equation:
B2 () = G? | Aop, (E" + EA7%: + B2 ). 7)

which is solved again by the CGMRES method.

Finally, for the last inhomogeneous domain Dy, we already know the
electric fields in all the other inhomogeneous domains and thus we can cal-
culate the electric field EA?PN (r) as described by Eq. (3).

To improve the accuracy, we can use this scheme iteratively. In the sub-
sequent iterations, we use the fields obtained in the previous iteration to
calculate the induced fields in the given domain. For example, in the second
iteration, the calculation of the electric fields from the inhomogeneous do-
main Dy will use the electric fields from other domains obtained in the first
iteration as follows:

N
A A
E " (r) = Ef;) @) —E"(r) = Y_E;” (), (8)
i=2

where the numerical field subscripts denote the iteration number. The elec-
tric fields from the other inhomogeneous domains are calculated similarly,
always using the latest obtained electric fields for the given domain. For ex-
ample, for the electric fields due to domain D3 at the second iteration, we
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calculate the following:

A(‘r[)2 AUD]

N
Ao
E. 2(r) =El,@ —E"®) - ) E;"@®-Eyp '@. 9
i=3

This process is repeated until the electric fields within all the inhomoge-
neous domains reach self-consistency, i.e., the norm of difference between
the electric fields in any domain at iterations i and (i — 1) is less than a certain
threshold €. In the kth inhomogeneous domain, for example, the electric
fields satisfy the following inequality:

Aop Aop,
HE<” (@) _E“*‘A’(rj)Hz ; 10
Bon, <e¢g, rj€ Dy. (10)

e @

2

4. COMPUTER SIMULATION OF HC RESERVOIR
MONITORING USING EM METHODS

We will perform a numerical experiment of forward modeling for sev-
eral stages in the production of a reservoir by water injection. We consider a
realistic geoelectric model of an HC reservoir and accompanying salt dome,
first without and then with a sea-bottom bathymetry. The reservoir is filled
from one end with injected saline water. For simplicity we model the oil-
water contact as a sharp vertical interface. The EM field is generated by hor-
izontal electric bipoles near the seafloor and detected by a line of receivers
at the seafloor. The models are described in more detail in the following
sections.

4.1. Model 1: HC reservoir and a salt dome structure

A vertical section of the geoelectric structure of Model 1 is shown in
Figure 2. This figure shows a resistive HC reservoir with a resistivity of
100 Ohm m and a salt dome with a resistivity of 30 Ohm m located within
conductive sea-bottom sediments whose resistivity is 1 Ohm m. The resis-
tivity of the seawater layer is 0.33 Ohm m, and the depth of the seafloor is
1350 m below sea level. The reservoir is flooded from the right (positive x di-
rection) by water having a resistivity of 0.5 Ohm m. We model four positions
(xo = 14.0, 12.8, 11.6, and 10.4 km) of the (vertical) oil-water interface to
simulate production.

The EM field in this model is excited by an x-directed horizontal electric
bipole of length 1 m and current 1000 A, which is located at the points with
horizontal coordinates from 0 to 20 km (every 200 m) in the x direction and
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Figure2 A vertical geoelectrical section of Model 1, containing a salt dome and a reservoir.

from —3 km to 3 km (every 200 m) in the y direction. The elevation of the
transmitter bipole is 50 m above the sea bottom. The transmitter generates
the frequency-domain EM field at frequencies of 0.01 Hz and 0.3162 Hz (we
studied a range of frequencies between 0.01 and 10.0 Hz, and present results
for these two). We modeled nine electric field receivers, equally spaced (2.5
km spacing) along the y axis between 0 and 20 km. To narrow the scope we
confine our analysis in this paper to the first source at the far left of Figure 2
(x =0).

Following the main principles of the MD IE method for multiple inho-
mogeneous domains, the modeling area is divided into two modeling do-
mains, D and D3, corresponding to the locations of the salt dome and HC
reservoir, respectively. Domain D for the salt dome area is discretized into
35 x 60 x 10 = 36,960 cells with a cell size of 100 x 100 x 25 m?, and do-
main D5 for the HC reservoir area is discretized into 40 x 40 x 8 = 12,9800
cells with the same cell size, 100 x 100 x 25 m3.

4.2. Model 1: Forward modeling results

Figures 3 and 4 show the x (in-line) component of the total electric field
normalized by the fields induced in the layered background and the salt
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Figure 3 lE'l‘.O[l normalized by background and salt dome fields for frequency = 0.01 Hz.

dome, \E;"“ / ('Efl + lEjdl) _for the sea-bottom receiver #1 (located at
x = 0 km) and for the transmitter frequencies 0.01 Hz (Figure 3) and
0.3162 Hz (Figure 4). The higher frequency produces greater resolution and
contrast but a smaller total field. The solid white box indicates the horizontal
position of the reservoir, and the dashed white line indicates the horizontal
position xg of the oil-water interface for four different positions (i.e., stages
of production). Water fills from the right (positive x direction), forcing the
oil to the left (negative x direction). The interface is clearly seen for all four
positions as an enhancement of the normalized field component.
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Figure 4 |E_l‘.Ol | normalized by background and salt dome fields for frequency = 0.3162 Hz.

Figures 5 and 6 show the same but normalized by the layered background
field only (\Ei°l| / {Eﬂ) . The salt dome location is now seen, as is the left
(negative x) boundary of the HC reservoir.

Figures 7 and 8 show the z (vertical) component of the total electric
field normalized by the fields induced in the layered background and the
salt dome, Eé(’t‘ / (‘Eb| + ‘E‘d‘) , for the sea-bottom receiver #1 (com-
pare with Figures 3 and 4 for the x component). The location of the HC
reservoir and the oil-water interface is clearly seen for the lower frequency
as a negative anomaly. The unproduced portion of the reservoir is nicely
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Figure 5 |E}°“ normalized by background field for frequency = 0.01 Hz.

outlined in the higher frequency plot by a positive anomalous field along its
boundary. For both frequencies, we can clearly see not only the oil-water
contact but also the location of the remaining hydrocarbon.

The magnitude of the x and z electric field components of the source-
moment-normalized anomalous reservoir electric field is in the range of
10~14-10~1% V/m. This is slightly above, or approximately at, the noise
level of 10713 V/m set by Um and Alumbaugh (2007). This noise estimate is
slightly higher than that given by Constable and Weiss (2006). The anoma-
lous reservoir response is therefore expected to be detectable.
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Figure 6 |E'®'| normalized by background field for frequency = 0.3162 Hz.

4.3. Model 2: HC reservoir and a salt dome in an area with a
rough sea-bottom bathymetry

In this section we study the feasibility of identifying the location of the
oil-water interface from MCSEM data in a case where there is a rough
sea-bottom bathymetry. This is very important from a practical standpoint
because the effect of the bathymetry can significantly distort the EM re-
sponse from an HC reservoir, and therefore the oil-water interface position
in production monitoring can also be affected by the bathymetry. As a pro-
totype of the bathymetry structure we use a simplified model of the known
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Figure7 |E'| normalized by background and salt dome fields for frequency = 0.01 Hz.

bathymetry of the Sabah area, Malaysia (provided by Shell International Ex-
ploration and Production, acquired in 2004). A vertical section of the model
is shown in Figure 9. It includes three domains: D for the bathymetry dis-
cretized as 200 x 60 x 10 = 120,000 cells, and domains D3 for the salt dome
and D3 for the HC reservoir, discretized as in Model 1.

4.4. Model 2: Forward modeling results

Figures 10 and 11 show the x (in-line) component of the total electric field
normalized by the fields induced in the layered background, bathymetry, and
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Figure 8

Ef_m| normalized by background and salt dome fields for frequency = 0.3162 Hz.

the salt dome E‘[‘“} / (|E_{? -+ |E5mh| + |E‘A".d‘) for the sea-bottom receiver
#1 and for both frequencies. The position of the oil-water contact is again
seen as an enhancement in the field. The anomalous field from the reservoir
is slightly less pronounced when a bathymetry is present, but this is not a
large effect.

Figures 12 and 13 show the same electric field component normalized by
the background and bathymetry fields. Again, the location of the salt dome
is now revealed; the oil-water contact is still clearly seen although its anoma-
lous response is somewhat suppressed compared to the first normalization,
which includes the salt dome.
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Figure 9 A vertical geoelectrical section of Model 2, containing a salt dome and a reservoir
with a sea-bottom bathymetry.

Similar results were obtained for the z component of the electric field
(Figures 14 and 15) to those obtained withouta sea-bottom bathymetry. The
unproduced portion of the reservoir and in particular the oil-water contact
are clearly seen with only a slightly less pronounced anomalous field com-
pared to the case without bathymetry.

Figures 16 and 17 show the y component of the magnetic field for the
two frequencies under consideration. The results are similar to those for the
x component of the electric field, showing the oil-water contact position
very nicely. Figures 18 and 19 show the x component of the magnetic field,
with results similar to the z component of the electric field. The remaining
hydrocarbon can be seen, and in particular the oil-water contact location is
clearly demarked.

The magnitude of the x and y magnetic field components of the source-
moment-normalized anomalous reservoir magnetic field is in the range
10~8-10~"! nT/m. The noise level quoted by Um and Alumbaugh (2007)
is 10719 n'T/m. We therefore expect that at least some of these components
will be detectable for the survey parameters modeled here.
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5. CONCLUSIONS

The difference in the resistivities of the oil and the water filling the
reservoir during production allows the possibility of monitoring the flood-
ing front by EM methods. The oil-water interface can be clearly seen in sev-
eral field components, even with a sea-bottom bathymetry. Induction due to
the different anomalous domains can be extracted separately with the IBC
method, allowing for different normalizations of the total field. The reser-
voir, and therefore the oil-water contact, can be seen most clearly when nor-
malized by the background, bathymetry, and salt dome fields.
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Our study demonstrates that measurable MCSEM data can provide an
accurate position of the oil-water contact inside the reservoir over time. Fu-
ture work should study more realistic models of the flooding front in the
water injection recovery method. The oil-water interface can be nonvertical
(angled), it can be nonsharp (occurring as a transition zone of up to tens of
meters thick), and we should consider flooding from the bottom. Injection
water of a range of resistivities should also be studied. The positive results
of our experiment here, with a simplified flooding scheme (but a realistic
geological model), warrant these further investigations into the use of EM
methods for reservoir monitoring during production.
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