Downloaded 10/17/14 to 155.101.18.153. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

© 2014 SEG
SEG Denver 2014 Annual Meeting

Anisotropic inversion of MCSEM data based on the integral equation method
Alexander Gribenko and Michael S. Zhdanov, University of Utah

SUMMARY

Marine controlled-source electromagnetic (MCSEM) surveys
have become an important part of offshore hydrocarbon (HC)
exploration. Marine sediments may exhibit strong anisotropy
of electrical conductivity. Ignoring anisotropy may lead to er-
roneous interpretation of MCSEM data. This paper introduces
a 3D inversion of MCSEM data for anisotropic distribution
of conductivity based on integral formulation of the EM field
equations. Simple modification of the Fréchet derivative ex-
pression allows inversion for both horizontal and vertical con-
ductivities. This inversion method has been successfully ap-
plied to synthetic data computed for a realistic model of the
Harding field.

INTRODUCTION

Marine controlled-source electromagnetic (MCSEM) surveys
have become intensively used for offshore petroleum explo-
ration (Eidesmo et al., 2002; Carazzone et al., 2005; Hestham-
mer et al., 2010). Marine sediments may exhibit strong re-
sistivity anisotropy. Ellis et. al. (2010) report ratios of ver-
tical to horizontal resistivities of 5:1 and greater within the
shale-dominated units in the North Sea. The particular case
of anisotropy considered here is “transverse isotropy”. In the
case of transverse isotropy there are two distinct values of re-
sistivity - vertical and horizontal.

Several approaches to the inversion of MCSEM data for 3D
anisotropic resistivity distribution have been published. New-
man et al. (2010) introduced an inversion algorithm based on
finite difference (FD) formulation of the EM field and non-
linear conjugate gradient method (CGM). Wiik et al. (2013)
presented another method of MCSEM data inversion using the
integral equations (IE) method (Hohmann, 1975) of EM field
modeling was used by along with the contrast source inversion
method (Abubakar and van den Berg, 2002).

This paper presents a method of anisotropic inversion based on
IE forward modeling with a contraction operator (Hursan and
Zhdanov, 2002) and a regularized conjugate gradient (RCG)
inversion algorithm. We present a synthetic model study con-
sidering different scenarios of anisotropy distribution within a
sea-bottom sedimentary formation, including both overburden
and reservoir targets. We have applied the developed anisotropic
inversion method to synthetic MCSEM data computer-simulated
for the Harding oil and gas field located in the UK sector of the
North Sea.

PROBLEM FORMULATION

We consider, first, a typical MCSEM survey consisting of a set
of sea-bottom electrical and magnetic receivers and a horizon-

tal electric dipole transmitter towing at some elevation above
the sea bottom. The field recorded by the receivers can be
represented as a sum of the normal EM field, {E"*"™ H""™},
generated in the horizontally layered background model formed
by the seawater and the sedimentary layers, and an anomalous
part, {E“,H?}, related to the conductivity inhomogeneities,
Ao, present in the sea bottom:

E — Enorm+Ea7 H — Hlmrm_’_Ha' (1)

The anomalous electromagnetic field is related to the electric
current induced in the inhomogeneity, j = AcE, according to
the following integral formula:

E* (rj) :///D(A;E (rj | r) -[Ac (r)E(r)]dv=Gg [AGI(EZ]),

H* (rj):///Dé,,(rj|r).[Ao(r)E(r)}dV:GH[AaE},

3

where G (rj \ r) and Gy (rj | r) are the electric and mag-

netic Green’s tensors defined for an unbounded conductive medium

with the normal (horizontally layered) conductivity G,,orm; GE
and Gy are corresponding Green’s linear integral operators;
and domain D represents a volume with the anomalous con-
ductivity distribution 0 (r) = Gporm + Ao (r), T € D.

In most general anisotropic case, conductivity distribution is
represented by a 3 3 tensor. The transverse isotropic medium
considered here has two nonequal values of conductivity - hor-
izontal oy and vertical ¢,. In a case where the vertical co-
ordinate axis coincides with the anisotropy axis of symmetry
(vertical) conductivity tensor takes the form:

Oy, 0 0

c=| 0 o, 0 |. 4
0 0 o

This results in both 0,4, and Ao being represented by tensors

similar to (4).

We use integral equations (2) and (3) to formulate both the
forward and inverse problems of the MCSEM method. Indeed,
in short form these equations can be written as:

d=A (AO-/uAO-v) ) ©)

where A is a forward modeling operator, d stands for the ob-
served EM data in the sea-bottom receivers, and Aoy, As, are
vectors formed by the anomalous horizontal and vertical con-
ductivities within the targeted domain.

INVERSE PROBLEM FORMULATION

The inversion is based on minimization of the Tikhonov para-
metric functional, P* (Ao}, Ac,) (Tikhonov and Arsenin, 1977,
Zhdanov, 2002):

P%(Ac),,AG,) = ||A(Acy,AG,) —d|*> + as (Acy,Ac,) . (6)
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The first term of the parametric functional represents the data
misfit, while the second term is the stabilizer. There are two
distinct choices of the stabilizer - smoothing and focusing. In
a marine sedimentary environment with structures extending
horizontally to great distances it is appropriate to use smooth-
ing Occam-type stabilizer (Constable et al., 1987) with smooth-
ness enforced in the horizontal directions only. A focusing
type of stabilizer suitable for reservoir-type targets is an MVS
stabilizer, it was specially designed to invert for a thin, sub-
horizontal structures typical of HC reservoirs (Zhdanov et al.,
2007). We apply the regularized conjugate gradient (RCG) al-
gorithm for minimization of the parametric functional P(AG)
(Zhdanov, 2002).

In order to apply RCGM method one needs to compute Fréchet
derivative of the forward modeling operator. Direct compu-
tation of the Fréchet derivative is very time consuming even
when the reciprocity principle is utilized. Fréchet derivatives
of the EM field components can be computed using the quasi-

Born (QB) approximation (Gribenko and Zhdanov, 2007, 2011):

~ Gt G G E. 0 0
Fl,o =GE" =| G G G |- [ 0 E 0 ] :
G G G 0 0 E
@)

where we omit the £ and H subscripts for simplicity.

Note that, the electric field E® is computed using the rigor-
ous IE forward modeling method during the rigorous compu-
tations of the predicted fields. Therefore, Fréchet derivatives
are obtained by direct multiplication, and no extra forward
modeling is required. The QB approximation follows directly
from expression (2) after applying perturbation with respect to
Ac. Note that, expression (7) was originally derived for an
isotropic conductivity distribution, Ac. In transverse isotropic
case this formula can be easily modified. Let us re-write for-
mula (2) in the tensor notations for a transverse isotropic case:

G G G AcyEx 0 0
E‘(rj)=| G} G; G; 0 AGLE, 0
G G G 0 0  AcE,

®)
Applying perturbation to both sides of expression (8) with re-
spect to Aoy, and Ao, we obtain the following formulas for
Fréchet derivatives:

Gt G
, E. 0
Flae, = | Gy g Ox E, ] 9
G G ’
G}
Flpe, = | G | Ez (10
G:

where the Fréchet derivatives F|,, and F|,, can be concate-
nated, allowing solution of the inverse problem (6) for both the
horizontal and vertical conductivities, Aoy, and Ao, simulta-
neously.

To further reduce computational resources and computer mem-
ory requirements, we apply the moving sensitivity domain ap-
proach to the Fréchet derivative calculation (Cox et al., 2011,
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Gribenko et al., 2010). MCSEM data derivatives are computed
and stored within the sensitivity domain calculated for a given
receiver and the corresponding transmitter line.

ANISOTROPIC INVERSION OF MCSEM DATA FOR SIM-

PLIFIED MODEL OF HC RESERVOIR

We consider a simple box reservoir base model to better un-
derstand the effects of anisotropy on the MCSEM inversion.
In the model, a prismatic 2.5 x 2 x 0.2 km? isotropic resis-
tive body represents a reservoir 600 m deep below the sea
bottom. The sea-bottom sediments are represented by a con-
ductive isotropic half-space with 1 Ohm-m resistivity. Sea-
water depth is 1000 m. The survey configuration consists of
three receiver profiles 1 km apart. Each profile consists of 7
receivers located every 500 m. Three transmitter lines pass
directly above the receiver profiles, 50 m above the sea bot-
tom. The operating frequency is 0.25 Hz. Both in-line and
broadside electric field data are considered in the inversion.
Figure 1 shows a vertical section and a 3D view of the model.
The transmitter lines and receiver locations are also shown in
the figure. Figure 2 presents the vertical sections of the con-
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Figure 1: Model 1: A vertical section is shown at the top, a
3D view of the reservoir at the bottom. he receiver locations
are represented by circles, and transmitter paths are marked by
dashed lines.

ductivity distributions obtained by isotropic and anisotropic in-
versions. The predicted data computed for the results of both
inversions fit the observed data very well with a normalized
residual below 1 %. Most of the anomalous resistivity appears
in the vertical conductivity for the anisotropic inversion, which
indicates that the MCSEM data were less sensitive to the hori-
zontal resistivity of thin structures. This confirms the findings
of other researchers (e.g., Ramananjaona et al., 2011, Brown et
al., 2012). In the next model we considered the same isotropic
reservoir as in model 1, but we added an anisotropic layer on
the top of the reservoir, representing an overburden. The sur-
vey configuration remained the same. The horizontal resistiv-
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Figure 2: Vertical sections of the resistivity distributions ob-
tained by isotropic (top) and anisotropic (bottom) inversions
of model 1 data. Horizontal resistivity is shown in the right
panels, vertical in the left. Note the resistivity scale difference
with figure 1.

ity of the overburden is 0.5 Ohm-m and the vertical resistivity
is 2 Ohm-m. The 3D views and vertical sections of Model 2
are shown in Figure 3. We run inversion of Model 2 data in
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Figure 3: Model 2 - isotropic reservoir with anisotropic over-
burden. 3D view of the anomalies are shown in the top panels,
vertical sections - bottom. Left panels represent horizontal re-
sistivity, right panels - vertical.

two stages. In the first stage we have applied 1D anisotropic
inversion in order to estimate the background resistivity distri-
bution. On the second step we run isotropic and anisotropic in-
versions using the anisotropic background resistivity obtained
by 1D inversion. Figure 4 shows the resistivity distributions
obtained by these inversions. The two models are equivalent,
since they fit the data equally well to less then 1% error. As in
the case of Model 1, most of the anomalous resistivity appears
in the vertical conductivity for the anisotropic inversion, which
indicates again that the MCSEM data were less sensitive to the
horizontal resistivity of the thin structures.

INVERSION OF COMPUTER SIMULATED MCSEM DATA

FOR HARDING OIL AND GAS FIELD

We have applied the developed anisotropic inversion method
to synthetic MCSEM data computer simulated for the Harding
oil and gas field located in the UK sector of the North Sea,
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Figure 4: Vertical sections of the resistivity distributions ob-
tained by isotropic (top) and anisotropic (bottom) inversions of
model 3 data assuming anisotropic layered background model.
The left panels show horizontal resistivity, the right panels
present the vertical resistivity.

about 320 km northeast of Aberdeen. The field has a high-
net-to-gross, high-quality, Eocene Balder sandstone reservoir
about 1,700 m below the seafloor in a 110 m water column.
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Figure 5: 3D view of the Harding reservoir model. Receivers
are shown by circles.

The Harding Central porosity and fluid saturation models were
obtained from history matched reservoir simulations constructed
from production data, well logs, and 3D seismic interpreta-
tions (Ziolkowski et al., 2010; Zhdanov et al., 2012). The
corresponding 3D resistivity model of the reservoir is shown
in Figure 5. There are 6 receiver profiles running in both x
and y directions with 11 receivers on each profile. Both in-line
and broadside data considered in the inversion. Three operat-
ing frequencies were modeled - 0.1, 0.25, and 1 Hz. The top
of the reservoir is filled with highly resistive gas. The resis-
tivity is decreased with depth as the gas part changes to oil
and finally to wet reservoir. Note that the shape of the reser-
voir was assumed known beforehand, and the inversion was
restricted to the reservoir boundaries. The goal of the inversion
is to recover resistivity distribution within the reservoir keep-
ing the shape of the reservoir unchanged. We included a 500 m
thick anisotropic overburden layer on top of the reservoir and
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assumed otherwise homogeneous 1 Ohm-m half space as our
background model.

We ran inversions for isotropic resistivity distribution within
the reservoir, but assumed two scenarios. First, the background
conductivity was assumed isotropic at 1 Ohm-m. The recov-
ered resistivity distributions are shown in Figure 6 . Obviously,
the inversion failed to recover the resistive top of the reser-
voir transforming it to conductive towards the bottom. The ob-
served data could only be fit to 6% error. In the second scenario
we assumed background with known anisotropic overburden.
Figure 7 shows vertical and horizontal sections of the inversion
result. The transition from the resistive to conductive regions
within the reservoir is well recovered. The observed data were
fit to less then 1% error.
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Figure 6: Inversion result of the Harding model data assum-
ing an isotropic background. Top panels: vertical sections of
the horizontal (left) and vertical (right) resistivity (same). The
middle and bottom panels represent horizontal sections at dif-
ferent depths.

CONCLUSIONS

We have developed a method of 3D inversion of MCSEM data
for anisotropic resistivity distribution. Our method is based on
an integral equation EM field formulation. The quasi-Born ap-
proximation with a moving sensitivity domain approach were
used for efficient Fréchet derivative calculation. A simple mod-
ification of the Fréchet derivative allowed us to run the in-
version for both the horizontal and vertical resistivity distri-
butions.
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The model study concurs with published results. The MC-
SEM data have limited sensitivity to horizontal resistivity of
the reservoir targets. Unaccounted anisotropy in the overbur-
den may lead to erroneous MCSEM data interpretation and it
may not produce an acceptable data fit. The anisotropic inver-
sion in similar situation may provide more accurate estimation
of the target location, but may also produce artifacts. Bet-
ter data fits may be achieved with the anisotropic inversion.
The most efficient way of dealing with the extensive over-
burdens seems to be an estimation of the horizontally layered
anisotropic background structure by 1D inversion, and subse-
quent 3D isotropic or anisotropic inversions. Modeling of the
realistic Harding field data confirms that, a good estimate of
overburden resistivity is necessary for accurate recovery of the
reservoir resistivity distribution.
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Figure 7: Inversion result of the Harding model data assum-
ing an anisotropic background. Top panels: vertical sections
of the horisontal (left) and vertical (right) resistivity (same).
The middle and bottom panels represent horizontal sections at
different depths.
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