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Summary

We present the results of a joint interpretation of both 3D
seismic and 3D CSEM data from a prospect in the Perdido
fold belt (deep offshore Gulf of Mexico). The study began
after the first exploration well was drilled over the
structure, confirming the presence of oil in two Early
Eocene intervals. The integrated methodology tailored for
the study has resulted in (1) a better understanding of the
sensitivity of the CSEM data, (2) discrimination between
lithology and fluid effects and finally (3) an update of the
oil volume estimated over the structure.

Introduction

The marine controlled source electromagnetic (CSEM)
method for hydrocarbon exploration was used for the first
time in 2000 (Ellingsrud et al., 2002) and is now an
established exploration tool, used as a complement to
seismic data. For example, in the Gulf of Mexico, in 2010
Pemex opted to use it as an independent source of
information, complementing seismic in order to mitigate
exploration risk and improve management of its deep-
offshore exploration portfolio (Escalera Alcocer et al.,
2013).

During the last few years, numerous methodologies have
been presented to interpret CSEM data either qualitatively
or quantitatively, and the most recent trend in that respect is
the development of methods to integrate CSEM and
seismic data in a common interpretation: qualitative
interpretation (Escalera Alcocer et al., 2013); quantitative
interpretation of CSEM and seismic based on rock physics
relationship (Harris et al., 2009; Morten et al., 2011,
Tomlinson et al., 2013); or full petrophysical joint CSEM-
seismic inversion (Miotti et al., 2013). The success of such
joint approaches is based on the complementarity of these
data: whereas seismic data are, in the best case, only
sensitive in a qualitative way to the fluid content, CSEM is
very sensitive to fluid saturation. On the other hand,
seismic amplitudes can provide quite a detailed
understanding of the spatial distributions of lithology and
porosity, from which interpretation of CSEM can benefit.
However, integrating CSEM and seismic data is not always
an easy task due to the following issues:

o Data are affected by uncertainties;

o Data have very different vertical resolution (from 10 m

for seismic to several hundreds of meters for CSEM);
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o Interpretation of anomalies is never unique: for instance
a resistive anomaly detected from CSEM inversion may
be caused by hydrocarbon accumulation but also by a
reduced porosity;

e The physical models used to invert data are
approximations and rely on assumptions that cannot be
always verified, especially in the exploration context
due to scarcity of well data.

In the present paper, we present an alternative integration
methodology, which has been developed to cope with the
interpretation challenges linked with the depth of the
prospect (5200-5700 m TVDSS; 2300-2800 m below
mudline). Based on a combination of rock physics, CSEM
modelling and synthetic inversion, we progressively try to
understand the resistivity anomalies observed in CSEM
inversion, ending with an estimation of reserves in place,
together with its uncertainty.

Background information

We focus in this paper on a prospect located in the Perdido
fold belt of the Mexican part of the Gulf of Mexico. The
water depth over the prospect is around 3000 m. The main
targets are two levels W1 and W2 in the Wilcox formation
(Early Eocene) located respectively 2300 and 2800 m
below mudline, with potential reservoirs formed of
turbiditic sandstones from a complex of submarine fans
derived from Tertiary deltaic systems. The perforation of
an exploration well proved the presence of light oil in the

Figure 1: Top W1 (upper left) and W2 (upper right) structural
maps with and arbitrary section through seismic data (lower)
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two targets. Figure 1 displays maps of thickness from
proven contacts to the top reservoir: W1 has a thin oil
column of 30 m, whereas W2 has a maximal oil column of
110 m.

Data available for this study include the following:

e The well logs from the perforated well, including
horizontal and vertical resistivity as well as
petrophysical interpretation logs like effective porosity
@, clay fraction V¢, or water saturation S;

e ®, and V¢ cubes (in depth), obtained from
petrophysical inversion of 3D seismic data over the area;

o Vertical and horizontal resistivity cubes from 3D CSEM
inversion revised after the perforation of the well.

A resistive anomaly is detected in the center of Figure 2: It
is confined to the Eastern part of the prospect, and tends to
attenuate towards the Northwest. The well is located just at
the edge of the anomaly. The question we will address in
this paper is to try to understand whether this anomaly can
be correlated quantitatively to hydrocarbon accumulation?
If yes, would it be related to W1? To W2? Or to a
combination of the two?

Figure 2: Average Rv (Eocene window) from CSEM inversion
results; red and black contours are the contacts for W1 and W2
intervals

Both the CSEM and the seismic inversion are considered to
be of good quality based on comparison of inversion results
at well position to measured well data.

Rock physics model calibration

From well data, the first step is to calibrate a modified
Simandoux model linking horizontal resistivity Ry, to @,
V¢ and S,,.

Ri =a.S2®’(aZ +24.5)+bV,S, N

h

In this equation, dependency to water resistivity is
accounted for by the dependency to depth Z (o being the
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temperature gradient), whereas a and b are constants
calibrated by linear regression.

The vertical resistivity R, is obtained by multiplying this
result by an anisotropy factor depending linearly on V¢, ¢
and d being estimated by linear regression:

R, =(cV, +d)R, )

Figure 3 illustrates the good fit obtained between measured
and predicted resistivity (correlation coefficients between
prediction and model over 0.95).
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Figure 3: Modeled (color) compared to measured (bold black)
vertical (left) and horizontal (center) resistivity. The track on
the right displays volumetric fractions of clay (green), sand
(yellow), brine filled effective porosity (blue) and oil filled
porosity (red)

Resistivity model building

The quality of fit of the aforementioned model remained
almost identical after upscaling well logs to the seismic
scale, and the calibrated model was then judged to be
accurate enough to predict resistivity from the seismically
derived @, and V¢, cubes.

Two reservoir models have been built corresponding to two

possible scenario addressing fluids in the reservoirs:

e Model 1 (Figure 4): Reservoirs are filled with light oil
(Sw=0.2) to the contact depth indicated in Table 1; S, =1
below this level;

e Model 2: S,,=1 everywhere.
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These resistivity models are then inserted in the same 3D
background as the one used previously for the CSEM
inversion.

Figure 4: Vertical (left) and horizontal (right) resistivity
model for the oil saturated case — model 1 (section)

Synthetic inversion

Synthetic inversion includes a 3D CSEM modelling step
based on the real acquisition configuration followed by a
3D CSEM inversion. It provides a realistic estimate of how
much of the modeled resistivity anomaly can be retrieved
from the inversion.

Figure 5: Average vertical restivity (Eocene window) from
Model 1 (left) and Model 2 (right)

a 1D background. The sensitivity of CSEM response is
given by equation (3):

S— ‘Etgt - Ebg‘

&

®

Where (Ei - Eyg) is the maximal difference between
CSEM responses for all recorded offsets and frequencies
with and without target and ¢ is the data uncertainty.
Sensitivity less than 1 is considered as low (not detectable
target), whereas a value over 3 corresponds to a very
sensitive target.

Prospect W1 W2
Contact depth (m) 5257 5700
Reservoir resistivity (Qm) 5-50 10-70
Net pay thickness (m) 3-10 10-80
Background resistivity (QQm) 4-4.2
Geometrical correction factor 0.8-1.7

Figure 5 shows that the inverted resistive anomaly of
Model 1 is very consistent with the inversion from the
survey (Figure 2). In the Model 2, synthetic inversion result
show that the anomaly is not present. Hence it is very likely
that hydrocarbons are present in sufficient quantities to be
detected from CSEM. Resistivity drops northwards, where
the hydrocarbon column becomes too thin to be detected,
both in the real inversion case and in the synthetic data
(figure 5, Model 1).

Sensitivity study

The methodology presented in Mittet and Morten (2012)
consists of modelling the CSEM response of a 3D target in
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Table 1: Parameters describing targets W1 and W2
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Figure 6: Peak sensitivity as a function of net pay and reservoir
resistivity in the case of W1 (upper) and W2 (lower)
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Table 1 summarizes the net pay and resistivity derived
from seismic for the two targets used for the sensitivity
study. Figure 6 shows that the shallower target W1 has low
sensitivity and probably, does not add to the CSEM
response. This is due to the low net pay of the target (Table
1). Target W2, on the contrary, is detectable with a
moderate sensitivity.

Volumetric

Volumetric evaluation is an integral part of the exploration

process. Baltar and Roth (2013) presented a methodology

to evaluate reserve volume probability from CSEM
inversion results: The methodology distinguishes two cases

(positive and negative), depending on whether the resistor

corresponding to the hydrocarbon accumulation has a

sufficient area, thickness, and resistivity contrast to the

background environment to be detected from CSEM. The
method is based on two main concepts or observations:

e CSEM resistivity has a much better lateral resolution
than it has vertically;

e Given a 1D resistivity trace extracted from a 3D CSEM
inversion, the anomalous transverse resistivity (ATR)
equivalence principle (Constable, 2010) can be written
as Equation 4 (below), providing a way to estimate the
net pay column at this position:

J(RCSEM (Z)_ Rbg (Z))dz = I(Rreservoir(z)_ Rbg (Z))dz

CSEManomaly payzone
(4)

In Equation 4, Ry is the vertical background resistivity
from CSEM inversion, Resenoir the vertical resistivity in the
reservoir and Rcsew, the vertical resistivity estimated by the
CSEM inversion. The integration window for the left term
is identical to the one used for the average resistivity maps
displayed above. The rest of the resistivity parameters are
generated from pre-defined distributions using Monte-
Carlo simulation (Table 1).
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Figure 7:  Probability distribution net rock volume W2,
compared to seismic estimation (red)
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In the case study, since only W2 has a significant impact on
CSEM response, only this anomaly has been considered in
the reserve estimation. Prior to using eq. (4) to estimate net
pay thickness, it is necessary to recalibrate the ATR
estimated from CSEM inversion to account for the loss of
information occurred in the inversion process and which
has been put in evidence by the synthetic inversion. This
exercise allows estimating a geometrical correction factor
distribution (see table 1). Globally, Figure 7 shows that the
average seismic volume estimate corresponds to the P70
case estimated from CSEM data, which is a reasonable
agreement. Hence, in this study, CSEM data allows making
the seismic volume estimation more robust by confirming it
with independent data.

Conclusions

We have described a workflow for integrating CSEM and
seismic data and applied it to a real case study. We have
shown that combining the knowledge derived from well,
seismic and CSEM could beneficiate greatly in
understanding anomalies from CSEM and therefore using
this data in a more effective way.

Synthetic data inversions based on a rock physics modeling
and comparison to real data inversion show good likelihood
of high hydrocarbon saturation in the reservoir mapped by
seismic. Based on sensitivity assessments for expected
reservoir parameter ranges, we conclude that the observed
resistivity anomaly can mainly be attributed to the deeper
Eocene interval, whereas the CSEM sensitivity to the
shallower interval is limited. Performing an independent
net rock volume estimation based on CSEM anomaly gives
a distribution, which is consistent with previous seismic
estimations.
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