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CSEM Acquisition

Energy reaches the receiver after interacting with various parts of the system:
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CSEM Interpretation
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CSEM interpretation
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Time-lapse CSEM modeling

z Air

Seawater 0.33 ohm-m

3 Transmitters
£ 2 eseecccccccscscccscscccscccsccecees L
= 15 Receiver y 50 m
- —2km 0 1
(=]
Sediments 1.0 ohm-m
25 — e
R i hm-
Not fo scale eservoir 100 ohm-m
b) - 5 km > |
Canonical 100 ochm-m 100 m
_____ |
Left flood
Bottom flood
Flooded volume—within dotted lines

Orange et al. (2009)

P
~

Anomaly (ratio)

S

Anomaly (ratio)

L]
~—

Anomaly (ratio)

w @
(41

noN
3

15
1
05

Flood from left

Flood from bottom

OJ . . D I i |
-4 -2 02 4 6 8 10121416 4 -2 0 2 4 6 8 10121416

35 T T T T T
Ey(Amp) 3 [LEv(Phs) P W
%|Fope: - (0 B A e &
a\ 25 AL 19
)
/AN 15 | /am\\K::
/ R Bo %
Y= NNy 1 . -
05

sl EZ(AmMp) sl.Ez(PRS} .. .
L2=X 97
5 2\ 5 ﬁ‘
3 .‘//\E t: I 3 N %‘JEEE‘:*::. _
RV ASES=I mmny ASSS=S
Chs==
* I"""T"'"]
-4—20246810121416 -4-20 2 4 6 8 1012 14 16

Bx(Amp)n

N WA 00O N

¢I'—T’"’

0550 5 46 610121416

Transmitter position (km)

Bx(Phs .ﬂ_

\

N W e 00 N

A — s

-

—

0'1:1
-4-2 02 4 6 8 1012 14 16

Transmitter position (km)




Waterflooding to enhance oil recovery
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Waterflooding to enhance oil recovery
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Constructing a petro-electric reservoir model




3D effective porosity model

3D Porosity Model
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A large geostatistical model widely used in research on upgridding and upscaling
approaches (Christie and Blunt, 2001)




Facies distribution in effective porosity domain
\ETORVATEY,

All facies

g
g

50 100 150 200 50 100 150 200
Model length Model length

Model width
Model width

Facies B Facies C

N
()

Model width

ES
o

Model width

[e)}
o

50 100 150 200 50 100 150 200
Model length Model length




Petrophysics model
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Thickness(m)

Distribution of petrophysical properties
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Time-dependent distributions of fluid saturation and pressure
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Petro-electric model

Combining Thomas and Stieber petrophysics model (1975), dual water
rock physics model (Best 1980; Clavier, 1984), and Arps’ empirical equation (Arps, 1953)

Sensitivity analysis of EM vs. seismic time-lapse
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Comparison of elastic and resistivity time-lapse changes
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Feasibility study for CSEM reservoir monitoring




Background elastoelectric model
(Modified Faust equation by Hacikoylu et al. 2006)
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Reservoir inserted into background electric model
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Resistivity logs extracted from the middle of the 2D reservoir for base survey,
the two monitor surveys after 5 and 10 years of water flooding
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CSEM Physics (Maxwell’'s equations): mathematical formulation of the laws
explaining the interaction of electric and magnetic fields.

Electromagnetic induction in a picture:

Faraday’s Law says that a moving (or time-

varying) magnetic field will induce electric Bprimary
fields in a conductor.

f E. dl= —@
! dt

Ohm’s Law says that a current will be gener-
ated from the electric field in a good conduc-

tor.
J=0cE

Ampere’s Law says that the current [ will
generate a secondary magnetic field.

f B-dl=ul

Minus sign in Faraday’s Law shows that conductors attenuate EM fields and so EM
fields propagate in resistive materials.

(Courtesy of Key and Constable)




1D-CSEM time-lapse changes in response to waterflooding after 5
years (solid lines) and 10 years (dashed lines)
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1D frequency analysis

Inline transmitter, inline electric filed, and xline magnetic field
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The coarse starting grid (top) and the final refined gird (bottom) created by

triangular meshing over the 2D reservoir model embedded into 1D background
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2.5D CSEM time-lapse response of crossline magnetic field in midpoint-offset
geometry after 5 years of waterflooding
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2.5D CSEM time-lapse response of crossline magnetic field in midpoint-
offset geometry after 10 years of waterflooding
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2.5D CSEM time-lapse response of inline electric field in midpoint-offset
geometry after 5 years of waterflooding
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2.5D CSEM time-lapse response of inline electric field in midpoint-offset
geometry after 10 years of waterflooding
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Summary of time-lapse CSEM
feasibility study

2.5D CSEM modeling demonstrates that a detectable time-lapse
signal after 5 years and a strong time-lapse signal after 10 years of
waterflooding are attainable with the careful application of currently
available CSEM technology.

1D CSEM data acquired at the middle of reservoir exhibits relatively
strong time-lapse signals for both monitor surveys.

These observations demonstrate that 1D modeling of a 2D reservoir
can be misleading and results in the overestimation or under
prediction of the time-lapse signal and the associated swept oil in
the waterflooding enhance recovery.

Repeatability issues during CSEM data acquisition, processing, and
interpretation are critical steps to preserve these relatively small, but
noticeable, time-lapse signals.
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Recommendations and future work

The development of the petro-electro-elastic model is based on the
dispersed clay distribution. An extension of the current work will be
the generation of a model with layered distribution of clay and then
perform seismic and CSEM feasibility studies.

Extend the current work to time domain and a 3D reservoir

Joint inversion of seismic and CSEM data may lead to better
estimation of the reservoir properties and results in lower
uncertainties in the estimated properties compared to the properties
estimated from seismic or CSEM alone.

Seismic and CSEM reservoir history matching will be the ultimate
application of the developed petro-elastic-electric model .

Real data application will be the final stage of this research study.
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