SPECIAL FOCUS: ADVANCES IN EXPLORATION

3D inversion results from towed streamer
EM data in a complex geological setting

The ability to perform
simultaneous acquisition of
high-resolution broadband
seismic data, along with an
EM survey, from a single
vessel, could play a major role
in advancing the use of EM
technology from exploration
to field development.

JOHAN MATTSSON, JOEL SKOGMAN,
ANWAR BHUIYAN, ALLAN MCKAY and CHRIS
ANDERSON, Petroleum Geo-Services

An example indicative of the type of 3D
subsurface images that can be produced by
PGS’s latest towed streamer EM system.

A newly developed, towed streamer
electromagnetics (EM) system was used
to acquire data over Mariner oil field in
the UK North Sea during 2012. Electric
field data were acquired with a single ves-
sel, using a horizontal bipole source and
sensors housed in a towed streamer. The
data were acquired in a densely sampled
grid, to cover a 3D subsurface volume
containing the oil reservoirs. The target
oil field was selected to test the ability of
the EM method to detect oil reservoirs in
a more complex geological setting than
had previously been attempted. Com-
plexity, in this case, means the proxim-
ity of a multi-layered resistive oil-charged
reservoir to a resistive chalk “basement.”

In situations like this, it is proposed
that information from seismic data, well
logs and preliminary 1D EM inversions
should be used to create a detailed back-
ground model to guide the 3D EM inver-
sion. Here, the targets are the proposed
resistive anomalies associated with oil-
charged sands in the Heimdal and Mau-
reen intervals, situated on top of each
other at burial depths below mud-line of

1,250 m and 1,450 m, respectively. The
Maureen reservoir sits on top of a resis-
tive chalk layer, and the overburden pre-
dominantly consists of shale. The water
depth in the area varies between 90 m and
120 m. In this case, an integral equation-
based, regularized conjugate gradient
method was implemented to obtain the
3D inverted resistivity.

INTRODUCTION

Controlled source electromagnetic
(CSEM) marine surveys have tradition-
ally been conducted, using ocean bottom
node-based systems. The EM receivers
are placed as autonomous recording sta-
tions on the seafloor in a linear or areal
pattern, typically with separations of 1 to
3 km. A horizontal electric dipole source
is then towed close to the seafloor, emit-
ting a constant source signal, which is typ-
ically a modified square-wave sequence.
The towed streamer EM method offers an
alternative approach, focusing on efficien-
cy, and EM and seismic joint acquisition.
The proprietary PGS Towed Streamer
EM system made the transition from pro-
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Fig. 1. The layout of the acquisition system configured for simultaneous acquisition of EM
and 2D GeoStreamer seismic. The 800-m-long bipole is towed at 10 m, emitting a 1,500-A
source signal. The EM streamer has 44 effective offsets from O to 7,700 m, and it is towed
at a nominal depth of 100 m. The de-ghosted seismic GeoStreamer is towed at a 20-m

depth, and the towing speed is 4 to 5 knots.

totype to a commercially available service
offering in October 2012. The similari-
ties to towed streamer seismic acquisition
are obvious, and the advantages are all
directed toward optimized performance
and improved efficiency. These include
acquisition speed at 4 to 5 knots, fixed
source-receiver geometry and densely
populated common mid-point sampling.
The real-time quality control and on-
board processing facilitate faster review of
the transverse resistance of a prospective
target reservoir. One of the survey areas
included in the October 2012 program
was the Mariner heavy oil field, in UK
North Sea Block 9/11a. A dense grid EM
survey (lines separated by SO0 m) was
acquired to detect and delineate the pres-
ence of hydrocarbons within Maureen
and Heimdal.

The towed streamer system configura-
tion is described briefly here, followed an
overview of the resistivity model-build-
ing, to create a starting model for 3D in-
version, and, finally, an integral equation
based on the 3D inversion, itself.

ACQUISITION CONFIGURATION

A layout of the acquisition system,
when configured for simultaneous EM
and 2D seismic acquisition, is shown in
Fig. 1. The bipole electric current source
is 800 m long, with a towing depth of 10
m. The source runs at 1,500 A, and the
source signal is user-selectable. In this
case, an optimized, repeated sequence

(ORS) was implemented. It can be
viewed as a square wave (alternating be-
tween +/- 1,500A), with twice the den-
sity of the discrete harmonics seen in a
monochromatic square wave. The signal
sequence is 120 sec long, with the source
active during the first 100 sec, followed
by 20 sec of no signal that are used for
background noise estimation and noise
reduction processing.

The maximum, nominal water depth
for the Towed Streamer EM system is
400 m. Greater water depths are possible,
provided feasibility modeling indicates
that the target is sufficiently large, relative
to burial depth, and/or has a sufficiently
high transverse resistance to cause a de-
tectable anomaly.

A number of different noise reduc-
tion methods have been implemented
for towed streamer EM operations, as
described by Mattsson et al.' Stochastic
noise is attenuated in two different ways.
First, the dense sampling, both within the
streamer and along the survey lines, facili-
tates noise reduction by stacking that im-
proves S/N by a factor of N, where “N” is
the number of stacked signals. The second
method is known as the low rank approxi-
mation, based on singular value decompo-
sition. It takes advantage of the fact that
the signal only occupies discrete frequen-
cies, whereas the stochastic noise is spread
throughout the spectrum. By identifying
the discrete signal frequencies, all noise be-
tween these frequencies can be removed.



SURVEY LAYOUT

The survey consisted of 10 lines sepa-
rated by 500 m. The length of each line
was about 15 km. Each line recorded 60
“shots” of 120 sec in length.

TOTAL UNCERTAINTY
IN THE EM DATA

Estimating the uncertainty in the fre-
quency response data as a function of
signal is an important aspect of the pro-
cessing and analysis of the acquired data.
In particular, the total uncertainties are
often used as data weights in inversion
algorithms. In the 3D inversion described
below, the uncertainties are also used in a
regularization update algorithm.

Noise, or uncertainty, originates from
several sources, including the measure-
ment system, positioning errors and the
electric field noise in the measurement.
The total uncertainty in the frequency
responses was calculated for the data ac-
quired in the grid over the Mariner area.
Typical relative uncertainties in this data
set are visualized in Fig. 2. The maximum
relative uncertainty is seen to be below
5% in amplitude and below 2% in the
phase. For most of the frequencies and
offsets, the uncertainties are below 1%,

Fig. 2. The estimated total relative
uncertainty in the frequency response
amplitude (top) and phase (bottom) for
one of the survey lines at the Mariner
heavy oil field.
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in both the amplitude and phase. The
dominant part of the uncertainty comes
from the electric field noise for the low
frequencies and long offsets. The sum of
measurement and navigation uncertain-
ties is below 1%.

STARTING 3D RESISTIVITY MODEL

Seismic data and well log data have
been used to extract the geological struc-
ture in the area. A resistivity model, 3D
structures embedded within the 1D plane-
layer background, has been built using
seismic and petrophysical information.
Initial resistivity values in each of the lay-
ers within the model have been estimated
from well logs, and the resistivity values
have then been further refined by 1D dif-
ferential evolution inversion (Mattsson et.
al, 2010). Structural interfaces interpreted
from seismic data, and the 3D resistivity
grid prepared from these structures, are
shown in Fig. 3. This model has then been
used as a starting and “a priori” model in
the 3D inversion described in the next sec-
tion. A 3D bathymetry part has also been
introduced in this model, which has been
included in Fig. 3.
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3D INVERSION

Asaforward modeler, a code based on
avolume integral equation is used as part
of the general framework of the 3D inver-
sion applied on the towed streamer EM
Mariner data. The inversion is formulat-
ed as the problem oflocating the minima
of a specific objective function, with re-
spect to a physical, reasonable resistiv-
ity model set. The objective function is
defined as the sum of the L2-norms cal-
culated from the data misfit functions,
with respect to the difference between
the measured frequency responses, and
the modeled frequency responses as-
sociated with the resistivity model, and
the deviation between an “a priori” and
the inverted models. The regularization
term in this inversion scheme is consid-
ered in the model space. The purpose of
regularization is to guide the inversion to
physically allowed models, and the bal-
ance between the two terms is controlled
by a regularization parameter. The algo-
rithm used for the minimization is based
on the Gauss-Newton method, with a
line search suggested as in Abubakar et
al. (2008). A more detailed description
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of the inversion problem formulation is
given in Enstedt et al. (2013).

In particular, the data weights in the
objective function are based on Gribenko
and Zhdanov (2007) for balancing the
dynamic range in the data. The model
weights in the regularization term are
based on a combination of weights, which
can be found in Zhdanov (2002), ensur-
ing that a physically realistic resistivity
model is obtained.

Especially in the Mariner case, the fol-
lowing workflow and regularization ap-
proach has been utilized:

« 3D grids for the bathymetry and the
chalk layer have been created from
echo-sounder data and seismic ho-
rizons with resistivity values from
1D DE inversions. An inversion grid
covering both the Heimdal and Mau-
reen reservoirs is also created, where
the models of these reservoirs shown
in Fig. 3 are used as the start and “a
priori” model for the 3D inversion.
This grid sits right on top of the
chalk grid. The remaining part of the
model in Fig. 3 is built as a 1D plane-
layer structure with resistivity values
obtained from the 1D inversions.

« Computed scattered fields from the
bathymetry and the chalk anomalies
were then subtracted from the mea-
sured frequency responses.

« The electric field coupling between
the inversion grid (Heimdal and
Maureen), the chalk and the bathym-
etry grids was neglected, with an
estimated mean error of around 1%,
which is accepted as sufficiently low.
Hence, subtracting the computed ba-
thymetry and chalk layer fields from
the inversion data is a reasonable ap-
proach, provided that these 3D mod-
els are sufficiently accurate.

« The regularization was done against
the starting model as the “a priori”
model, and the “vertical support”
method was used.

« A new trust region method, based
on a transformation of the model
space to a logarithmic space, where
only allowed resistivity values exist,
was used.

The system affords a broad range of
frequencies and offsets, which are used
and analyzed during the initial process-
ing of the data and as input to the prelim-
inary 1D inversions. As a result, it is pos-
sible to select a subset of data (Table 1)
optimized for the 3D inversion. The

motivation of the specific selection in
frequency, and offset, is to keep the data
with the highest sensitivity in the in-
version grid covering the Heimdal and
Maureen reservoirs.

The resulting resistivity values in the
inversion grid, after convergence of the ob-
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jective function value, are shown as depth
slices, from 1,215 m down to 1,475 m, Fig.
4. The Heimdal resistive anomaly shows
up as two laterally separated regions at
depths between 1,255 mand 1,315 m. The
maximum inverted resistivity is around
40 Om. The resistive anomaly associated

Fig. 3. A 3D resistivity model built from seismic and well logs. 1D inversion has been used

to modify the resistivity values.
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Fig. 4. Colored patches show the inverted 3D resistivity models for the Heimdal (shallow) and Maureen (deeper) reservoirs.
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Table 1. Subset of data selected from the
preliminary 1D inversion, optimized for the 3D
inversion.

Frequencies, Hz Offsets, m

0.2 4,070
0.4 4,520

0.6 5,045
5,495

6,095
6,695

7,290
7,590

with Maureen occurs at the bottom of the
inversion grid and has higher inverted re-
sistivity values. The lateral extent of this
anomaly fits fairly well with the seismi-
cally interpreted structural outline (white
boundary in Fig. 4). In all, this first inver-
sion result seems physically reasonable.
However, a check of the stability of this re-
sult, with respect to variations in the back-
ground model, which is kept fixed in this
3D inversion, remains to be performed.

CONCLUSIONS

The inversion of the Towed Streamer
EM system data, acquired over Mariner
tield, results in a resistivity anomaly vol-
ume that agrees well with the “a priori”
structural knowledge of the Heimdal and
Maureen reservoirs. Both the horizontal
and vertical extents, as well as the resis-
tivity values, are reasonable. The integral
equation method used has shown to be
stable and fast. However, in the relatively
complex geology of the Mariner area, it
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is important to make use of structural in-
formation from seismic and well logs, to
constrain the 3D inversion sufficiently. A
check of the stability of this result, with
respect to variations in the background
model, which is kept fixed in this 3D in-
version, remains to be performed, and
this is the subject of ongoing work.
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