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ABSTRACT

A towed streamer electromagnetic system capable of simultaneous seismic and elec-
tromagnetic data acquisition has recently been developed and tested in the North Sea.
We introduce a 3D inversion methodology for towed streamer electromagnetic data
that includes a moving sensitivity domain. Our implementation is based on the 3D
integral equation method for computing responses and Fréchet derivatives and uses
the re-weighted regularized conjugate gradient method for minimizing the objective
functional with focusing regularization. We present two model studies relevant to hy-
drocarbon exploration in the North Sea. First, we demonstrate the ability of a towed
electromagnetic system to detect and characterize the Harding field, a medium-sized
North Sea hydrocarbon target. We compare our 3D inversion of towed streamer
electromagnetic data with 3D inversion of conventional marine controlled-source
electromagnetic data and observe few differences between the recovered models. Sec-
ond, we demonstrate the ability of a towed streamer electromagnetic system to detect
and characterize the Peon discovery, which is representative of an infrastructure-led
shallow gas play in the North Sea. We also present an actual case study for the 3D
inversion of towed streamer electromagnetic data from the Troll field in the North
Sea and demonstrate our ability to image all the Troll West Oil and Gas Provinces
and the Troll East Gas Province. We conclude that 3D inversion of data from the
current generation of towed streamer electromagnetic systems can adequately recover
hydrocarbon-bearing formations to depths of approximately 2 km. We note that by
obviating the need for ocean-bottom receivers, the towed streamer electromagnetic
system enables electromagnetic data to be acquired over very large areas in fron-
tier and mature basins for higher acquisition rates and relatively lower cost than

conventional marine controlled-source electromagnetic methods.
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1 INTRODUCTION ductive hosts. Over the past decade, MCSEM surveys charac-

. . . terized by arrays of fixed ocean-bottom receivers and towed
The premise of the various marine controlled-source elec-

. . t itters have b lied to de-riski lorati d
tromagnetic (MCSEM) methods is sensitivity to the lateral Fansmitters have been applied to de-risking exploration an

isal j ith di h indicati .g.
extents and thicknesses of resistive bodies embedded in con- appraisal projects with direct hydrocarbon .1nd.1cat10n (c.g-
Constable 2012). The most successful applications of MC-

SEM to date have been in complement to those seismic in-

*Corresponding author. Email: mzhdanov@technoimaging.com. terpretations where lithological or fluid variations cannot be
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Figure 1 A schematic representation of a towed streamer EM system with a single transmitter in a streamer towed 10 m below the sea-surface
and multi-offset receivers in a streamer nominally towed 100 m below the sea-surface.

adequately discriminated by seismic methods alone (e.g., Hes-
thammer ez al. 2010). However, relatively high acquisition
costs have represented a significant obstacle to widespread
adoption of conventional MCSEM technology. To this end, a
towed streamer system capable of simultaneous seismic and
electromagnetic (EM) data acquisition has recently been de-
veloped and tested in the North Sea (Anderson and Mattsson
2010; Mattsson et al. 2010; Linfoot et al. 2011; McKay et al.
2011) (Fig. 1). We note that, independently, a short-offset
towed EM system has been developed and tested for gas hy-
drate mapping in the Gulf of Mexico (Weitemeyer and Con-
stable 2011). The moving platform geometry of a towed EM
system enables EM data to be acquired over very large areas
in both frontier and mature basins for higher acquisition rates
and lower costs compared to conventional MCSEM methods.

Hydrocarbon reserves and resources are estimated with
varying confidence from volumetrics predicted from differ-
ent subsurface models and scenarios. As such, acquisition,
data processing and quality control measures represent just
part of a successful exploration workflow. Quantitative in-
terpretation of EM data is inherently reliant upon 3D earth
models derived from inversion since EM data cannot simply
be separated or transformed with linear operators as per seis-
mic methods. However, methods for inverting EM data are
complicated by the very small, non-unique and non-linear re-
sponses of the hydrocarbon-bearing reservoir units when com-
pared to the measured total fields. Moreover, 3D inversion of
towed streamer EM data poses a significant challenge because
of the size of the surveys, the requirement for high resolution
models and the significantly increased number of transmitter-
receiver pairs relative to conventional MCSEM surveys.

The primary problem with 3D modelling of towed
streamer EM data is the necessity to solve as many linear
systems of equations as there are transmitter positions in
the survey. In the case of 3D inversion, this problem is ex-
acerbated by the need to compute Fréchet derivatives and
repeat the whole process for multiple iterations. Similar to
airborne EM (Cox and Zhdanov 2007; Cox, Wilson and Zh-
danov 2010, 2012), we can exploit the fact that the towed
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Figure 2 Plan view of multiple towed streamer EM sensitivity do-
mains superimposed over the same 3D earth model. Darker shading
indicates a higher fold of different sensitivity domains.

streamer EM system’s sensitivity domain is significantly less
than the size of the survey area and we introduce the concept
of 3D inversion with a moving sensitivity domain. That is, for
a given transmitter-receiver pair, the responses and Fréchet
derivatives are computed from a 3D earth model that encap-
sulates the towed EM system’s sensitivity. The Fréchet matrix
for the entire 3D earth model is then constructed as the super-
position of Fréchet derivatives from all transmitter-receiver
pairs over the entire 3D earth model (Fig. 2). It follows that
memory and computational requirements can be reduced by
several orders of magnitude, making large-scale 3D inversion
of towed steamer EM data a tractable problem with high-end

workstations or moderate cluster resources.
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2 INVERSION METHODOLOGY
2.1 Modelling

For completion, we review the basis of 3D EM modelling.
Starting from Maxwell’s equations, Ohm’s law, the usual
constitutive relations and assuming an exp(—iwt) time depen-
dence, one can derive inhomogeneous telegrapher’s equations
for electric fields:

V x V x E(r) —iouo(r)E(r) = iou](r), (1)

where J(r) is the extraneous electric current due to the trans-
mitter. For marine EM systems, the transmitter is best rep-
resented as a finite-length electric bipole of arbitrary orien-
tation. In general, the 3D conductivity distribution o (r) can
be both frequency-dependent and anisotropic. In order to re-
move discretization problems associated with discrete sources,
the external source terms are replaced with an equivalent dis-
tributed background electric field obtained by solving for an
earth model excited by the external sources. Explicitly, the
conductivity is separated into background o,(z) and anoma-
lous o,(r) parts:

o (r) = 0,(z) + 0,(r) (2)

and the background (b) electric fields can be computed from:

V x V x E'(r) — iouo,(2)E*(r) = iou](r). (3)

The anomalous (a) electric fields are defined as the difference
between the total and background electric fields, respectively,

or:
E°(r) = E(r) — E’(x). (4)

We obtain the inhomogeneous telegrapher’s equation for the
anomalous electric field by subtracting equation (3) from
equation (1):

V x V x E*(r) —iouo (r)E’ (r) = iw,twd(r)Eb(r). (5)

The background electric fields can be computed semi-
analytically from equation (3) as Hankel transforms of ele-
mentary functions. Equation (5) avoids errors associated with
the discretization of the external source terms. This approach
has been widely used in the EM modelling literature, whether
with finite-difference (FD) (e.g., Mackie, Watts and Rodi
2007; Commer and Newman 2008), finite-volume (FV) (e.g.,
Weiss and Constable 2006), finite-element (FE) (e.g., da Silva
et al. 2012), or integral equation (IE) methods (e.g., Hursan
and Zhdanov 2002; Zhdanov 2002, 2009). The advantage of
the volume IE method over the other numerical methods is that
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the entire 3D earth model need not be discretized. Rather, an
appropriate background conductivity model is chosen and the
volume of interest is discretized with all boundary conditions
perfectly matched. This is unlike FD, FV or FE methods that
require large-scale discretization and an appropriate choice of
boundary conditions so as to emulate an unbound 3D earth
model. Later, we shall discuss how the dimensions of that
volume of interest (or sensitivity domain) are chosen.

From equation (5), it is well-known that we can derive
a vector Fredholm integral equation of the second kind for

anomalous electric fields:

E'(r) = ///;/Gﬁ(r’, r)- o, (r) [Eb (r) + E* (r)] dv, 7’ C V,
(6)

where G, (r, 1) is the body-to-body electric Green’s tensor
for the background conductivity model (e.g., Raiche 1974;
Hohmann 1975; Weidelt 1975; Xiong 1992). The integration
is evaluated over those volumes of interest where the conduc-
tivity differs from the background conductivity. This means
that we can simultaneously solve equation (6) for multiple (D)
domains (Endo, Cuma and Zhdanov 2009):

N
E* (r/):; / / /V Gy (¢, 1) -0, (r) [E" (1) + E* (1)] dv.  (7)

Each of the domains may be of different dimensions and dis-
cretizations. For example, we may finely discretize one do-
main for bathymetry, have another coarsely discretized for
regional (background) structures and finely discretize another
domain incorporating those formations of interest. All of these
domains are fully coupled through equation (7). Using the
method of moments, equation (7) can be reduced to the linear
system:

I-T-0,)-E°=T -0, E, (8)

where E“ is the vector of the anomalous electric fields, I is the
identity matrix, I is the matrix of volume-integrated body-to-
body electric Green’s tensors for the background conductivity
model and o, is a diagonal matrix of anomalous conductiv-
ities. Note that equation (7) requires the total electric field
in each cell and this is computed as the sum of the back-
ground and anomalous electric fields. This summation prop-
agates numerical errors due to finite precision. By adding the
background electric fields to both sides of equation (8) and
after some algebra, we can instead obtain the linear system:

(I-T.0,)-E=FE’, 9)
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which directly solves for the ‘total’ electric field, E, instead
of the anomalous electric field, E?, while retaining the dis-
tributed source in terms of the background electric fields, E”.
This is a unique property of integral equation methods and
their hybrids. That said, equation (9) requires the solution
of a large, dense and ill-conditioned matrix system. Following
Singer and Fainberg (1995) and Hursan and Zhdanov (2002),
we pre-condition equation (9) with contraction operators to
improve the conditioning of the matrix system. Also as per
Hursan and Zhdanov (2002) and Avdeev et al. (1997), we
exploit the Toeplitz structure of matrix system (9), meaning
that we can perform multiplications of the translationally in-
variant horizontal components of I without needing to store
its full size. We solve equation (9) using the complex general-
ized minimum-residual method (CGMRES), as this has been
proven to always converge (Zhdanov 2002). With equidis-
tance x and y discretizations in each of the domains, matrix-
vector multiplications in the CGMRES solution of matrix
equation (9) can be provided by 2D FFT convolutions that
reduce computational complexity from O(n?) to O(nlogn).
This method restricts the discretization in each domain to be
uniform in the horizontal directions but arbitrary in the ver-
tical directions.

Following the solution of equation (9), the electric fields
at the receivers are computed from the following expression:

E(r/)th (r’)—l—///\;éE (r’,r)~o[, (r)E (r) dv, (10)

where Gh (r',r) is now the body-to-receiver electric Green’s
tensor for the background conductivity model.

Zhdanov et al. (2011) discussed iterative migration for
explicitly evaluating the direction of steepest descent required
for deterministic inversion methods. Given the typically low
conductivity contrasts (e.g., < 100:1) of sedimentary and
reservoir formations, our numerical analyses comparing it-
erative migration and linearized inversion have demonstrated
that the Fréchet derivatives can be computed accurately and

rapidly using the quasi-Born approximation:

OE(r) :// G, (r.1) -E(r) dv. (11)
Ve

3Uk

This method is more accurate than the Born approxima-
tion (e.g., Gribenko and Zhdanov 2007; Steren, Zach and
Maag 2008) and it explicitly avoids additional modelling as
required by formally invoking the reciprocity theorem (e.g.,
McGillivray et al. 1994).

2.2 Inversion

The modelling of towed streamer EM data can be expressed

in operator form as follows:
d= A(m), (12)

where d is the N, length vector of observed data, m is the
N,, length vector of conductivities and A is the non-linear
modelling operator. Towed streamer EM data are finite in
their spatial and frequency content and are contaminated
with noise. This means their inversion is ill-posed because
they are inherently non-unique and unstable and regular-
ization must be introduced to obtain a unique and stable
solution (Tikhonov and Arsenin 1977). Regularization is a
broad term that includes the interpreter’s prejudice toward
model dimensionality, constraints and model class. All ge-
ological constraints manifest themselves through regulariza-
tion, such as data weights, model upper and lower bounds,
model weights, a priori model and the type of stabilizing func-
tional. We can solve equation (12) using the Tikhonov para-
metric functional with a pseudo-quadratic stabilizer (Zhdanov

2002):

P%(m, d) = ¢ (m, d) + os (m) — min, (13)

where ¢ (m, d) is a misfit functional:

¢ (m, d) = (W, Alm) — W,d)" (W, A(m) — W,d) (14)

and s (m) is a pseudo-quadratic stabilizer:

s (m) = (W,W,,m - W,W,m, ) (WW,m-W,W,m,,).
(15)

In equation (15), W, and W, are the diagonal data and model
weighting matrices, respectively; W, is a diagonal matrix used
to select a type of stabilizing functional; « is a regularization
parameter that balances (or biases) the misfit and stabilizing
functionals. We perform our inversion in the space of loga-
rithmic model parameters (log conductivity) and logarithmic
data so as to reduce the dynamic range of both the model
parameters and the data. This improves numerical stability
through an improved conditioning of the Fré chet matrix.
As discussed by Zhdanov et al. (2011), there are a variety
of stabilizing functionals to choose from and these are cho-
sen with the user’s prejudice for the expected geology. Rather
than using smooth stabilizing functionals, our preference is to
use focusing stabilizing functionals that recover models with
sharp resistivity contrasts (Portniaguine and Zhdanov 1999).
In all results presented in this paper, we have used the min-
imum vertical support (MVS) stabilizer (Zhdanov, Gribenko
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and Cuma 2008), which has the following expression for the

matrix W,:

1
(fmPds —|—ez)1/2

where e is a small number (focusing parameter) introduced

WS = diag (16)

to avoid singularity when m = m,,, and where § is a hori-

zontal section from the inversion domain. The MVS stabilizer
minimizes the thickness of the volume with non-zero depar-
tures from the a priori model and was specifically developed
to invert for thin sub-horizontal structures typical of reservoir
formations. Equation (13) can be solved using a variety of
optimization methods. We minimize equation (13) using the
re-weighted regularized conjugate gradient (RRCG) method
and refer the reader to Zhdanov (2002) for further details of
this method.

2.3 Moving sensitivity domains

Conventional MCSEM surveys may have in the order of hun-
dreds of fixed receivers and in the order of thousands of
transmitter positions. Reciprocity is routinely exploited in 3D
MCSEM modelling and inversion to minimize the number
of source terms that need to be solved (e.g., Zhdanov et al.
2011). At the same time, towed streamer EM surveys may have
thousands of transmitter positions and thousands of receiver
positions. Therefore, reciprocity cannot be exploited for any
computational efficiency. In this respect, towed streamer EM
surveys are similar to airborne EM (AEM) surveys for which,
until recently, 3D inversion was considered intractable. It had
long been known that a particular transmitter-receiver pair
were sensitive only to a limited volume of earth called the
‘footprint’ (e.g., Liu and Becker 1990; Beamish 2003; Reid,
Pfaffling and Vrbancich 2006), which we hereafter refer to
as a ‘sensitivity domain’, which contains the majority (e.g., >
90%) of the integrated sensitivity of the particular transmitter-
receiver pair. Exploiting the fact that this sensitivity domain
is significantly smaller than the area of a survey, Cox et al.
(2010, 2012) computed the responses and Fréchet derivatives
only for that part of the 3D earth model that is within the
EM system’s sensitivity domain and then superimposed the
Fré chet derivatives for all sensitivity domains into a single,
sparse Fré chet matrix for the entire 3D earth model. This re-
duced the memory and computational requirements by several
orders of magnitude. For example, the number of non-zero el-
ements in each row of the Fréchet matrix is just the number of
cells within each sensitivity domain (in the order of thousands)
rather than the total number of cells in the model (in the order
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of millions). This has made it practical to invert AEM data
from hundreds of thousands of transmitter positions to mega-
cell 3D earth models. Cuma, Wilson and Zhdanov (2012) re-
cently extended this concept to potential fields and discussed
selection criteria for the sensitivity domain size.

We use a similar moving sensitivity domain concept for
the inversion of towed streamer EM data. The responses and
Fréchet derivatives of the towed streamer EM system can be
calculated from the spatially finite sensitivity domain without
any appreciable loss of accuracy. The dimensions of the sensi-
tivity domain are dependent on the transmitter and/or receiver
locations, geometries and components of the observed data,
spectral content of the data and subsurface physical proper-
ties and are much smaller than the volume of the entire earth
model. To illustrate this concept, Fig. 2 shows a plan view
of multiple towed streamer EM sensitivity domains superim-
posed over the same 3D earth model. Darker shading indicates
a higher fold of different sensitivity domains. As an example
of the size of the sensitivity domain (corresponding to the Peon
model study presented later in this paper), we can calculate
the integrated sensitivities for a towed streamer EM system
consisting in a 300 m long electric bipole transmitter towed
10 m below the sea-surface and in-line electric field receivers
towed 100 m below the sea-surface at offsets between 1325-
2545 m at 0.10 and 1.00 Hz. While the actual system may
have intermediate offsets and other frequencies, these are rep-
resentative of both the highest frequency/shortest offset and
the lowest frequency/longest offset configurations. The earth
model consisted in a 384 m thick 0.3 ohm-m water column
overlying an otherwise homogeneous, isotropic half-space of
3.0 ohm-m. Since the isosurfaces of the integrated sensitivities
are the functions of transmitter-receiver geometry, frequency
and earth model, it is convenient (from a programming per-
spective) to encapsulate them in a rectangular domain. For
example, as can be seen in Fig. 3, a sensitivity domain of di-
mension 8 km x 5§ km x 1.5 km captures over 95% of the
integrated sensitivity for the towed streamer EM system for
all frequencies and offsets. Note that this sensitivity domain
is significantly smaller than the size of the actual Peon earth
model presented later in this paper. Moreover, we note that
the sensitivity domain dimensions do not need to be constant
and can vary as a function of offset and frequency.

The Fréchet derivatives (sensitivities) of the EM data for
the entire towed streamer EM survey and entire subsurface
model can be constructed as the superposition of the Fréchet
derivatives from all of the sensitivity domains determined for
the corresponding positions of the towed streamer EM sys-
tem. The Fréchet matrix for the entire sea-bottom model is

© 2014 European Association of Geoscientists & Engineers, Geophysical Prospecting, 1-21
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Figure 3 Example of the vertical (panels a and ¢) and horizontal
(panels b and d) dimensions of a sensitivity domain used in the Peon
model study. This figure presents the integrated sensitivities for a
towed streamer EM system consisting in a 300 m long electric bipole
transmitter towed 10 m below the sea-surface and in-line electric field
receivers towed 100 m below the sea-surface at offsets between 1325
m for 1.00 Hz (panels a and b) and 2545 m for 0.10 Hz (panels ¢
and d). The earth model consisted in a 384 m thick 0.3 ohm-m water
column overlying an otherwise homogeneous, isotropic half-space of
3.0 ohm-m. A sensitivity domain of dimension 8 km x § km x 1.5 km
(white box) captures over 95% of the integrated sensitivity for the
towed streamer EM system for all frequencies and offsets.

calculated and stored as a sparse matrix, rather than a full
matrix as per the conventional 3D inversion methods (e.g.,
Zhdanov 2002, 2009). We also note that there are particular
computational advantanges to using the aforementioned IE-
based modelling with a moving sensitivity domain. First, the
background fields and Green’s tensors need not be evaluated
beyond the sensitivity domain. Second, the body-to-body elec-
tric Green’s tensors can be computed for a single sensitivity
domain and then translated across the 3D earth model. Third,
linear system (9) can be rapidly constructed and solved for the
total electric field inside each sensitivity domain and the cor-
responding electric fields at the receivers and their sensitivities
rapidly computed from equations (10) and (11), respectively.

3 MODEL STUDIES

In the following section, we present two model studies that
investigate the performance of the 3D inversion of towed
streamer EM data. From the analysis of field trial data ac-
quired at several knots, we note that the noise characteristics
of the towed streamer EM system are comparable to con-
ventional MCSEM when data are normalized by antenna mo-
ments. Detailed analysis of the data acquired during the North
Sea field trials concluded that the total electric field noise levels
were functions of frequency and offset and are generally be-
low 3% and below 2% between 0.1-1.0 Hz (Mattsson et al.
2012). This noise is composed of contributions from mea-
surement system error, navigation error, processing error and
electromagnetic noise. It follows that a simple noise model
of 2-3% random Gaussian noise is sufficient to emulate the
noise characteristics of a towed streamer EM survey. This has
been independently observed for mapping gas hydrates in the
Gulf of Mexico by Weitemeyer and Constable (2010) with the
Vulcan towed EM system developed by the Scripps Institution
of Oceanography.

In both model studies to be presented, we used the afore-
mentioned regularized inversion, which is robust with respect
to noise. For both model studies, this was tested by adding
random 2% Gaussian noise to the ‘total’ electric fields for the
synthetic towed streamer EM data. In both cases, the inver-
sions were run until the normalized misfit calculated as the L2
norm of the residuals divided by the L2 norm of the observed
data reached 2%.

3.1 Harding

First, we consider a model study comparing towed streamer
EM with conventional MCSEM. Harding is a medium-sized

© 2014 European Association of Geoscientists & Engineers, Geophysical Prospecting, 1-21
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Figure 4 (a) 3D perspective view of the Harding Central reservoir model, with resistivity values greater than 10 ohm-m shown. (b) 3D perspective
view of the Harding Central reservoir model recovered from 3D inversion of towed streamer EM data, with resistivity values greater than 10
ohm-m shown. The blue dots indicate the different transmitter positions. (¢) 3D perspective view of the Harding Central reservoir model

recovered from 3D inversion of conventional marine CSEM data, with resistivity values greater than 10 ohm-m shown. The blue dots indicate
the different seefloor-based receiver positions.
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Figure 5 (a) Plan view of the Harding Central reservoir model at 1600 m depth. (b) Plan view of the Harding Central reservoir model recovered
from 3D inversion of towed streamer EM data at 1600 m depth. (c) Plan view of the Harding Central reservoir model recovered from 3D
inversion of conventional marine CSEM data at 1600 m depth.
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Figure 6 (a) Plan view of the Harding Central reservoir model at 1700 m depth. (b) Plan view of the Harding Central reservoir model recovered
from 3D inversion of towed streamer EM data at 1700 m depth. (c) Plan view of the Harding Central reservoir model recovered from 3D

inversion of conventional marine CSEM data at 1700 m depth.
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Figure 7 (a) Vertical cross-section of the Harding Central reservoir model along Y = 0 m. (b) Vertical cross-section of the Harding Central
reservoir model recovered from 3D inversion of towed streamer EM data along Y = 0 m. (c) Vertical cross-section of the Harding Central
reservoir model recovered from 3D inversion of conventional marine CSEM data along Y = 0 m.
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Figure 8 (a) Vertical cross-section of the Harding Central reservoir model along X = 0 m. (b) Vertical cross-section of the Harding Central
reservoir model recovered from 3D inversion of towed streamer EM data along X = 0 m. (c) Vertical cross-section of the Harding Central
reservoir model recovered from 3D inversion of conventional marine CSEM data along X = 0 m.
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oil- and gasfield covering approximately 20 km? that is located
in block 9/23B in the UK sector of the North Sea, about 320
km north-east of Aberdeen. The field has a high net-to-gross,
high quality, Eocene Balder sandstone reservoir about 1700 m
below the seafloor in a 110 m water column. With 300 Mboe

initially in place, production commenced in 1996 from the
Harding Central and South reservoirs. Since then, two further
reservoirs have been developed: Harding South East and by
extended reach drilling, Harding North. The reservoirs con-

tain gas and this has been injected back into a gas cap for
later production. Oil production is now in decline, with cur-
rent production of approximately 10 000 bpd with increasing

water cut. The remaining hydrocarbon column consists in a

45

i
4
Distance [km]

gas cap about 100 m thick and a thin oil rim about 20 m thick
(Ziolkowski et al. 2010).

The Harding Central dynamic reservoir models are pop-

35

ulated by porosity and fluid saturations. Core analysis shows

Predicted Real Ex at 0.25 Hz
Predicted Imaginary Ex at 0.25 Hz

the Balder sands at Harding to be clean, so Archie’s law is ap-
propriate to relate the petrophysical properties to resistivity.

25

Resistivity logs from well 9/23B-7 showed resistivities greater
than 1200 ohm-m through dry gas intervals. In actuality, some
intervals may exceed resistivities of 1200 ohm-m but resistive

5
15

limits of MCSEM responses mean that their values are indis-
cernible from CSEM data. As per Ziolkowski ef al. (2010),
the 3D model consisted in a 110 m 0.3 ohm-m water col-

umn overlying an otherwise homogeneous half-space of 1.0

ohm-m in which the Harding reservoir model was embedded
(Fig. 4 a).
The towed EM survey consisted in six survey lines; three

6.5
65

oriented north-south and three oriented east-west. The line

spacing was 1 km. Each line contained 44 transmitter-receiver
pairs (264 total) spaced 500 m apart. The towed EM system

5.5
55

5
5

consisted in a 300 m long electric bipole transmitter towed
10 m below the sea-surface and in-line electric field receivers
towed 50 m below the sea-surface at offsets of 1325 m 1850 m,
2025 m and 2545 m. Data were simulated for 010, 0.25 and
1.00 Hz and contaminated with 2% random Gaussian noise.

45

45
4
Distance [km]

4
Distance [km]

35
35

The inversion was run until the normalized misfit calculated
as the L2 norm of the residuals divided by the L2 norm of the
observed data reached 2%.

The MCSEM survey consisted in six survey lines, three

Observed Real Ex at 0.25 Hz
Observed Imaginary Ex at 0.25 Hz

25
25

oriented north-south and three oriented east-west. The MC-
SEM survey was actually collocated with the towed EM sur-

vey. The line spacing was 1 km. Each line contained 11 re-

1325
630!
1935+

1325
630
1935

8 ceivers spaced 500 m apart, giving a total of 66 receivers. Data
L Ll were simulated to offsets of 5500 m for in-line and vertical
electric fields and transverse magnetic fields at frequencies of

0.10, 0.25, 0.50 and 0.75 Hz. The synthetic data were also

Figure 9 Observed (left panels) and predicted (right panels) real (upper panels) and imaginary (lower panels) data for the in-line electric fields at 0.25 Hz along line 3 from the

Harding model study presented as a CMP.
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Figure 10 Selected Peon 35/2-1R discovery well logs: Gamma Ray (GR; API); Resistivity (R; ohm-m); Vp/Vs (dimensionless); Neutron porosity

— density (N-Dj dimensionless). The depth (m) is relative to the seafloor. (Courtesy of PGS.)

contaminated by 2% random Gaussian noise. The inversion
was run until the normalized misfit calculated as the L2 norm
of the residuals divided by the L2 norm of the observed data
reached 2%.

For 3D inversion of both towed EM and MCSEM data,
a common 3D earth model was used. That model consisted in
a 110 m thick 0.3 ohm-m water column overlying an other-
wise homogeneous half-space of 1.0 ohm-m. The 3D inversion
domain was discretized to cells of 200 m x 200 m x 20 m di-
mension. For the towed streamer EM inversion, a moving sen-
sitivity domain of 8 km x 5 km x 2 km was used. We assumed
that the a priori model was provided by seismic or other geo-
physical/geological data. We put a slightly resistive (5 ohm-m)
layer at a depth from 1550-1750 m inside the inversion do-
main for 3D inversion of both towed EM and MCSEM data.
These inversions were regularized using the minimum vertical

support stabilizer. The inversion required several hours on a
single cluster node using two 2.6 GHz Xeon Westmere pro-
cessors running 6 OpenMP threads each. The results of the
3D towed streamer EM inversion are shown in Fig. 4(b) (with
transmitter positions superimposed, in 3D view). The result
of the 3D MCSEM inversion are shown in Figure 4(c) (with
receiver positions superimposed, in 3D view). Figures 5 and 6
show horizontal sections of the (a) true model, (b) results of
the 3D towed streamer EM inversion and (c) results of the 3D
MCSEM inversion at the depths of 1600 and 1700 m. Figures
7 and 8 show vertical cross-sections of the (a) true model, (b)
results of the 3D towed streamer EM inversion and (c) results
of the 3D MCSEM inversion, along Y = 0 m and X = 0 m.
As one can see, there is much similarity between the re-
sults from the towed EM and MCSEM inversions. For all in-
tents and purposes, the results may be considered equivalent.
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Figure 11 (a) Plan view of the Peon reservoir model at 170 m depth, with resistivity values greater than 10 ohm-m shown. As inferred from
well logs, the resistivity at this depth is 280 ohm-m. The blue dots indicate the different transmitter positions of the survey. (b) Plan view of the

Peon reservoir model recovered from 3D inversion of towed streamer EM data, with resistivity values greater than 10 ohm-m shown. The blue

dots indicate the different transmitter positions of the survey.

Figure 9 shows an example of the 0.25 Hz observed and pre-
dicted anomalous data for line 3 (which crosses the Harding
reservoir) presented as common midpoint (CMP) plots.

3.2 Peon

In the second model study, we consider a different type of ex-
ploration play. Peon is a large shallow gas deposit discovered
in 2005 in the Norwegian sector of the North Sea, approx-
imately 100 km west of Flore. The deposit covers approx-

imately 80 km? and has a high net-to-gross, high quality,
unconsolidated homogeneous sandstone reservoir about 165
m below the seafloor in a 384 m water column. There are no
visible signs of gas migration to the seafloor, and there are
no signs of gas hydrates in the area, presumably because the
water depth is too shallow for gas hydrates to be stable. With
35 GSm? gas in place, production is planned to commence in
2014 (Erichsen 2009). Shallow gas deposits such as Peon have
never been commercially developed in the North Sea. How-
ever, such unconventional deposits exist in the North Sea and
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Figure 12 Observed (left panels) and predicted (right panels) real (upper panels) and imaginary (lower panels) data for the in-line electric fields at 0.1 Hz along line 6 from the Peon

model study presented as a CMP.
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other hydrocarbon proficient basins and they represent a new
infrastructure-led exploration strategy for mature basins.

The logs of discovery well 35/2-1R have been analysed
to better understand the Peon reservoir architecture. The total
thickness of the reservoir interval, as indicated by a gamma
ray log (Fig. 10, GR, red), is about 33 m but the Vp/Vs ratio
(Fig. 10, Vp-Vs, green) shows that the gas column is about
28 m thick. The neutron porosity-density log (Fig. 10, N-D,
black) shows there are three levels of gas saturation in the
column (95%, 80% and 10%) but only the high and medium
saturation intervals have an appreciable resistivity signature
(Fig. 10, R, blue). The resistivity model of the hydrocarbon-
charged interval can be described by two consecutive lay-
ers; the upper layer being 12 m thick with a resistivity of
280 ohm-m and the lower layer 6 m thick with a resistivity
of 30 ohm-m. A horizontal cross-section at 170 m depth is
shown in Fig. 11(a).

The towed EM survey consisted in 10 survey lines of ar-
bitrary orientation (Fig. 11). The towed EM system consisted
in a 300 m long electric bipole transmitter towed 10 m below
the sea-surface and in-line electric field receivers towed 100 m
below the sea-surface at offsets of 1325 m, 1850 m, 2025 m
and 2545 m. The earth model consisted in a 384 m thick 0.3
ohm-m water column overlying an otherwise homogeneous
half-space of 3.0 ohm-m. Data were simulated for 0.10, 0.25
and 1.00 Hz and were contaminated with 2% random Gaus-
sian noise. The inversion was run until the normalized misfit
calculated as the L2 norm of the residuals divided by the L2
norm of the observed data reached 2%. A moving sensitivity
domain of 8 km x 5 km x 1.5 km was used. The 3D inversion
domain was discretized to cells of 500 m x 500 m x 100 m di-
mension. No a priori model was used, the inversion itself was
unconstrained and was regularized using the minimum ver-
tical support stabilizer. The inversion required several hours
on a single cluster node using two 2.2 GHz Intel Sandybridge
processors running eight cores each (2 MPI processes and 8
OpenMP threads each). Results of the 3D towed streamer EM
inversion are shown in Fig. 11(b). Figure 12 presents an ex-
ample of the 0.1 Hz observed and predicted anomalous data
for line 6 (which crosses the Peon reservoir) presented as com-
mon midpoint (CMP) plots. Similar to Harding, the very high
resistivity of the dry gas saturates the EM responses, meaning
that the very high resistivities are not recovered. However, the
reservoir container is appropriately recovered. In a practical
situation, this would be sufficient to provide an initial estimate
of Peon’s volumetrics and to warrant further, more detailed
analysis.

© 2014 European Association of Geoscientists & Engineers, Geophysical Prospecting, 1-21
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Figure 14 Map of towed streamer EM lines 3—11 used for 3D inversion, with the TEGP, TWGP and TWOP outlines superimposed. In subsequent

figures, results from line 6 shall be presented.

4 CASE STUDY - TROLL

The Troll field, operated by Statoil, is located in the Norwe-
gian sector of the North Sea within blocks 31/2, -3, 5§ and
-6. The field is separated into three parts; the Troll West Oil
Province (TWOP), the Troll West Gas Province (TWGP) and

the Troll East Gas Province (TEGP). The reservoir intervals are
Jurassic (Songefjord Formation) sandstones. Gas-filled reser-
voir intervals have resistivities of approximately 70 ohm-m,
while the water-saturated sands and overburden have resistiv-
ities in the range of 0.5-2 ohm-m (Fig. 13). Previous analyses
have suggested that the overburden resisitivity is anisotropic
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Figure 15 Example of the vertical (panels a and c) and horizontal (panels b and d) dimensions of a sensitivity domain used in the Troll case

study. This figure presents the integrated sensitivities for a towed streamer EM system consisting in an 800 m long electric bipole transmitter
towed 10 m below the sea-surface and in-line electric field receivers towed 100 m below the sea-surface at offsets between 2400 m for 1.00 Hz
(panels a and b) and 5400 m for 0.10 Hz (panels ¢ and d). The earth model consisted in a 320 m thick 0.3 ohm-m water column overlying an

otherwise homogeneous, isotropic half-space of 2.0 ohm-m. A sensitivity domain of dimension 14 km x 8 km x 2.0 km (white box) captures

over 95% of the integrated sensitivity for the towed streamer EM system for all frequencies and offsets.

though fairly constant: 1.5-1.8 ohm-m for horizontal resis-
tivity and 3.0-3.3 ohm-m for vertical resistivity. However, in
the case of in-line dipole-dipole configuration of the towed
streamer EM system we can use 3D isotropic inversion as
the first approximation. The results of anisotropic inversion
will be presented in a separate paper. The TWGP is an ideal
CSEM target and has been previously surveyed for various
conventional CSEM field trials (e.g., Amundsen, Johansen
and Rosten 2004; Gabrielsen et al. 2009). A field trial of
the towed streamer EM system was undertaken over the Troll
field during 2010. The aim of the survey was to demonstrate
that the towed streamer EM system was capable of acquiring
EM data suitable for delineating the Troll reservoir structures
and for extracting subsurface information about them via 3D
inversion.

The Troll field trial comprises 12 lines of data (lines 3-11
are shown in Fig. 14) acquired above benign bathymetry at
an acquisition speed of 4 knots. In total, 300 line km of data

were acquired with the data processed to 250 m CMPs. Each
line contained approximately 100 CMPs. During the survey,
the weather was uniformly poor, with sea states of 5 and wind
speeds between 3-8 on the Beaufort scale. Nine of the lines
(numbers 3-11) crossed the TWOP, TWGP and TEGP from
west to east. Another line crossed the TWOP from north to
south. Another two lines replicated previous CSEM surveys
(e.g., Amundsen et al. 2004; Gabrielsen et al. 2009). The rate
of production is typical for seismic acquisition and is several
times faster than conventional marine CSEM acquisition. The
data were acquired in water depths of approximately 320
m, with the main reservoir at a depth of 1420 m. A range
of reservoir thicknesses occur between 40-100 m, with the
TWGP being the thickest and TWOP the thinnest. For this
survey, 6500 m of streamer was deployed with eleven re-
ceiver offsets between 2400-5400 m. The source operated
at 800 A (130 kW of total installed power) with 800 m
electrode spacing. The transmitter waveform consisted in a
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optimized repeated sequence (ORS) designed to produce two
decades of useable frequency content most sensitive to tar-
gets in the Troll field. The ORS generated at the source was

demonstrates the accuracy of the sensitivity calculations from
equation (11). Figure 16 presents an example of the 0.75 Hz

[w]iesho
observed and predicted data presented as common midpoint

plots. The data fits for 0.75 Hz are typical of the other fre-
quencies. Figure 17(a) presents an example of the vertical

L
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= line electric field data were measured by the towed streamer
= receivers. The high-data fold was used for noise reduction
| 2 and led to high-quality data with a sufficiently high signal-
- S . . . . . .
= to-noise ratio for 1D inversion (Linfoot et al. 2011). The fi-
» i a! nal processed data were delivered for 28 frequencies between
L
iy =1 < 0.1-2.75 Hz.
S 2
S r B As an example of the sensitivity domain size, we calcu-
= Q . e
o tE © lated the integrated sensitivities for the towed streamer EM
o 3 5 .. . . . .
u—; ] % £ system consisting in a 800 m long electric bipole transmitter
& g 5 E towed 10 m below the sea-surface and in-line electric field re-
§ ;E’ '*:: ceivers towed 100 m below the sea-surface at offsets of 2400
s = ‘*E m and 5400 m at 0.10 and 1.00 Hz. The earth model con-
r = = . . . .
& T R sisted in a 320 m thick 0.3 ohm-m water column overlying an
= = otherwise homogeneous, isotropic half-space of 2.0 ohm-m.
‘ § While the actual system had intermediate offsets and other
'-' b] frequencies, those cited are representative of both the high-
19 z
i = est frequency/shortest offset and the lowest frequency/longest
L iy offset configurations used in our inversion. As can be seen in
2 'éo Fig. 15, a moving sensitivity domain of dimension 14 km x
é E 8 km x 2 km captures over 95% of the integrated sensitivity
< . ! .
2 S for the towed streamer EM system used in the Troll field trial.
= Note that this sensitivity domain is significantly smaller than
§ the Troll earth model survey, which would be considered a
g very small survey by commercial operations.
1® I B We then applied our 3D inversion to all of the towed
N g streamer EM data at five frequencies logarithmically spaced
A
T 3 = between 0.1-2.75 Hz. The 3D earth model spanning the en-
b * % N £ tire survey area was discretized to 200 m x 200 m x 50 m
— > o
o ) s = cells, from the seafloor at 320 m to a depth of 2320 m. The
= 8 B & sediments were assigned a 2 ohm-m isotropic resistivity. The
(7] o — H . . . . .
= g g B inversion required approximately one day on a single cluster
g - = de usi 2.2 GHz Xeon W i
s == < node using two 2. z Xeon Westmere processors running
- .
ﬁ > = 6 OpenMP threads each. The L2 norm of the residuals be-
4o 7 4o
= i é‘ i = tween the observed and predicted EM data, normalized by
= the L2 norm of the observed data, converged to about 2%.
=]
g Figure 11(a) illustrates the convergence of the weighted misfit
I s 5 as a function of the inversion iteration. Note that the con-
; o vergence has asymptotic behaviour, as expected. This further
. ) E
2
o
\O
Al
=
=1
.20
=

Troll field trial presented as a CMP.

© 2014 European Association of Geoscientists & Engineers, Geophysical Prospecting, 1-21



3D towed EM inversion 19

Depth [m]

(b)

Depth [m]

Depth [m]

16000

Easting [m]

Figure 17 (a) Vertical cross-section along line 6 of the 3D resistivity model as recovered from 3D inversion. (b) Depth converted two-way
traveltime seismic image for line 6. (c) Resistivity model corendered with the corresponding seismic image for line 6.
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Figure 18 3D perspective view of the Troll reservoir model recovered from 3D inversion of towed streamer EM data, with resistivity values
greater than 5 ohm-m shown.

cross-section of the 3D resistivity model along line 6 as re-  that, for the current example, no a priori information was
covered from the 3D inversion. Line 6 is oriented east-west used. Nevertheless, this figure shows a very promising initial
and crosses TWOP, TWGP and TEGP, respectively. The re- result. The resistive zones are shown in yellow and red in
sults in Fig. 17 are shown for the inversion with minimum this image and represent the TWGP and TEGP. Line 6 only
vertical support regularization. We should note, however, crosses a very thin part of the TWOP and thus is not readily
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apparent in the results. Figure 17(c) presents the same resistiv-
ity section with the depth migrated seismic section (Fig. 17 ¢)
superimposed. We note that the resistive targets correspond
well with the TWGP and TEGP reservoirs. Given the poor
weather conditions during the survey, the robustness of the
towed streamer EM system with respect to noise from large
wave heights has been demonstrated and shown not to be a
factor when inverting the processed EM data. In fact, the in-
version was able to converge to about 2% misfit, implying
that the towed streamer EM data are of relatively high quality
for difficult acquisition conditions.

From the results of the model study on the Harding field,
we expect that the use of a priori seismic information can
improve the resistivity image and indeed enable the towed
streamer EM system to acquire seismic data simultaneously
with the EM data. We used the a priori model estimated from
seismic information (Fig. 17b, resistive thin layer with the re-
sistivity of 4 ohm-m between 1450-1550 m inside the inver-
sion domain) and ran the 3D inversion with minimum vertical
support regularization. Figure 18 shows a 3D perspective view
of the Troll reservoir model recovered from 3D inversion of
towed streamer EM data. As expected, one can see clearly
the TWOP, TWGP and TEGP as resistive structures, and we
consider these results very promising.

5 CONCLUSIONS

A towed streamer electromagnetic (EM) system capable of
simultaneous seismic and EM data acquisition has recently
been developed and tested in the North Sea. Obviating the
need for ocean-bottom receivers, the towed EM system en-
ables EM data to be acquired simultaneously with seismic
data over very large areas in frontier and mature basins for
higher production rates and relatively lower cost than con-
ventional MCSEM. We introduced a practical methodology
for large-scale 3D inversion of towed streamer EM data that
is based on a moving sensitivity domain. We demonstrated
this with model studies for the Harding and Peon fields in the
North Sea. For Harding, we compared our 3D inversion of
towed streamer EM data with 3D inversion of conventional
MCSEM data and observed similarity between the 3D resis-
tivity models. For Peon, we demonstrated how 3D inversion
of towed streamer EM data recovers the shallow gas deposit.
Given the prevalence of such unconventional resources in the
North Sea and similar basins, this opens up the possibility of
infrastructure-led exploration. We also presented a case study
for the 3D inversion of towed streamer EM data from a 2010
field trial over the Troll field in the Norwegian North Sea. We

demonstrated the ability of the method to image the Troll West
Oil and Gas Provinces and Troll East Gas Province reservoirs
from the towed streamer EM survey. Given the poor weather
conditions during the field trial, the robustness of the towed
streamer EM system with respect to noise from large wave
heights was demonstrated and shown not to be a factor when
inverting the processed EM data. Indeed, the data of were
very high quality and the 3D inversion was able to converge
successfully to a 3D resistivity model that correlated well with
the depth migrated seismic model. We conclude that 3D in-
version of data from the current generation of towed streamer
EM systems can adequately recover hydrocarbon-bearing for-
mations to depths of approximately 2 km and that this bodes
well for continued future developments of the technology.
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