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ABSTRACT

Detection and delineation of reservoirs in the @nes of high salt concentrations are
recognized as a major challenge to marine conthtgtrirce electromagnetic (CSEM)
methods. Using 3D inversion applied to data frome@ent grid acquisition, including wide-
azimuth data, we demonstrate our ability to resalamaller target (2km x 2km) with low-
resistivity pay Ap < 5Qm) in the vicinity (<1km) of large salt bodies. Timversion is based
on an iterative scheme with quasi-Newton updatetheduse of fast finite-difference time-
domain modeling. Using our methodology, we havecsssfully addressed the client’s
request to probe the neighborhood of a provenvesdor similar targets.
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Introduction

Marine CSEM surveys have experienced a renaissaribes decade after the invention
of Seabed Logging and their application towardsrbgarbon exploration (e.g., Eidesmo et
al., 2002). Advances in hardware and operatione hasulted in a vast improvement in data
quality, permitting the acquisition of well-defineohd repeatable grids of seabed receivers
with complex towing patterns including the acquisitof wide-azimuth data. Thus, marine
CSEM has become a method for 3D imaging of comgeslogical settings, which is
increasingly adopted by the industry, either asaadalone method or in conjunction with
other geophysical probes, such as seismic (Nornmaal.e2008) or MT (Commer and
Newman, 2008). Recent published case studies iadiatrazone et al. (2008), Price et al.
(2008) and Plessix, van der Sman (2008).

To date, most solutions brought forward to sohe 3D marine CSEM problem rely on
an iterative approach with repeated computatiothefgradient of a misfit functional with
respect to the discrete conductivity grigl= de/do, where the L2-norm is the most common

choice for the data misfit = » (Weight)§&, | X,; 0)/AR (X, |)‘(S;co)|2. Differences lie
sr,o,F

mainly in the forward operators, the gridding ok tforward and/or inversion grid and

preconditioning approaches used in the optimizasimps. Notable among the most recent

contributions on inversion methodology are Comnmet lIdewman (2008) on joint CSEM and

MT inversion, as well as Jing et al. (2008), whiltows the importance of anisotropy in

many surveys. See also the references quoted metad. (2008a).

The resistivity of geologic salt deposits is fouindbe well in excess of hydrocarbon
reservoirs, while the lateral extent is roughly pamable. Together with the marine CSEM
frequency range of ~0.1-10 Hz impeding the difféiegion of resistivities beyond ~i@m,
that has been rendering the detection of hydrocaribothe presence of large concentrations
of salt a major challenge. We were recently apgreddy Focus Exploration, LLC, a Gulf of
Mexico (GoM) prospect generation company, to examan area in the GoM with large
concentrations of salt for possible hydrocarborribggrospects in the vicinity of an existing
and proven reservoir. In this study, we presentr8@rsion of a receiver grid which includes
the know reservoir as a calibration target.

Methodology

The 3D case study presented here was invertedmioly Zach et al. (2008a), using a
quasi-Newton method, where the inverse Hessianpoaimated by an outer product
formulation of the vectors of an integer numbeipast iterations’ update steps and gradient
changes (following Byrd et al., 1995). The forwgstbblem is solved with the finite-
difference time-domain solver described in Maagd K2007), and the gradient is calculated
at each iteration using a Green’'s function approg@twren et al., 2008), based on the
assumption of the first Born-approximation appliedhe difference field between synthetic
and real data.

The data from the grid shown in figure 1 (left) svaonditioned for 3D inversion,
producing frequency-domain data and noise estimasésy the methodology described in
Zach et al. (2008b). The source-signature was dedigo have the transmitted energy
concentrated on four main frequency modes: 0.2, @75 and 1.0Hz. While towing the
source over each receiver was still necessarydorately determine its orientation, azimuthal
data could be recovered which is accurate to wiBinin magnitude and 5 degrees in phase.

As a pre-stage to full 3D inversion, plane-layerarsions of several or all receivers are
run to identify general trends and to determindaating model. A plane-layer simulated-
annealing scheme (Roth and Zach, 2007) is usedveertiindividual receiver data for 2-3
frequencies and for the Ex- and Hy-fields simultarsdy. The depth is discretized using a
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stretched grid with 30-100 bins from mudline, arging an exponential cooling scheme,
convergence is typically reached aftef itrations (a few hours on a single processor).

The 3D inversion proceeds in the iterative loopvah in figure 1 (right), where the
input consists of the starting model and the cionliid data and weights. Using the estimated
noise at each frequency mode, a binary weightihgree is employed with a SNR-cutoff of
24 dB. Data preconditioning and a gradient mutiggpraach to minimize acquisition
imprints, are described in Zach et al. (2008a). Bubetter noise suppression compared to
magnetic data, only the electric field was useth@ainversion, whereas inline and azimuthal
data from next-neighboring lines were included, dath convergence to within measurement

accuracy is achieved within 80-200 iterations (aldoweek on 150 parallel nodes).
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Figure 1. Left: 3D grid of receiver locations (representative, and specifically used here) for 3D
inversion with 900m receiver spacing; shown is theesistivity map from full 3D inversion at a
certain reservoir depth slice; the top salt horizonwhich is the subject of this study is located at
greater depths. Right: iterative loop for Hessian-lsed 3D inversion (from Zach et al., 2008a).

Case study

Figure 2 shows results from three plane-layer rsie@s, in which data convergence
was achieved after 10000 simulated-annealing codieps. For shorter offsets, where the
plane layer inversion result is more reliable, stdgties between 1.5-8dm are observed,
which are associated with layers of relatively sttge shale. Beyond 600-800 m below
mudline, a conductive layer is recovered, whichdsociated with brine-saturated sandstone.
At depths greater than 1.3-2 km below mudline,résistivity gradually increases, signifying
the appearance of salt.
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Figure 2: Plane-layer inversion of the receiver ingtated as a black (left), purple (center) and
white (right) circle in figure 1, using a simulatedannealing- approach.

The results from plane-layer inversion were useduild starting models for full 3D
inversion. Using the average resistivity obtainedthe first 500m, a @m-halfspace model
was first used to avoid any bias. The inversiotheffour dominant frequencies, projected on
one grid line, is shown in figure 3, confirming tbeerall geology known from 3D-seismics
and well-control. While the hydrocarbon reservsirécovered from the unbiased inversion,
seismic data and geologic knowledge of the shatrlbawden are needed for identification.
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The proven reservoir is known from both 3D seisndosl well control (the well log still
being confidential) to be a ~2km x 2km- resistothwgtacked, low-resistivity pay (48m),
which is recognized as a challenging EM-target.otder to improve the quality of its
imaging, a complex initial model is used in a sec@D inversion, which exploits the
certainty concerning the shales and the conductareds below, which is evident from
inverted CSEM data only. The initial resistivitpéarly decreases from@m to 1Qm from
mudline to 500 m depth, below which a&@¥n-halfspace is used. The shielding effect of the
latter prevents salt from perturbing the reseriraige. The result is shown in figure 4, along
with the seismic image and the known stacked pagzathe depths of which are reproduced
to within the resolution of the CSEM method (~1084he burial depth).
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Figure 3: Left: projection of the resistivity cube from the final unbiased 3D inversion onto the

dashed line on figure 1, overlaid with a 3D seimignage, along with the interpreted seismic top-
salt horizon. The top-salt horizon is recovered tavithin 50-150 m, whereas most of the deviation
occurs below the proven hydrocarbon reservoir. Featres in the subsurface known from well

control and extensive seismic data, including the rime-saturated sandstone and the shale in
shallow regions, are also recovered (right), Howevgthe hydrocarbon reservoir (blue oval on the

left) is only imaged with good quality with subseqgent analysis.
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Figure 4: Projection of the final resistivity cubefor 3D inversion with a complex starting model
onto the dashed line in figure 1, overlaid with a B seismic-image, as well as known stacked pay
zones (blue ovals, encompassing a total of five z®). Bottom left (right): data misfit for initial
(final) model in magnitude for the f=0.5 Hz-mode, lBowing convergence to within the
measurement accuracy (representative for magnitudeand phase for all frequencies). All
remaining data misfit is associated with the salttauctures at greater depths.
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Conclusions

Using 3D acquisition grids and gradient-based 3Relision methods, we have
demonstrated the applicability of marine CSEM mdthto image a known reservoirs in the
close vicinity (<1km stacking) of complex salt sttwres. Thereby, we have responded to the
client’s request, which was to seek similar resiesvtm the known pay in the same prospect.
This implies the basic applicability of CSEM/SBL"&alt provinces” such as the GoM.
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