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a b s t r a c t

A marine controlled source electromagnetic (CSEM) campaign was carried out in the Gulf of Mexico to
further develop marine electromagnetic techniques in order to aid the detection and mapping of gas
hydrate deposits. Marine CSEM methods are used to obtain an electrical resistivity structure of the
subsurface which can indicate the type of substance filling the pore space, such as gas hydrates which are
more resistive. Results from the Walker Ridge 313 study (WR 313) are presented in this paper and
compared with the Gulf of Mexico Gas Hydrate Joint Industry Project II (JIP2) logging while drilling
(LWD) results and available seismic data. The hydrate, known to exist within sheeted sand deposits, is
mapped as a resistive region in the two dimensional (2D) CSEM inversion models. This is consistent with
the JIP2 LWD resistivity results. CSEM inversions that use seismic horizons provide more realistic results
compared to the unconstrained inversions by providing sharp boundaries and architectural control on
the location of the resistive and conductive regions in the CSEM model. The seismic horizons include: 1)
the base of the gas hydrate stability zone (BGHSZ), 2) the top of salt, and 3) the top and bottom of a fine
grained marine mud interval with near vertical hydrate filled fractures, to constrain the CSEM inversion
model. The top of salt provides improved location for brines, water saturated salt, and resistive salt.
Inversions of the CSEM data map the occurrence of a ‘halo’ of conductive brines above salt. The use of the
BGHSZ as a constraint on the inversion helps distinguish between free gas and gas hydrate as well as gas
hydrate and water saturated sediments.

© 2017 Published by Elsevier Ltd.
1. Introduction

The deep-water Gulf of Mexico is a major hydrocarbon province
with an estimated 1728 thousand barrels of crude oil produced
daily as of December, 2016 (US Energy Information Administration,
2017). The expansion of deep-water (> 400m) oil productionwells
places new challenges on technology, such as the potential occur-
rence of gas hydrates (Milkov and Sassen, 2000, 2001). Gas hydrates
are an ice-like solid that host a gas, typically methane, within a
cage-like water lattice that forms when a gas source exists at the
correct temperature and pressure conditions (Sloan and Koh,
2007). Locating hydrate deposits prior to drilling helps prevent
accidental drilling into hydrates and allows precautions to be taken
eitemeyer).
when drilling into and through hydrate deposits to avoid potential
drilling hazards. In addition, hydrate hosts methane, a potential
energy resource. Countries with limited hydrocarbon resources,
such as Japan, are exploring the possibility of exploiting this asset
for commercial use.

Locating subsurface gas hydrate deposits in the Gulf of Mexico
with non-invasive techniques, such as the seismic method, can be
difficult. This is because of the few occurrences of the characteristic
‘continuous’ seismic bottom simulating reflections (BSRs) that
cross-cut stratigraphy (Shipley et al., 1979; Hillman et al., 2016;
Shedd et al., 2012). BSRs typically represent the interface be-
tween or the phase change from solid hydrate above and free gas
below. Hydrates are known to exist without the occurrence of BSRs
because BSRs are primarily due to free gas (Kou et al., 2007;
Holbrook et al., 1996). Therefore the lack of BSRs just implies that
free gas is absent.

Identification of amplitude dim-outs and ‘discontinuous’ BSRs,

mailto:K.A.Weitemeyer@soton.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.marpetgeo.2017.08.039&domain=pdf
www.sciencedirect.com/science/journal/02648172
http://www.elsevier.com/locate/marpetgeo
https://doi.org/10.1016/j.marpetgeo.2017.08.039
https://doi.org/10.1016/j.marpetgeo.2017.08.039
https://doi.org/10.1016/j.marpetgeo.2017.08.039


K. Weitemeyer et al. / Marine and Petroleum Geology 88 (2017) 1013e10311014
characterised by discrete amplitude events that occur generally
parallel to the seafloor, helped to locate targets of hydrate deposits
(McConnell and Kendall, 2002; Shedd et al., 2012). A petroleum
systems approach targeting highly permeable and porous marine
sand was used to identify gas hydrate drilling targets of the Joint
Industry Project II (JIP2) (Hutchinson et al., 2008; Jones et al., 2008;
Collett and Boswell, 2012). The subsequent drilling and discovery of
hydrates by JIP2 proved this method to be effective in identifying
porous sediments with high concentrations of gas hydrate (Collett
and Boswell, 2012).

The BSRs provide information about the bottom hydrate
boundary but no information about the upper extent. 3D seismic
data can be used to estimate hydrate concentrations throughout
the entire gas hydrate stability zone (GHSZ), such as an integrated
geophysical workflow of pre-stack seismic inversion, rock physics
modelling, and stratigraphic interpretation (Shelander et al., 2012).
This method works well for hydrate concentrations greater than
40% and amalgamated sand intervals greater than 15 m thick for
conventional oil and gas seismic surveys (Shelander et al., 2012),
and with higher frequency content, a 10 m thick threshold is very
possible. Generally conventional seismic data tend to be insensitive
to predicting hydrate concentrations much below these thresholds.
Therefore, including another technique that exploits the electrical
properties of gas hydrates, which are electrically resistive
compared to the surrounding water saturated sediment, may
improve the identification of gas hydrates throughout the entire
gas hydrate stability zone over large areas, without the use of
expensive drilling techniques.
Fig. 1. WR 313 is located in the Gulf of Mexico (A) and is about 300 km's from Houma, Lous
mini-basin province, where WR 313 is located, is shown in C. Bathymetry data is from the Na
survey location. Annotations on C are after Hutchinson et al. (2008). (For interpretation of th
this article.)
The application of the CSEM technique to map gas hydrates was
first suggested by Edwards (1997) and is a logical extension from
electrical and electromagnetic well-logging methods which are
able to clearly identify resistive gas hydrate from the conductive
water saturated pore space (Collett and Ladd, 2000). Schwalenberg
et al. (2005) documented resistive zones within seismic blanking
zones in Northern Cascadia inferred to contain hydrate using a time
domain CSEM system. Shortly after this study Weitemeyer et al.
(2006) modified the frequency domain CSEM method used for
mapping deep hydrocarbons reservoirs to map the shallower gas
hydrate deposits at Hydrate Ridge.

The success of a the pilot CSEM survey at Hydrate Ridge on the
accretionary complex off the Oregon coast, USA (Weitemeyer et al.,
2011). The Gulf of Mexico, in contrast to Hydrate Ridge, is a passive
margin that has complex geology derived from the extensive salt
movement, including diapirism and lateral movement of salt can-
opies. This, along with the occurrence of other resistive substances,
such as, gas, hydrocarbons, and carbonates can confound the
application of the CSEM technique to map gas hydrate.

In this paper we discuss one location surveyed in the Gulf of
Mexico using the marine CSEM technique (Fig. 1A). The location,
Walker Ridge 313 (WR 313), is coincident with two JIP2 drill holes
which provide validation for the CSEMmethod. In addition, 3D and
2D seismic data have been collected over this prospect and are used
to constrain sediment structures in the 2D CSEM inversion. The
hydrate at WR 313 formed in several porous sand layers which is a
distinct stratigraphic type of hydrate occurrence (Jones et al., 2008)
and is a good test for the CSEM method.
ianna, on the continental shelf of the Gulf of Mexico (B). A close-up of the Terrebonne
tional Geophysical Data Center (2001) (NGDC). The red star indicates the WR 313 CSEM
e references to colour in this figure legend, the reader is referred to the web version of
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2. Geologic setting of Walker Ridge 313

Walker Ridge 313 is north of the Sigsbee Escarpment, a major
bathymetric feature that separates the lower continental slope of
the northern Gulf of Mexico from the abyssal plain, in intermediate
water depths (1850e2000 m). WR 313 is located in the Terrebonne
Basin that is part of the tabular salt mini-basin province (see Fig. 1B
and C). There are channel and levee systems with ponded sands in
closed basins (Boswell et al., 2012b; Hutchinson et al., 2008). The
present-day basin is flanked by salt ridges and has a single sedi-
mentary entry point (Jones et al., 2008). The southern part of the
basin is split into two mini-basins by a north-south trending salt
cored ridge (Jones et al., 2008). Large expulsion features exist on the
seafloor above the crest of the north-south trending ridge, with
active gas venting at the seafloor (Jones et al., 2008; McConnell and
Kendall, 2002). The mini-basin to the west is bounded by salt on its
west, south and east flanks that results in ponding and accumula-
tion of sediments delivered into the mini-basin (Jones et al., 2008).
The sand-prone sedimentary section within WR 313 dips strati-
graphically towards the north-west and across the base of the gas
hydrate stability zone (BGHSZ) (Hutchinson et al., 2008). Gas mi-
grates along permeable, porous stratigraphic horizons to reach the
gas hydrate stability zone (GHSZ) (Hutchinson et al., 2008). Seismic
hydrate indicators of amplitude bright spots above the laterally
discontinuous BSRs cover some 80 km2 and suggest gas terminat-
ing upwards to define a BGHSZ (Jones et al., 2008; Hutchinson et al.,
2008; McConnell and Kendall, 2002).

Several seismic horizons were interpreted as sand layers and
identified as drilling targets by JIP2: the ‘blue’, ‘orange’, ‘green’ and
‘pink’ horizons labeled in Fig. 2 (Frye et al., 2012). The seismic ‘blue’
horizon is a basin-floor-fan sand deposit, while the seismic ‘orange’
Fig. 2. The seismic profile that is coincident with CSEM Line 1, courtesy of WesternGeco. The
The TWT were converted into equivalent depths assuming a seismic velocity profile for WR 3
horizons (‘blue’, ‘orange’, ‘green’ and ‘pink’) have been marked within the seismic profile al
locations ‘G’, ‘H’, and ‘#001’ are labelled with a black upside-down triangle. The CSEM receive
‘discontinuous BSRs’ with amplitude dim-outs. (For interpretation of the references to colo
horizon is a channel-levee sand deposit (Shelander et al., 2012). The
‘blue’ horizon labelled in Fig. 2 is thick, consisting of both the target
sand and marine muds. In addition, seismic phase reversals occur
due to significant change in acoustic impedance between the
inferred gas charged sand and overlying gas hydrate filled sands
(Jones et al., 2008; Hutchinson et al., 2008; Frye et al., 2012). These
seismic characteristics are interpreted to be due to the buoyant
separation of free gas andwater within porous and permeable units
with up-dip accumulations of gas hydrate that form a barrier for
further gas migration (Boswell et al., 2012a). The low inferred
geothermal gradient of about 19.5 �C/km contributes to a thick gas
hydrate stability zone of about 850e949 mbsf (Jones et al., 2008;
Hutchinson et al., 2008; Frye et al., 2012).

Two wells, ‘G’ and ‘H’, were drilled at WR 313 during JIP2
(marked in Fig. 3) and encountered high concentrations of gas
hydrates associated with the anomalous seismic amplitudes and
additional layers of low concentrations of hydrate (Boswell et al.,
2009). Drilling into the muddy sediments at 243e395 m below
the seafloor (mbsf) in WR 313 ‘G’ revealed a 152 m thick interval of
stratal-bound fracture-filling gas hydrate (Boswell et al., 2009; Frye
et al., 2012). Due to low concentrations of hydrates, there was no
clear seismic manifestation for the stratal-bound hydrate (labelled
as the fracture interval in Fig. 2) and the origin is unknown (Frye
et al., 2012). Below this depth lie numerous thin gas hydrate
bearing sands and silts up to 3 m thick within a fine grained section
in the top 457mbsf (Boswell et al., 2009; Frye et al., 2012). Themain
target for the ‘G’ well was the seismic ‘blue’ interval, which was
found to be a 9m thick sand layer at 868mbsf (Boswell et al., 2009).
WR 313 ‘H’ well also encountered the shallow fracture filling gas
hydrate, as well as the seismic ‘blue’ horizon that graded from a
sand at ‘G’ to a mud rich interval with reduced porosity and limited
seismic profiles are provided in two-way travel time (TWT) with units of milliseconds.
13 calibrated with nearby wells. The fracture marine mud interval (yellow) and seismic
ong with the BGHSZ (dashed black line). This figure is based on Frye et al. (2012). Well
r locations are labeled with a circle and a site number ‘s20’ to ‘s11’. The inset shows the
ur in this figure legend, the reader is referred to the web version of this article.)



Fig. 3. The WR 313 marine CSEM survey consists of 20 OBEM's (red dots) and 2 CSEM-Vulcan tow lines (black lines). Included in this plot are the JIP2 drill locations ‘G’, ‘H’ and the
Industry well ’#001’. The bathymetric high ridge to the east and south is cored by salt. The high resolution bathymetry data are courtesy of AOA Geophysics now Fugro/CGG. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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hydrate at ‘H’ (Boswell et al., 2009). The main seismic target, the
‘orange’ horizon, occurred at 806 mbsf and consisted of about 11 m
of sand in two lobes with resistivity as high as 300 U-m (Boswell
et al., 2009). The seismic ‘green’ and ‘pink’ horizons correlate
with additional sand reservoirs likely filled with hydrate strati-
graphically below the ‘orange’ horizon (Boswell et al., 2009).
3. WR 313 CSEM survey layout

At WR 313 two intersecting CSEM survey lines were collected.
Each line consisted of 10 receivers with a spacing of about 500 m
(Fig. 3). The WR 313 quasi east-west line (Line 1) is coincident with
the two JIP2 drill locations (holes ‘G’ and ‘H’) and an industry well
(‘WR313 #001’ or ‘#001’). The north-south line (Line 2) is coinci-
dent with JIP2 hole ‘G’. Both of the lines cross through the main
channel sand deposit and the sediments that are up against the salt
ridges to the south and east of the mini-basin. These CSEM line
locations were chosen based on recommendations from JIP2
members Carolyn Ruppell (United States Geologic Survey) and Ray
Boswell (US Department of Energy). The CSEM survey lines tar-
geted the sheeted sand deposits with the discontinuous BSRs and
spanned the extent of the seismic data (see Fig. 2 for the seismic
profile along Line 1). The CSEM data were acquired prior to drilling,
but provided no input into final JIP2 targets due to various tech-
nological limitations at the time, one being a lack of a publicly
available 2D CSEM inversion code.
4. Equipment

The main components of the CSEM method are the transmitter,
SUESI - Scripps Undersea Electromagnetic Source Instrument and
the receivers: 20 ocean bottom electromagnetic field (OBEM) re-
ceivers, and a 3-axis electric field receiver, called Vulcan 1. Vulcan is
towed 300 m behind the transmitter antenna. For more details on
Vulcan the reader is referred to Constable et al. (2016). The 20
OBEM's are configured with two horizontal and orthogonal in-
duction coil magnetometers and three orthogonal electric dipoles.
The horizontal dipoles are 10 m in length and the vertical dipole
2 m in length. Each uses Ag-AgCl electrodes to measure the voltage
across the dipole. The collection of 5 components of the electro-
magnetic field enables a rich data set that can be used to: 1)
constrain transmitter geometry used for Total Field Navigation
(TFN), 2) investigate geologic features that are more pronounced in
magnetic and vertical electric fields components over the inline
horizontal electric fields, and, 3) if deployment time is sufficient,
collect magnetotelluric data. The magnetotelluric data is useful in
providing constraints on the background resistivity structure when
inverting CSEM data but it is not suitable for detecting gas hydrates
due to the inherent low resolution capabilities of a non-sourced
method.

For this experiment a new broadband binary waveform was
used, called the D-wave (Myer et al., 2010). The D-wave is doubly
symmetric and for this experiment had a duration of 2 s. The D-
wave spreads the power to the higher harmonics which creates a
much broader frequency spectrum compared to the traditional
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square wave. The D-wave's highest power is at the second har-
monic, 1.5 Hz in this case. The transmitter timing was run off UTC
time using a Zyfer GPS clock. A 50 m dipole antenna was used to
transmit the D-waveform with an output current of 200 A. The
shorter antenna reduces the footprint of the antenna on the sea-
floor and increases the resolution. The transmitter includes an
altimeter and a Valeport sensor that measures pressure, conduc-
tivity, temperature, and velocity. The tail-end antenna houses a
Parasci depth sensor so that the dip of the antenna can be computed
from the depth sensor on the SUESI frame and the tail-end antenna.
More details of the equipment can be found in Constable (2013).

A new navigation system called Barracuda was tested on this
cruise to provide location data for the transmitter (Key and
Constable, 2011). Unfortunately the system did not work during
this cruise, but worked well on subsequent cruises (Myer et al.,
2012; Key et al., 2012). Consequently, during this cruise, time was
spent locating all receivers on the seafloor and a TFN inversion
scheme (Weitemeyer and Constable, 2014) was used to solve for
transmitter position and orientation after the survey. Fig. 4 shows
the CSEM experimental set-up for the Gulf of Mexico gas hydrate
research cruise.

Using this type of equipment we derived a synthetic model to
determine the sensitivity of this marine CSEM system to the hy-
drate distribution found at WR 313.
5. Synthetic studies

A forward model study (Fig. 5) was conducted using MAR-
E2DEM (Key, 2016) to determine the ability of the CSEM method to
map the anticipated geology identified by JIP2 using various
Fig. 4. The main equipment deployed during the Gulf of Mexico gas hydrate CSEM surveys co
and the first generation towed receiver called Vulcan-1 recording Ex;y;z . Ancillary equipment
transmitter, one on the tail of the antenna and one on Vulcan. Heading, pitch and roll were a
transponders are on every deployed receiver and at the head of the transmitter and tail of
acoustic navigation system that was tested during this cruise.
seismic horizons (the fractured marine mud interval, ‘blue’, ‘or-
ange’, ‘green’, and ‘pink’). The synthetic model is based on the
northwest-southeast seismic section through the Terrebonne Basin
shown in Fig.16 of Frye et al. (2012). Electrical resistivities were
assigned to the seismic units as follows: the fractured marine mud
interval (4 U-m), ‘blue’ (10U-m), ‘orange’ (20 U-m), ‘green’ (2U-m),
and ‘pink’ (3 U-m). A conservative approach was taken, so that
resistivity values are not as high as those observed in JIP2 resistivity
well logs ‘G’ and ‘H’ and have a uniform resistivity within each unit
(note that in reality hydrate concentrations diminish up-dip from
the BGHSZ). In fact, measured resistivities in the ‘blue’ and ‘orange’
sands are an order of magnitude greater in places and the ‘green’
and ‘pink’ horizons change from water saturated down dip of the
BGHSZ to resistive up dip of the BGHSZ with anticipated LWD re-
sistivities similar to the ‘orange’ sand based on seismic amplitude
extraction and seismic inversions (Frye pers. comm. 2017). Never-
theless, lower and uniform resistivities were used for ease of
modelling and to test the sensitivity of the CSEM survey parameters
used during this experiment on a moderate geologic model. The
salt body to the east is included in the model with an assigned
resistivity of 1000 U-m. A background resistivity of 1 U-m was
chosen for the model. In modelling the EM response we need to
account for both the air and seawater resistivity above the re-
sistivity of interest below the seafloor. Therefore, the model in-
cludes fixed parameters for air (1013 U-m) and for seawater (4
layers with resistivity between 0.17 and 0.27 U-m). The same
transmitter and receiver geometry of Line 1 are utilised for this
model. This resistivity model was forward modelled to obtain the
in-line EM response for the seafloor receiver's horizontal and ver-
tical electric fields and horizontal magnetic field components (Ey, Ez
nsisted of a transmitter with a 50 m antenna, seafloor receivers recording Ex;y;z and Bx;y;
included a transmitter altimeter and three depth gauges one placed at the head of the
lso measured at the head of the transmitter, Vulcan, and all seafloor receivers. Acoustic
the antenna. The surface-towed equipment is the Barracuda inverted long based line
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and Bx) and the towed receiver (Vulcan) in-line horizontal electric
field component (Ey).

In order to provide a realistic test of the inversion algorithm the
synthetic EM responses for the seafloor receivers were contami-
natedwith 2% Gaussian random noisewith an amplitude error floor
of 10-16 T/Am for Bx, 10-14 V/Am2 for Ey and 10-13 V/Am2 for Ez, and
inverted from a 1 U-m starting model. The Vulcan Ey response was
contaminated with 0.2% Gaussian random noise, based on the real
data variance computed from 1min stacked data (see also Goswami
et al. (2017)), with a noise floor of 10-13 V/Am2 and inverted from a 1
U-m starting model. The synthetic data contaminated with noise
were inverted using an error structure of 2% for the seafloor re-
ceivers and 0.2% for the Vulcan data. The starting model and the
results of the inversions using Bx, and Ez, Ey and the Vulcan Ey are
shown in Fig. 5. All inversions reached the target RMS misfit of 1.0.

Different combinations of data were considered (BxeEzeEy and
EzeEy) to determine how the various data types perform in
reproducing the known model. All seafloor receiver inversions
made a separation between the fractured marine mud interval and
the four seismic horizons below, except for the inversions that used
the Bx, and joint BxeEyeEz and joint EyeEz data components. For the
Bx inversion at model distance 0.5e2 km, the resistors below the
fracture interval bend upwards. This also occurs for the joint in-
versions at model distance 1 km, where the resistors slightly blend
together. There was no separation made between the four seismic
horizons: ‘blue’, ‘orange’, ‘green’ and ‘pink’ intervals. The ‘pink’ and
‘green’ horizons are dwarfed by the ‘blue’ and ‘orange’ horizons
above, however, at model distance 5.5e6.2 km the ‘blue’ and ‘or-
ange’ horizons are not present and there is a hint of a resistor from
the ‘pink’ and ‘green’ horizons in the Ey inversion. The Vulcan
inversion only imaged the shallowest part of the fracture interval
and nothing below. One indication of the data's sensitivity tomodel
parameters is given by the Jacobian sensitivity and are shown as
white lines in percentiles on Fig. 5. The sensitivity, or Jacobian
matrix, is a partial derivative of the data with respect to model
parameters, such as the resistivity within an element (Farquharson,
1995). Therefore, it determines if a model parameter is sensitive to
the data or not (Schwalenberg et al., 2002). At model distance �0.5
to about 1 km the Jacobian sensitivity curve is <10% and so the
‘blue’ horizon is not recovered by the inversion in this region of the
model. Most components except for the Vulcan inversion are able
to suggest the presence of the resistive salt but are several orders of
magnitude below (at most 4 U-m) the true resistivity of 1000 U-m.
The Vulcan Ey did not image the salt. In the region of the salt body
all Jacobian sensitivity curves are less than 10%which indicates that
the model has very little sensitivity here, and so it is not surprising
that the salt geometry and resistivity are not recovered.

Next we test how including constraints on the inversion affects
the final resistivity model. The EM response to the synthetic model
in Fig. 5 is used, however the starting model has inversion cuts
placed at the top and bottom of the fractured marine mud interval
and on the top of salt. The inversion cut allows for a jump in re-
sistivity to occur across these boundaries. These inversions were
run on three different seafloor receiver data types: Ey, Ez, and a
combined EyeEz data set (shown in Fig. 6). We also tested if
applying an anisotropic inversion (transversely isotropic perpen-
dicular to the z axis (TIZ)) on a model that is isotropic results in
Fig. 5. A synthetic model for CSEM Line 1 was developed based on Frye et al. (2012) assumin
anticipated in reality, but was done here for ease of modelling) for each seismic horizon: frac
modelled and 2% random Gaussian noise was added to the synthetic seafloor receiver data an
target misfit of 1.0 in order to determine how well this type of geology can be resolved by th
(b), Ez (c), Ey (d), EyeEz (e), BxeEyeEz (f) and finally Vulcan Ey data (g). Overlain on each in
intervals of 0.1, 0.25, 0.5, and 0.75. A black outline of the resistors are also overlain on each in
referred to the web version of this article.)
unrealistic inversion models. We discovered slight differences (at
most a vertical to horizontal ratio of 1.2) between the vertical and
horizontal resistivity models that were confined to the ‘blue’, ‘or-
ange’, ‘green’ and ‘pink’ interval where there is an inherent macro-
anisotropy due to the model layering that has been imposed. We
found that placing constraints on the salt top improved the location
of the salt, by putting the resistor at the correct depth and not as
shallow as the unconstrained inversions. The fracturedmarinemud
interval is clearly defined within the two cut boundaries. There is
no improvement in resolving the ‘blue’, ‘orange’, ‘green’ and ‘pink’
intervals. Worth noting here is that in order to place the cuts on the
inversionwe defined a newmeshwith smaller elements, which has
also contributed to the improved image, particularly at depth.

These forward model studies provide insight and an indication
of what the response of the EM system is to hydrates atWR 313. The
forward model studies also allow us to explore what placing con-
straints on the inversion, such as cuts, has on the results and
explore the application of anisotropy. We have found that the short
off-set Vulcan data used in this experimental configuration is not
useful for examining this type of deep geology as it is only sensitive
to the fractured shale interval at the top of the section, therefore it
will not be discussed further.

6. Data processing

6.1. Navigation data

The location of each OBEM receiver is determined by acousti-
cally ranging on each receiver's acoustic transponder using the
ship's hull transducer. The acoustic data are inverted for receiver
position (latitude and longitude) using a Levenberg-Marquardt
(Marquardt, 1963) inversion scheme. The receiver locations are
known to within ±6 m. The orientation for each OBEM receiver is
determined using an external compass attached to the receiver.

The transmitter dip, depth, and altitude are measured directly,
however the position (x and y) and orientation (rotation from
north) are computed using the TFN program of Weitemeyer and
Constable (2014). The TFN program assumes a 1D earth structure
and a uniform isotropic resistivity structure below each transmitter
location. A 10% error was assigned to the real and imaginary com-
ponents of the electric (Ey) and magnetic (Bx) field data that con-
sisted of two frequencies, 0.5 and 1.5 Hz. Line 1 achieved an RMS
misfit of 1.5, while Line 2 achieved an RMS misfit of 2. The Vulcan
position is assumed to follow the transmitter's path at the 300 m
fixed offset behind the transmitter.

6.2. CSEM data

The Gulf of Mexico cruisewas the first use of a customwaveform
discussed previously (D-wave). In this survey the fundamental
frequency for the D-wave was 0.5 Hz, and the five frequencies
analyzed, ordered from the highest to lowest signal, are: 1.5, 3.5,
6.5, 0.5, 11.5 Hz. The robust processing code of Myer et al. (2010)
was used as it allows for derivation of noise estimates from the
CSEM data. The fast Fourier transform is computed at the same time
window as the transmitter waveform (2 s in this case). These data
are stacked in bins of 60 s, and the variance for each data point is
g uniform resistivities (uniform resistivities were not observed in existing well logs nor
ture marine mud interval, ‘blue’, ‘orange’, ‘green’ and ‘pink’ (a). This model was forward
d 0.2% for the towed Vulcan data. This synthetic data with noise was then inverted to a
e marine EM data. We tested different data types and different combinations of data: Bx

version result (beg) are the Jacobian sensitivity percentiles as white lines for contour
version. (For interpretation of the references to colour in this figure legend, the reader is
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computed providing a noise estimate for a given data point.
The 60 s stacking window is equivalent to a distance of 50m, the

same length of the antenna. All receivers recorded CSEM data
except s18, which had a battery failure. The CSEM Ey component
had a noise floor of about 10�14 V/Am2, equivalent to a range of
3.5 km at 1.5 Hz, while the Ez component had a noise floor of about
10�13 V/Am2, equivalent to a range of 2.5 km at 1.5 Hz. The Bx
component had a noise floor of 10�16 T/Am equivalent to a range of
3 km at 1.5 Hz.

Initially, the CSEM data were represented in the form of
apparent resistivity pseudosections (Weitemeyer and Constable,
2010) to show the lateral resistivity variations. The development
of a 2.5D CSEM and MT forward and inverse modelling code, called
MARE2DEM (Li and Key, 2007; Key and Ovall, 2011; Key, 2016),
allows us to move past pseudosections and 1D inversions to look in
detail at the 2D resistivity structures across the CSEM profiles.
Fig. 6. The synthetic model for CSEM Line 1 was developed based on Frye et al. (2012) assu
nor anticipated in reality, but was done here for ease of modelling) for each seismic horizon:
modelled and 2% random Gaussian noise was added to the synthetic seafloor receiver data. T
and the salt as a constraint on an anisotropic inversion and fit to a target misfit of 1.0. Here w
(c). Overlain on each inversion result (aec) are the Jacobian sensitivity percentiles as white
also overlain on each inversion. Note that smaller mesh elements were used in these inver
referred to the web version of this article.)
Inversions of the inline electromagnetic field data for the OBEM
receivers (Ey, Ez, Bx) are presented in the next section.

7. 2D inversions

Multifrequency 2.5D inversions were conducted on the WR 313
CSEM data. All data types were explored, with separate inversions
of the Ey, Ez, and Bx components, and joint inversions of the Ey-Ez
components and the Ey-Ez-Bx components. The details of the
inversion mesh, error structure of the data, and inversion approach
are found in Appendix A. Numerous inversions were carried out
using this CSEM data-set and both isotropic and transversely
isotropic perpendicular to the z axis (TIZ) anisotropic inversions
were considered. The isotropic inversions resulted in horizontal
banding suggesting the inversion model is overfit (model is
excessively complex) or that anisotropy is corrupting the isotropic
ming uniform resistivities (uniform resistivities were not observed in existing well logs
fracture marine mud interval, ‘blue’, ‘orange’, ‘green’ and ‘pink’. This model was forward
his synthetic data with noise was then inverted using the fracture marine mud interval
e show the vertical resistivity component for the results of the: Ey (a), Ez (b), and EyeEz
lines for contour intervals of 0.1, 0.25, 0.5, and 0.75. A black outline of the resistors are
sions. (For interpretation of the references to colour in this figure legend, the reader is



Fig. 7. WR 313 Line 1, vertical resistivity from anisotropic inversions that are unconstrained (left columns) and constrained (right column) by seismic horizons of the top and bottom of the inter-stratal (fractured) hydrate layer, salt top
and BGHSZ. The data used for each inversion is listed in the panel from top to bottom and includes: the vertical electric field (Ez), horizontal electric field (Ey), an inversion using both components of the electric field (Ey and Ez). The
Jacobian sensitivity is plotted overtop of each inversion model as a percentile in the white contours. The LWD resistivity log is shown for the ‘G’, ‘H’, and ‘#001’ wells. (JIP2 resistivity log data provided by BRG-LDEO (Borehole Research
Group Lamont-Doherty Earth Observatory of Columbia University, 2017)).

K
.W

eitem
eyer

et
al./

M
arine

and
Petroleum

G
eology

88
(2017)

1013
e
1031

1021



Fig. 8. WR 313 Line 2, vertical resistivity from anisotropic inversions that are unconstrained (left columns) and constrained (right column) by seismic horizons of the top and bottom of the inter-stratal (fractured) hydrate layer, salt top
and BGHSZ. The data used for each inversion is listed in the panel from top to bottom and includes: the vertical electric field (Ez), horizontal electric field (Ey), an inversion using both components of the electric field (Ey and Ez). The
Jacobian sensitivity is plotted overtop for each inversion model as a percentile in the white contours. The LWD resistivity log is shown for the ‘G’ wells. (JIP2 resistivity log data provided by BRG-LDEO (Borehole Research Group Lamont-
Doherty Earth Observatory of Columbia University, 2017)).

K
.W

eitem
eyer

et
al./

M
arine

and
Petroleum

G
eology

88
(2017)

1013
e
1031

1022



Fig. 9. Testing sensitivity of the in-line Ey CSEM data to a resistive salt body along WR 313 Line 1. The starting model is shown on the left and the inversion model shown on the right. The penalty cuts for the fractured marine mud
interval, BGHSZ, and salt top with penalty cuts within the salt are shown as white lines in the starting model. The first row (A) shows a 1 U-m background starting model and inversion result. The second row (B) shows a 1 U-m
background with a preferred 100 U-m resistive salt body as the starting model with the inversion result. The last row (C) shows a starting model that contains various penalty cuts along the salt body with a preferred 100 U-m resistive
salt core and the inversion results. All inversions are fit to the same target RMS misfit of 0.8.
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Fig. 10. Anisotropic inversion results for Line 1 EyeEz data without and with seismic constraints placed on the inversion. The 2D inversions are overlain on a seismic profile near the
CSEM tow line. Seismic data is courtesy of WesternGeco. The resistivity well log data for ‘G’, ‘H’, and ‘#001’ are also plotted. The JIP2 resistivity log data is provided by BRG-LDEO. The
CSEM receiver locations are labeled with a circle and a site number ‘s01’ to ‘s10’. The Mendenhall unit is from Hillman et al. (2017).
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inversion (Key, 2016; Ramananjaona et al., 2011). By including TIZ
anisotropy the banding was removed, therefore, TIZ anisotropic
inversions were considered to be a more accurate representation of
the data. The anisotropy ratio (rz/ry) was between 0.46 and 1.95.
This is a relatively small ratio and therefore only the vertical
resistivity models are shown. Inversions were also runwith penalty
cuts (called a constrained inversion). A penalty cut is when the
model roughness penalty (smoothness) is removed at various
seismic horizons, and allows sharp conductivity contrasts at known
interfaces. Penalty cuts were included for the top of salt, the edge of
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the gas hydrate stability zone, and the top and bottom of the
fractured marine mud interval.

Figs. 7 and 8 display the vertical resistivity for the anisotropic
unconstrained (left side) and constrained (right side) inversions for
Lines 1 and 2 respectively. The vertical electric field data Ez (top),
inline horizontal electric field data Ey (middle), and joint vertical
and inline horizontal electric field data (bottom) are shown. In-
versions that used the magnetic field are not displayed since a
consistent resistivity image resulted from all data types although
the magnetic field data tends to emphasize conductors. The
inversion using the Ez data reached a target RMSmisfit of 0.6, while
the inversions that used the Ey data and the joint EyeEz data
reached a target RMS misfit of 0.8 for Line 1 and 1.0 for Line 2.
Fig. 11. Anisotropic inversion results for Line 2 EyeEz data without and with seismic constrai
CSEM tow line. Seismic data is courtesy of WesternGeco. The resistivity well log data for ‘G
The constrained CSEM inversions used four seismic horizons to
constrain the inversion: the BGHSZ, the top of salt, and the top and
bottom of the fractured marine mud interval. These horizons were
chosen to allow a sharp change in resistivity across the boundaries.
The BGHSZ was used to distinguish resistive free-gas from water
occurrences below and resistive hydrate above the BGHSZ as
anticipated from the JIP2 well log data. The top and bottom of the
fractured marine mud interval is used to determine if there is any
resistivity connection to sediment layers below, and if this is a
continuous resistive body across the tow line or has patchy varia-
tions of resistivity within the boundaries. Finally, the salt top
boundary is used to define the resistive salt body and conductive
brines due to dissolution of the salt.
nts placed on the inversion. The 2D inversions are overlain on a seismic profile near the
’ are also plotted. JIP2 resistivity log data provided by BRG-LDEO.



Fig. 12. Enlargement of the constrained inversion shown in Fig. 10 around the depth of the BGHSZ. This is to highlight the occurrence of a conductor below the BGHSZ along seismic
horizons ‘blue’, ‘orange’ and ‘pink’ with resistive hydrate above and the presence of resistive free gas below the BGHSZ along the ‘pink interval’. The 2D inversions are overlain on a
seismic profile near the CSEM tow line. Seismic data is courtesy of WesternGeco. The colour scale is the same as in Fig. 10, where blues are resistive and reds are conductive. The
LWD ring resistivity for wells ‘G’ and ‘H’ are marked along with the Industry well ‘I’ location. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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8. Interpretations

In this section we discuss the main features that are present in
the inversion models: resistive salt and conductive brines, varia-
tions in resistivity above and below the BGHSZ, and variations of
resistivity within the stratal-bound fracture filling gas hydrate unit.
8.1. Salt and brines

Only a small segment of the seismic interpreted top of salt
surface is coincident with the CSEM survey line and thereforewe do
not expect much sensitivity to the salt body in the inversion result.
A conductive region with a resistivity of about 0.8 U-m is present
above the salt bodies. This is likely a brine halo from the dissolution
of salt due to migrating fluid along the salt edge. We do not
anticipate this to be an inversion artefact and this has been
observed in previous CSEM surveys collected in the Gulf of Mexico,
see for example (Constable et al., 2015). Line 2 shows a typical
resistive salt with conductive brines above. However, the salt is not
as resistive as anticipated, about 2e3 U-m compared to 100 to 1000
U-m (e.g. Boer et al. (2000)). This is similar to the synthetic model
shown earlier, and is due to a lack of sensitivity to this edge feature.
In contrast, the Line 1 penalty cut for top of salt inversion resulted
in a conductive salt body. This is unusual, but has been noted by
MacGregor (pers. comm. 2014) for a data set in West Africa. She
found the salt to manifest as something very conductive with a
resistive core. This was interpreted as a combination of briney
fluids in the surrounding sediments and fractured intrusive salt
(MacGregor, pers. comm. 2014). This is clearly shown in a paper by
Ramananjaona and MacGregor (2010), where the last figure shows
the top western part of the diapir is more conductive as compared
to the deeper part of the diapir. We anticipate a similar situation
here and so placed additional penalty cuts below the salt top in
order to determine the presence of a resistive salt core. This had
marginal success with a gradation to a more resistive core of about
2.5 U-m. Therefore, we further tested the sensitivity of the Ey data
to a resistive salt body by running the penalty cut inversion with a
preferred starting model that included various placements of a 100
U-m salt body (Fig. 9). All the models shown in Fig. 9 reached the
same target misfit of 0.8. Other than the forced 100 U-m resistor in
two of the models, all models have a similar resistivity with
changes in the final resultingmodel in close proximity to the salt. At
model distance 5e6 km the resistivity at the BGHSZ here is
conductive, especially for Model ‘B’ (middle row). Finally, the salt
top boundary is used to define the resistive salt body and
conductive brines due to dissolution of the salt. Both of the salt
bodies are at the edge of the CSEM line and so there is marginal
sensitivity to these resistive bodies.
8.2. Base of the Gas Hydrate Stability Zone (BGHSZ) and the ‘blue’,
‘orange’, ‘green’ and ‘pink’ seismic horizons

An inversion constrained by the BGHSZ resulted in some areas of
resistivity above and below the BGHSZ with a clear resistive-to-
conductive boundary. Including this boundary has a clear impact
on results for Line 2 (see Fig. 11) but not as much of an impact on
results for Line 1 (see Fig. 10). The Line 1 joint EyeEz inversion (see
Fig. 7) provides supporting evidence for the buoyant separation of
gas/gas hydrate from wet sands below the BGHSZ where between
s17 and s15 at a depth of about 3 km there is a conductive region
below the BGHSZ indicating water saturated sediments, and a
resistive region above the BGHSZ interpreted to represent resistive
hydrate. This is consistent with findings of a water wet sand within
the ‘orange’ horizon in well ‘G’ and hydrate within the ‘blue’ hori-
zon at well ‘G’ (Frye et al., 2012). Up-dip from the ‘G’ well the ‘or-
ange’ sand becomes more resistive consistent with Frye et al.
(2012)’s inference of a free-gas changed ‘orange’ sand up dip
from the ‘G’ well location, although the constrained inversion pla-
ces the resistor above the BGHSZ implying little free gas, or not
enough to elicit an EM response. The CSEM resistivity within the
‘blue’ horizon is not as high as that documented by the JIP2 of
200U-m over a gross sand interval of 11 m (Frye et al., 2012). The
CSEM resistivity will provide an average resistivity due to the hy-
drate within the ‘blue’ and ‘orange’ horizons and provide a bulk
image of the resistivity rather than the finer detailed resistivity
image obtained in well-logging. The CSEM resistivity shows the
‘blue’ horizon as resistive up-dip, and so is the ‘orange’ horizon,
however, below the gas hydrate stability zone both layers are
conductive. Seismic reflectionwill respond to low concentrations of
free gas (usually only about 5% saturation), whereas, the EM
response to disconnected gas has little effect on the resistivity and
resistivity does not change significantly until gas saturations are
high (about 70% in a 50% porous sandstone) (Constable, 2010;
Fig. 4). Therefore, it suggests that there is very little gas present
below the BGHSZ here. The ‘green’ horizon was intersected by the
‘H’ well which documented a water wet sand here (Frye et al.,
2012), consistent with the conductive region observed within the
Line 1 joint EyeEz inversion. This ‘green’ horizon becomes more
resistive up-dip in the CSEM result supported by the seismic data
which suggests that the ‘green’ sand will be free-gas bearing just
updip of the ‘H’ well, and by the likely occurrence of hydrate
interpreted in the ’#001’well (Frye et al., 2012). A close-up of Line 1
is shown in Fig. 12 which shows the ‘pink’ horizon as resistive,
consistent with the predicted occurrence of free gas suggested by
Frye et al. (2012). The occurrence of gas below the BGHSZ is sug-
gested between well ‘H’ and the industry ’#001’ well, by the
elevated resistivity below the hydrate stability zone in the CSEM



Fig. 13. Gas hydrate concentrations are computed for the Ey CSEM anisotropic resistivity models. Vertical profiles through the resistivity model at each of the well locations were taken and compared with the actual well ring resistivity
for the ‘G’ and ‘H’well and the deep resistivity for well #001. On display are the vertical and horizontal resistivity for the unconstrained (labelled CSEM-Y, CSEM-Z as solid blue and red lines) and constrained (labelled CSEM-Yc, CSEM-Zc
as dashed blue and red lines) that used the in-line Ey CSEM data. Overlain on these is the corresponding ring or deep resistivity log as a black line. Gas hydrate concentrations were computed for the CSEM resistivity models and for the
ring resistivity using Archie's Law and use the labelling as the resistivity profiles. Concentrations are consistent though not identical due to the different resolutions of well logging resistivity and marine CSEM. The JIP2 resistivity log
data provided by BRG-LDEO. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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inversion.

8.3. Stratal-bound fracture filling gas hydrate

Results from JIP2 identified a clay-hosted fracture-filled gas
hydrate interval in JIP2 ‘H’ and ‘G’ wells (Frye et al., 2012). This
interval is dominated by near-vertical gas hydrate-filled fractures
within fine grained sediment that were identified by propagation
resistivity measurements (Cook et al., 2009). The layer varies in
thickness from 165 m at ‘G’ to 152 m up-dip at ‘H’ to 131 m in the
industry well, and it appears to be extensive based on 3D seismic
data (Frye et al., 2012; Cook et al., 2009; McConnell et al., 2009).
This is an ideal target for marine CSEM, due to its thickness,
elevated resistivity and laterally extensive occurrence.

The Ez CSEM inversion in Figs. 10 and 11 at model distance
2e6 km on Line 1 and 2 shows a distinct resistive layer within this
boundary compared to the water saturated, conductive sediments
above, and moderate resistive sediments below. The CSEM resisi-
tivity within this unit is non-uniform and the results do not indicate
significant resistivity down dip along the Line 2 profile. The Line 1
profile shows a resistor down dip in Fig. 10, however tracking the
horizon further down-dip in Fig. 7 (bottom-right) this becomes
conductive again and is above a 50% model sensitivity. This may
support the idea that the hydrate formed due to short migration of
methane into the gas hydrate bearing sand likely from meth-
anogensis (Cook and Malinvero, 2013).

The CSEM identified a resistor within the fractured marine mud
interval and therefore would have predicted this occurrence, while
the seismic data did not identify the occurrence of hydrates within
fractures as the hydrate did not significantly alter the acoustic
impedance (velocity times density) sufficiently to produce a
discernible seismic response (Shelander et al., 2012).

The Ez data inversion (Figs. 10 and 11) pulls out the resistivity
structure within the fractured marine mud interval more clearly
than the Ey data inversion. Fractures have been imaged in the
azimuthal resistivity log that dip at 77� within this stratal-bound
layer (Cook et al., 2012, 2014). These types of dipping structures
are more easily imaged with the vertical E component (Weitemeyer
and Constable, 2011).

An additional fracture filling gas hydrate interval, called the
‘Mendenhall Unit’ has been identified by Hillman et al. (2017) and is
present within the CSEM model as a resistive region above the
fracture interval. This is most obvious in the Line 1 constrained joint
EyeEz inversion shown in Fig. 10.

8.4. Gas hydrate concentrations

There are three boreholes with LWD resistivity data available for
comparison with the CSEM inversion resistivities. The JIP2 wells ‘G’
and ‘H’ have several resistivity measurements available for com-
parison with the CSEM derived resistivities. We use the geoVISION
ring resistivity because it has the deepest depth of investigation
compared with the other available geoVISION resistivity tools of
18 cm horizontally into the formation and a 5e8 cm vertical reso-
lution (Mrozewski et al., 2009). We used the deep resistivity data
for the industry well #001, since a ring resistivity measurement
was not collected and this provides the next deepest depth of
investigation of 13 cm horizontally into the formation and a 5e8 cm
vertical resolution (Mrozewski et al., 2009). Both tools measure the
horizontal resistivity and will be most sensitive to horizontal re-
sistivity. A LWD directional resistivity tool (PeriScope) and one
dimensional inversion can be used to resolve the resistivity of the
current flowing parallel and perpendicular to the bedding as was
done by Cook et al. (2012) for a 22 m depth interval (800e822
mbsf) in the WR 313 ’H’ well. Unfortunately, problems with the
acquisition of the PeriScope logs in well ‘G’ meant that the re-
sistivity parallel and perpendicular were not resolved (Cook et al.,
2012). Therefore, to be consistent with all three boreholes we use
the ring resistivity and deep resistivity from the geoVISION logs in
order to compute a gas hydrate saturation.

A vertical resistivity profile is taken from the CSEM inversion
result for each well location in the unconstrained and constrained
TIZ anisotropic resistivity models using the Ey CSEM data. These
profiles are shown for wells ‘G’, ‘H’ and ‘#001’ in Fig.13a, c, e and are
overlain on the LWD ring resistivity (for JIP wells ‘G’ and ‘H’) and
deep resistivity (for well #001) measurements acquired during
drilling. The two different resistivity models, CSEM and LWD,
broadly agree (note that the resistivity from the CSEM and LWD are
derived independently). An exact agreement is not expected due to
the high resolution of the ring resistivity that is not obtainable from
seafloor CSEM measurements. The Line 2 CSEM profile matches
well ‘G’ much more closely than Line 1, because Line 2 is directly
coincident with the well and Line 1 CSEM data is almost 400 m
away from thewell. Therefore, only Line 2 CSEM resistivity are used
to calculate the hydrate concentrations for ‘G’ and Line 1 CSEM
resistivity is used to calculated hydrate concentrations for ‘H’ and
‘#001’.

The gas hydrate concentration is computed from the both the
vertical and horizontal CSEM resistivity and the LWD resistivity
measurements. A similar approach to that of Cook et al. (2009) and
Mrozewski et al. (2009) was taken using Archie's Law (Archie,1942)
to compute the gas hydrate and free gas saturations. The porosity
was computed using the density logs. However, for well ‘#001’,
since the density log was not collected within the gas hydrate
stability zone the density log of well ‘H’ was used for this location.
The pore water resistivity was assumed to be seawater and the
geothermal gradient of 19.5 �C/km was used along with the equa-
tion of state for seawater of Fofonoff and R.C. Millard (1983) to
predict the pore water resistivity at different depths in the model
due to increases in temperature.

The CSEM-derived gas hydrate concentrations are in broad
agreement with the LWD resistivity derived concentrations, but
lack the detailed vertical resolution. They are also comparable to
the seismically derived concentrations of Shelander et al. (2012).
The vertical resolution of the seismic data is of order 10e15 m,
while the well log data is 0.3 m and so the seismic predictions are
effectively averaging over thin beds (Shelander et al., 2012) as does
the CSEM data. The gas hydrate concentration derived from seismic
data for the target sands in well ‘G’ and ‘H’ are about 40% and 35%
found in Fig. 19 of Shelander et al. (2012) which is similar to the
CSEM derived hydrate concentrations for this interval, also around
40% and 35%.

The ‘green’ unit intersected in the ‘H’ well contain 10 individual
sands whose low LWD ring resistivity data suggests are water
saturated. The borehole conditions at this depth are poor (indicated
by the changing calliper log) making the LWD data unreliable at
this depth (Boswell et al., 2012b). The gas hydrate concentration in
this area is variable from 0 to 40% in saturations derived from the
LWD ring resistivity data, consistent with the saturations calculated
by (Cook et al., 2009). The CSEM derived saturations suggest a
similar saturation. However, the CSEM derived saturations use the
same LWD derived porosity, and so any problems with the LWD
density/porosity data will also affect the CSEM derived saturations,
and so these values are subject to error within the ‘green’ interval.

One caveat to the gas hydrate saturations calculated using
Archie's equation in high-angle gas hydrate-filled fractures (for the
stratal-bound fractured section of the log) is that it overestimates
the gas hydrate saturation, see for example Cook et al. (2010). One
possibility is to modify Archie's equation as done by Lee and Collett
(2009) or use a different saturation estimate. This is beyond the
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scope of this paper.

9. Conclusions

In this paper CSEM data were used to derive a resistivity image
of two intersecting profiles at WR 313 in order to detect concen-
trations of gas hydrates. This location has been extensively studied
Table A.1
Table of isotropic inversions run at WR 313.

Tow Line Data Type Penalty Cut Penalty Weight

1 Bx e e

1 Bx e e

1 Bx 1, BGHSZ, fracture, salt e

1 Ey e e

1 Ey e e

1 Ey 1, BGHSZ, fracture, salt e

1 Ez e e

1 Ez 1, BGHSZ, fracture, salt e

1 EyeEz e e

1 EyeEzBx e e

2 Bx e e

2 Bx e e

2 Bx 1, BGHSZ, fracture, salt e

2 Ey e e

2 Ey 1, BGHSZ, fracture, salt e

2 Ez e e

2 Ez 1, BGHSZ, fracture, salt e

2 EyeEz e e

2 EyeEzBx e e

Table A.2
Table of anisotropic inversions run at WR 313.

Tow Line Data Type Penalty Cut Penalty Weight Iterat

1 Bx e 0.3 TIZ 10
1 Bx 1, BGHSZ, fracture, salt 0.3 TIZ 9

1 Ey e 0.1 TIZ 5
1 Ey e 0.3 TIZ 5
1 Ey e 0.3 TIZ 7
1 Ey e 1 TIZ 6
1 Ey e 10 TIZ 7
1 Ey 1, BGHSZ, fracture, salt 0.3 TIZ 9
1 Ey 1, BGHSZ, fracture, salt 0.3 TIZ 5

1 Ez 1, BGHSZ, fracture, salt 0.3 TIZ 6

1 EyeEz e 0.3 TIZ 10
1 EyeEz 1, BGHSZ, fracture, salt 0.3 TIZ 9

1 EyeEzBx e 0.3 TIZ 15
1 EyeEzBx e 0.3 TIZ 7

2 Bx e 0.3 TIZ 7
2 Bx 1, BGHSZ, fracture, salt 0.3 TIZ 7

2 Ey e 0.1 TIZ 6
2 Ey e 0.3 TIZ 7
2 Ey e 1 TIZ 9
2 Ey e 10 TIZ 9
2 Ey e 0.3 TIZ 9
2 Ey e 0.3 TIZ 5
2 Ey 1, BGHSZ, fracture, salt 0.3 TIZ 7

2 Ez 1, BGHSZ, fracture, salt 0.3 TIZ 7

2 EyeEz e 0.3 TIZ 5
2 EyeEz 1, BGHSZ, fracture, salt 0.3 TIZ 6

2 EyeEzBx e 0.3 TIZ 5
2 EyeEzBx 1, BGHSZ, fracture, salt 0.3 TIZ 8
by JIP2 which provides ground truth fromwell log data and seismic
data. CSEM provides complementary data about the fluids and
hydrates within the pore space. The salt bodies are at the edge of
the model, and the data have a very low sensitivity to them, how-
ever, apparent in both lines are conductive brines above the salt
bodies. The fractured marine mud interval shows patchy resisi-
tivity, and the inversions derived from Ez data show a distinct
Iterations Roughness Model Misfit Comments

14 3.913 0.8040 banding
7 1.028 0.9972
8 0.5876 1.004

11 4.176 0.8006 banding
7 1.708 0.9971
8 1.131 0.9985

8 1.561 0.6070
4 0.2769 0.9976

13 5.959 0.9982 banding
14 11.62 0.9982 banding

14 4.267 0.8060 banding
7 1.295 0.9973 e

7 0.8924 0.9993 e

8 5.828 0.9953 banding
13 4.307 1.007 e

8 1.322 0.6074
4 0.1814 0.9950 can go lower

12 9.468 1.009 banding
15 20.06 1.004 banding

ions Roughness Model Misfit Comments

3.606 0.7981 e

2.622 0.7980

1.173 0.9981
1.953 0.9998
4.381 0.7985
3.005 1.0 need more anisotropy
3.364 1.0 need more anisotropy
3.139 0.7993
1.249 1.001

1.251 0.6033

14.59 0.7981 relax to RMS 1.0, signs of anisotropy
4.400 0.8014

16.25 0.8040 banding
4.310 0.9977

2.464 0.7982 e

1.469 0.7993

4.376 0.9987
6.998 0.9998
10.29 0.9982 need more anisotropy
6.378 0.9987 need more anisotropy
6.998 0.8020 new data
2.248 0.9982 new data
1.279 0.9994

0.8338 0.5950

2.452 0.9994
1.595 0.9992

6.325 1.005
4.883 0.9992
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difference between water-saturated sediment above and a mod-
erate resistivity below. This boundary shows no connection to the
resistive regions below and suggests that the hydrate may be
formed in-situ as suggested by Cook and Malinvero (2013). The
buoyant separation of water and free gas is apparent from the
conductive to resistive transition at the BGHSZ along the dipping
porous sands within the ‘orange’ and ‘blue’ horizons. In other parts
of the model there are resistive regions both above and below the
BGHSZ which is attributed to hydrate above and free gas below the
BGHSZ. This is consistent with LWD resistivity results. While the
CSEM-derived resistivities are not as high as those observed by
LWD due to differences in vertical resolution, the resistivity-
thickness products are comparable.
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Appendix. 2.5D inversion parameters and inversion approach

Multifrequency 2.5D inversions were conducted on the WR 313
CSEM data. All data types were explored, with separate inversions
of the Ey, Ez, and Bx components, and joint inversions of the Ey-Ez
components and the Ey-Ez-Bx components. The modelling mesh
consisted of 17 fixed parameters: one air layer of 1013 U-m and 16
seawater layers (within the CSEM profile) with resistivities be-
tween 0.17 and 0.29 U-m derived from the conductivity data
recorded by the Valeport CTD probe (conductivity-temperature-
depth probe) during deployment and recovery of SUESI. The ba-
thymetry profile observed by the SUESI altimeter and the Parasci
pressure/depth sensor is used for each tow line. A triangular mesh
was used with a triangle size of 50 m from the seafloor to about
2500 m, followed by a 100 m cell size to about 3200 m. The mesh
was allowed to grow to larger elements outside this region. This
results in 9101 free parameters for isotropic inversion and about
18,202 for the anisotropic inversion. All inversions were started
from a 1U-m half-space, and initially no constraints were placed on
the inversion.

A 2% error floor was applied to the electric and magnetic field
data to account for uncertainties associated with the geometry and
absolute position of SUESI. The inversion reached a misfit of RMS
1.0, and in some instances, the inversion was pushed to a lower
target misfit of RMS 0.8 or 0.6. Numerous inversions were carried
out using this CSEM data-set and are summarised in Table A.1 for
isotropic and Table A.2 for anisotropic inversions. Initially isotropic
inversions were carried out. Isotropic inversions were able to
achieve an RMS misfit of 1.0 and in some cases were pushed to a
lower RMS misfit of 0.8. The lower RMS misfit corresponds with an
increase in horizontal banding suggesting the inversion model is
overfit (model is excessively complex) or that anisotropy is cor-
rupting the isotropic inversion (Key, 2016; Ramananjaona et al.,
2011). The typical anisotropy expected for marine sediments, is
the transversely isotropic perpendicular to the z axis (TIZ)
(Ramananjaona et al., 2011). Therefore, the TIZ anisotropic inver-
sionwas utilized and various anisotropic penalty weights (0.1, 0.3,1,
10) were tested. A small relative penalty on anisotropy results in
two independent models for horizontal and vertical resistivity,
while a large penalty weight tends to be similar to the isotropic
model (Constable et al., 2015). The penalty weights of 1 and 10 did
not reduce the observed banding, however, the 0.1 and 0.3 penalty
weights did account for the anisotropy banding, suggesting that the
anisotropy is more important, since a lower penalty weight results
in a more anisotropic model (Kirkby et al., 2015). The improvement
between 0.1 and 0.3 was marginal and so 0.3 was used, since less
anisotropy is required for the same RMS misfit of 0.8. The anisot-
ropy ratio (rz/ry) was between 0.46 and 1.95. This is a relatively
small ratio and therefore only the vertical resistivity models are
shown. Finally, inversions were run with penalty cuts (called a
constrained inversion). A penalty cut is when the model roughness
penalty (smoothness) is removed at various seismic horizons, and
allows sharp resistivity contrasts at known interfaces. Penalty cuts
(with a weight of 0.1) were included for the top of salt, the gas
hydrate stability zone and the top and bottom of the fractured
marine mud interval.
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