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Abstract: Natural gas hydrates have been an unconventional source of energy since the beginning
of this century. Gas-hydrate-filled reservoirs show higher resistivity values compared with water-
filled sediments. Their presence can be detected using marine controlled-source electromagnetic
methods. We classify acquisition configurations into stationary and moving receiver configurations,
which are described in terms of the design group, the operational details, and where they have
been used successfully in the field for natural gas hydrate exploration. All configurations showed
good numerical results for the detection of a 700 m long gas hydrate reservoir buried 200 m below
the seafloor, but only the stationary configurations provided data that can be used to estimate the
horizontal boundaries of the resistive part of the reservoir when the burial depth is known from
seismic data. We discuss the operational steps of the configurations and provide the steps on how to
choose a suitable configuration. Different CSEM configurations were used together with seismic data
to estimate the edge of the gas hydrate reservoir and the total volume of the gas hydrates, to optimize
the drilling location, to increase production safety, and to improve geological interpretations. It
seems that CSEM has become a reliable method to aid in the decision-making process for gas hydrate
reservoir appraisal and development.

Keywords: marine electromagnetic; natural gas hydrates; exploration; resistivity

1. Introduction

Natural gas hydrates, a potentially important energy resource, are abundant in seafloor
sediments along the continental margins. Buried in the sediment below the seafloor,
free gas may accumulate and form into solids under low-temperature and high-pressure
conditions [1,2]. One cubic meter of in situ solid gas hydrates is equivalent to 164 cubic
meters of free gas under atmospheric conditions [3-5]. Offshore gas hydrate reservoirs
may become an important source of gas that could reduce the need for conventional fossil
energy sources such as oil and coal and could possibly be economically produced in the
future [6]. The exploitation of gas hydrates has challenges such as environmental pollution
and increasing geohazards in the marine environment [7].

During gas hydrate accumulation, the phase may be a complicated and unpredictable
mix of solid, gas, and liquid phases [8]. As the resistivity of methane hydrate is 50 kOOm
according to laboratory experiment results [9], the presence of gas hydrates changes the
geophysical properties of the layer. For example, a sediment layer containing gas hydrates
shows different acoustic wave velocity and electric resistivity values than a sediment
without gas hydrates. Therefore, geophysical methods such as seismic, electromagnetic,
and gravity are used to map the sub-seafloor sediment structure to detect and localize
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zones with anomalous properties [10,11]. A significant seismic signal called the bottom-
simulating reflector (BSR) is used to identify the presence of gas hydrates [12,13]. It has been
used to image the outer boundary of the gas hydrate stability field in sediment structures.
According to the log data of many gas hydrate exploration findings, the presence of the
BSR signal was not sufficient to verify the existence of gas hydrates [3]. Hence, the BSR
does not always express a direct relationship with the presence of hydrates. While drilling
provides direct evidence of its existence, we can also use the strong correlation of electric
resistivity anomalies with the existence of gas hydrates to improve its exploration [14-17].
The layer containing gas hydrates shows anomalous values in resistivity, P-wave (Vp), and
S-wave (Vs) curves in the drilling data of gas hydrate exploration [18].

Sediments containing a mix of brines and gas hydrates have reported bulk resistivity
values of up to 100 times higher than sediments with only brines and appear more resistive
than the surrounding rock. The resistivity may change from 3 Qm to 200 (Om between
the sediments where gas hydrates are absent and present [3,4,19]. Taking these results
into account, the marine controlled-source electromagnetic (CSEM) method could be a
good choice to detect and characterize accumulations of gas hydrates. CSEM is sensitive to
resistive material with a large lateral extent below the seafloor, like gas hydrates [20,21].
CSEM methods are useful to determine the prospect of structures imaged from seismic
data before drilling, to map the distribution of hydrates in the seafloor sediments, and to
estimate the volume of the gas hydrates.

For gas hydrates in sandy sediments, Archie’s law can be used to estimate the total
volume of hydrate in place [22]. Usually a modified version is used in which tortuosity is
added to Archie’s equation, which is given by:

p=apu,S "9 ", 1)

where a is called the tortuosity factor; m represents the cementation exponent; n represent
the saturation exponent; p and py are bulk and water resistivity, respectively; ¢ is the
porosity; and S is saturation. Some authors [23-26] have shown that a, n, and m should
not be taken as constant but as a function of space depending on the field with an aim to
provide a quantitative basis for gas hydrate volume estimation [4,27].

With the progress in numerical and physical experiments, CSEM has become a useful
complementary method for gas hydrate detection. Various reviews of CSEM developments
have been published [21,28-30]. Edwards listed the MCSEM according to the principles,
methodologies, and commercial applications [21]. Constable provided an introduction
to MCSEM and summarized the development of the CSEM method in the period of
2000 to 2010 for hydrocarbon exploration [28,30,31]. Key discussed marine EM methods
for resource exploration and tectonic investigations [29]. In these reviews, acquisition
geometries were not discussed, and no review has been published about the CSEM method
that was dedicated to gas hydrate exploration. In addition, the relationship between the
exploration target of gas hydrates and the acquisition geometry has not been considered.
These are the topics of this paper.

Here, we first explain the differences between gas hydrate and traditional hydrocarbon
reservoirs. In the next section, the electric field amplitudes are compared for situations in
which gas hydrates are present or absent in the sediment. Then, the acquisition configu-
rations that have been applied for gas hydrate exploration are described in terms of their
advantages and disadvantages with considerations regarding how to choose the acquisition
to start the survey. Finally, we discuss several typical applications of the configurations on
the different characters of gas hydrates. We provide four goals of a MCSEM method for gas
hydrate exploration and discuss how to choose an effective acquisition configuration.

2. How Is CSEM Being Used for Gas Hydrate Exploration?

CSEM is sensitive to resistive formations and has been applied successfully to study
the upper oceanic lithosphere and to search for hydrocarbon reservoirs [31,32]. However,
gas hydrate exploration cannot be simply copied from oil or gas exploration or lithospheric
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studies. For example, gas hydrates are buried only up to a few hundred meters under the
seafloor, not kilometers deep like oil marine reservoirs. In addition, conventional oil does
not involve a phase transition, while gas hydrates have solid state to fluid phases.

First, we focus on the resistivity of the reservoirs. In Figure 1, we can see that sedi-
mentary rocks express a wide range of resistivity values. This range is mostly determined
by formation water content. For seawater-filled sediments, the bulk resistivity is usually
around 1 OOm. The resistivity of pure gas hydrates is up to four orders of magnitude higher
according to experimental results [9]. Gas hydrates detected with geophysical methods
have an electric resistivity that is up to two orders of magnitude higher. Compared with
pure gas hydrates, a marine sediment filled with gas hydrates may have a lower resistivity,
but it will still be higher than that of a seawater-filled sediment.

Air
- Fresh water
I:ISeawater

- Gas Hydrates filled sediment

volcanic Rocks

" Jolcanic Rocks
| |
[ sandstone | Quarz |

Limestone D Dolomite

Cancrinite[:]

E\ Feldspar

-2 -10 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Resistivity ( €2 m, log scale )

Figure 1. Resistivity ranges of different common materials. The resistivity of crystalline and volcanic
rocks is dominated by the matrix resistivity, while the resistivity of sedimentary rocks is dominated
by the porosity, water saturation, and the resistivity of the pore water. The gas hydrate resistivity
here refers to the bulk resistivity of the sediment containing gas hydrates found through geophysical
exploration, not the value range of pure gas hydrates (this figure was adapted from [33]).

The generation of gas hydrates determines the resistivity of the final gas hydrate oc-
currence. Before gas is produced, the marine sediments are filled with brine and have a low
bulk resistivity. The resistivity value is determined by the porosity, ion concentration, and
mobilities [34]. The ion concentration and mobilities are usually stable in marine sediments,
which makes the resistivity primarily determined by porosity and water saturation. While
gas is being generated in the pore space, it solidifies under pressure and begins to push
out the brine, thereby blocking the pore connections. The formation process causes the
resistivity to first decrease and then increase, which has been validated in experiments [34].
To detect a resistive body in a conductive environment, we can use EM methods, which
have been used for hydrocarbon exploration.

Figure 2 shows a model that illustrates the principle of EM measurements. An EM field
is emitted by the source (red star) and registered by the receiver (red triangle). The diffusive
electromagnetic field propagates in all directions; the four main paths are indicated by the
colored arrows: the direct field (pink arrows) from the source to the receiver, the direct
air wave contribution (black arrows), the direct ground wave (the green arrows), and the
contribution from the reservoir (the grey arrows). The electric field at the receiver that has
had paths through the reservoir provides the only part of the data that contains information
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about the reservoir. The data is used to obtain information about the reservoir such as its
shape, depth, and resistivity.

sediment

Figure 2. An illustration of diffusive electromagnetic field paths through the model for the given
configuration. The gas hydrate reservoir is embedded in the sediments. The red star and triangle
represent the source and the receiver, respectively. The arrows indicate the main propagation paths
of EM field: direct field (pink), direct airwave contribution (black), direct ground wave (green), and
the direct contribution from the reservoir (grey).

A 2D sensitivity analysis was performed on the difference between the gas-hydrate-
filled sediments and the surrounding sediments as a function of the resistivity contrast,
burial depth, and area as variables [35]. The results showed the position of the gas hydrate
well when the thickness of the target was 100 m and the resistivity ratio of gas-hydrate-
filled sediment over water-filled sediment was 6. However, the inversion results were
not satisfactory when the resistivity ratio decreased to a lower value than 6. If, e.g., the
resistivity of the overburden was 1 (dm, and the resistivity of the reservoir was larger than
6 Om, the reservoir could be detected [35]. The sensitivity of the method was computed in
forward modeling [36,37]; that is, we could still obtain a good resolution when the product
of the resistivity difference between the anomalous body and the surrounding seawater
and the thickness of the model was no less than 600.

3. Acquisition Methods

We now turn to the choice of the acquisition configuration for the target depth, the
desired information, the different types of transmitters, and the source and receiver con-
figuration. In this section, we restrict ourselves to acquisition configurations that have
been used specifically for the exploration of natural gas hydrates [38]. We divided the
configurations into two types. The first type is the stationary receiver configuration, in
which the source can be towed or be stationary on the seafloor. The second type is the
towed-streamer CSEM in which both the source and receivers are towed. This includes the
seafloor-towed and deep-towed configurations.
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3.1. Towed Source and Seafloor Receiver Configuration (Conventional Configuration)

The configuration with seafloor receivers and a towed source was introduced to detect
large resistive bodies in a marine environment [39]. This configuration has been changed
for gas hydrate detection. According to Constable [28], the dipole transmitter with two
electrodes at the end is towed about 30-100 m above the seafloor, while individual electric
and magnetic field receivers are placed on the seafloor (see Figure 3). The electrodes consist
of two copper cylinders to generate the electromagnetic field. A real-time monitoring
system tracks the position, vibration, and temperature of the transmitter. The source
time signature can be a sinusoidal signal, a square wave, an optimized waveform, or
a pseudorandom binary sequence. The current strength varies between 100 A to 1 kA.
The receiver measures the entire magnetic field vector and the two horizontal electric
field components. This configuration was used successfully for gas hydrate exploration
in several places such as Oregon, USA [40]; the Northeast Cascadia margin [41,42]; the
Western Black Sea, North Atlantic [43]; and the mid-Norwegian continental margin [26,44].
This configuration has some limitations such as high operational costs, large navigational
errors relative to towed receivers, saturation of the electric field sensors at short offsets, and
gaps in data coverage between widely spaced receivers [26,45].

Figure 3. The towed source and seafloor receiver configuration.

3.2. Stationary Configuration

We will now examine two stationary configurations that have been developed. One is
the Sputnik configuration, which was developed to overcome the experimental limitation
of single-transmitter polarization by using two orthogonal electric dipoles as the source [20].
The other is the NEPTUNE configuration with instrument connections to a platform for
long-term monitoring of resistivity changes [46].

In most previous Sputnik operations, measurements were carried out at offsets be-
tween 100 m to 1000 m. This configuration is sketched in Figure 4 [20]. The receivers can be
used in passive (MT) and active (CSEM) modes. The transmitter has four arms as electrodes
that can be folded. When it is operated after deployment of the receivers, the arms are
mechanically folded, after which it is dropped with a winch. When it reaches the seafloor,
the arms unfold to horizontal electric dipoles. After that, the transmitter can be used to
generate any source time signature for each of the two polarizations in chronological order.
The configuration was used with a square wave for 2 min in the Danube paleo-delta in the
western Black Sea to search for gas hydrate reservoirs. In that survey, data at short offsets
of less than 250 m were collected [20].



J. Mar. Sci. Eng. 2023, 11, 34

60of 19

Figure 4. Stationary configurations of Sputnik (from [20]) and NEPTUNE (from [46]).

The North East Pacific Time-Integrated Undersea Networked Experiments (NEP-
TUNE) observatory led to the NEPTUNE configuration. It was developed to provide a
platform for long-term studies. It consists of an electric current dipole as a source and
individual receivers to measure only the electric field. All the power and data communi-
cation are connected to the platform. It is also a transient dipole—dipole time-domain EM
system. During the launching operations, this configuration is placed with the help of an
underwater remotely operated vehicle (ROV). The total length of the receiver string is 1 km
and the receivers are spread equally along the array at 200 m intervals. The instrument
is powered by the NEPTUNE observatory. The communication between transmitter and
receivers is relayed by the NEPTUNE network to the seafloor junction box. Data can be
collected remotely by connecting to the configurations through the web [46]. This configu-
ration was used for weekly collection of data in October 2010. The results showed that the
configuration could detect small changes in the resistive structure of gas hydrates [47].

3.3. Seafloor-Towed Single-Line Configuration

Navigational errors in transmitter positions contribute to large errors in CSEM data
at short source—receiver offsets (compared with the stationary receiver). To connect the
transmitter and the receiver together, the single-line configuration, shown in Figure 5,is easy
to operate during fieldwork with little chances of the receiver being lost. The single-line
configuration with an electric or a magnetic source can reduce navigational errors [48].

ST =] M —C r—C r—C —

Figure 5. The single-line configuration.
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The electric dipole-dipole configuration (first from University of Toronto [49,50]) was
used to examine the properties of gas hydrate deposits in the Cascadia margin off Canada’s
west coast. The source dipole length was not reported, but the measurements were taken
with 377 m and 493 m offsets. Because the resistivity was remarkably uniform over the area,
the resistivity map allowed for hydrate content estimation, and the presence of hydrate
was predicted where no visible BSR signal was present in the seismic data.

At the same site, this configuration was used in 2005 with an electric dipole transmitter
126 m in length and two receivers 15 m in length with an offset of 174 m and 192 m,
respectively, and with a variable offset depending on the depth of interest. The signal from
the transmitter was a square wave with a peak-to-peak amplitude of 20 A and a period
of 6.6 s. All the instruments were bottom-towed on the seafloor. This system was used to
collect transient and frequency domain data [14,51]. It was tested to reveal the electrical
signature of the vent field and the seismic blank zones in the Cascadia margin in close
vicinity to ODP Site 889 [51].

In 2010, the electric dipole—dipole configuration was used in the time domain in the
Southern Central Hikurangi Margin off the east coast of New Zealand’s North Island with
offsets of 172 m and 275 m. The signal of the transmitter was a square wave with a period
of 3.36 s and bidirectional amplitude of & 5 A [52], which was limited by the gauge of the
coaxial cable [53]. The system was flexible enough to place various receivers at different
offsets in surveys. For example, the transmitting dipole (108 m) and up to five inline
receiver dipoles (150 m to 850 m) of lengths between 15 m and 20 m were used in the
Danube deep-sea fan in the Black Sea [54].

Due to the noise in electric dipole receivers when moving, magnetic dipole source
and receivers are primarily used to permit the source to move continuously while making
measurements. The inline magnetic dipole-dipole configuration was deployed by the
Geological Survey of Canada [55]. Similar to the electric dipole, the magnetic dipole source
excited both poloidal and toroidal modes of current flows with three receivers spaced 4 m,
13 m, and 40 m behind. The rig was pulled along the seafloor at speeds of 1-2 knots [56].
The magnetic single line was used in the Mississippi Canyon of the Gulf of Mexico [56].

3.4. Deep-Towed Single-Line Configuration (Vulcan)

In order to lower the operational costs and reduce logistic efforts, the fixed-offset
SUESI with the Vulcan CSEM system (from Scripps Institution) helps to mitigate some of
the limitations and allows for the continuous recording of usable data [26].

The array is suspended in the water column as sketched in Figure 6 or towed in contact
with a relatively flat seafloor. In contrast to the conventional configuration, the data stored
in this configuration are synchronized between the transmitter and the receiver with a
precision clock [52]. This configuration has been used with a towed transmitter at 50 m to
100 m above the seafloor with receivers at fixed offsets of 150, 250, 350, and 450 m and with
a total length of 500 to 1200 m [52]. Due to the fixed offset, this configuration is suitable
for gas hydrate imaging [52,57]. The used frequencies are 1.5, 3.5, and 6.5 Hz. Frequency-
domain data is collected in terms of the amplitude and phase and inverted to obtain the
average bulk resistivity distribution of the seafloor. When used in a seafloor-towed array;,
this configuration uses a pig at the head of the transmitter dipole so that it tows in contact
with the seafloor. However, this adds the risk of sensor damage when the seafloor is not
flat enough.

The deep-towed source is the same as the conventional configuration, but with the
receivers behind it can cover larger survey areas using comparable ship time. In addition
to the inline field data, the Vulcan vertical field data include broadside data and provide
unique constraints on lateral structures [26]. This configuration was used for hydrate
exploration in the Gulf of Mexico [52,53], offshore of Japan, in the San Diego Trough
survey [52], in the Del Mar Seep [58], in the California Borderlands [59], and in the mid-
Norwegian continental margin [26].
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Figure 6. The SUESI with Vulcan configuration (adapted from [26]).

4. Numerical Examples for Comparison of Acquisition Configurations

For the numerical example, we took a 1000 m thick water layer with a resistivity of
0.3 OOm. The top of the reservoir was buried 200 m below the seafloor. The reservoir was
700 m long, 700 m wide, and 100 m thick with a resistivity of 50 (dm. We used an inline
horizontal electric dipole with a source frequency of 6 Hz. At this frequency, the top of
the reservoir was at approximately one skin depth below the seafloor. For acquisition
geometries with stationary receivers (shown in the top row of Figure 7), we used source
positions from —750 m to 750 m with a 30 m interval right over the middle of the reservoir.
Stationary receivers were displaced 15 m in the inline direction from the stationary source.
The towed source in this configuration was 50 m above the seafloor. For the towed-receiver
configurations (bottom row), the receivers had offsets of 720 m, 960 m, 1200 m, and 1440 m.
When they were towed in the sea, they were 50 m above seafloor. The other configuration
used towed sources and receivers on the seafloor.

—600‘
-800"
—1000~
-12007
—1400—
L

—1000 —750 —500 —250 0 250 500 750 1000 —1000 —750 -500 -2560 0 250 500 750 1000

Figure 7. The background model with sea and overburden (blue and orange, left column) and model
with embedded gas hydrate reservoir (yellow, right column); with stationary-receiver configuration
with the seafloor receivers (closed triangles, top row); and towed-receiver configuration with fixed
offset of 720 m, 960 m, 1200 m and 1440 m (open triangles, bottom row). The towed line is indicated
by the grey line. The stationary source is indicated by the five-point red star. The towed source was
50 m above the seafloor (four-point star).
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We used the normalized amplitude difference (NAD) to evaluate the changes:

. . . Eui i+ —E
normalized amplitude difference = |Ewithreservoir = Epasemodet | (2)

| Ebusemodel |

Figure 8 shows the NAD in the electric field with and without the gas hydrate present.
The top row show the results as a function of the source and receiver locations along the
acquisition line for receivers in the stationary configurations with the source 50 m above
the seafloor (left) and at the seafloor (right). The bottom row shows the results as a function
of the source location and receiver offset for receivers in the moving configurations with
the source 50 m above the seafloor (left) and at the seafloor (right). The edges of the
reservoir are indicated in the receiver positions by the vertical white dotted lines. The
white dash-dotted lines indicate the horizontal locations at one burial depth away from
the edges of the reservoir. The horizontal white line indicates the left edge of the reservoir
in the source position. The red line indicates the first offset in the moving configurations.
The white solid line is the 0.25 contour line. If the NAD was larger than 0.25, we had full
confidence that the reservoir was detectable as containing gas hydrates. The maximum
response of the gas hydrate existence was four times higher than the response of the model
without the reservoir.

4.0

Source Positian(m}
i

-150 150
Receiver Position (m)

| 3
-750 -450 -150 150 750
Receiver Position (m)

Source Position(m)

0.0

960 960 1440
Offset (m) Offset (m)

Figure 8. The NAD in the inline electric fields with and without the reservoir for the stationary (top
row) and moving (bottom row) receiver configurations and with the source 50 m above (left column)
and on (right column) the seafloor. The x-axis is the position of receiver or the offset, and the y-axis
is the source position. Because the geometry was symmetric, we only show the source positions
from —750 m to 0 m in the top row, while we show it for the source up to 150 m in the bottom row.
The white dotted lines indicate the edges of the reservoir in receiver position (vertical lines) and
source position (horizontal line). The white dash-dotted lines indicate the horizontal locations one
burial depth away from the edges of the reservoir. The red line indicates the first offset (720 m) in the
moving receiver configurations. The white solid line marks the 0.25 contour. The red line shown the
fixed offset acquisition position.

The NAD had the same maximum value in the stationary and moving receiver config-
urations. The choice of offset was important. Considering the 700 m length of the reservoir,
the red line in Figure 8 shows that the presence of gas hydrates could be seen only for
offsets larger than 700 m. Once we found an optimal range of offsets, having four receivers
was enough to show the existence of the gas hydrate reservoir in this example. The results
for a source on or 50 m above the seafloor were not so different from each other. The main



J. Mar. Sci. Eng. 2023, 11, 34

10 of 19

effect was that the electric field amplitude dropped by 60%, but the NAD changed by
12%. Placing the source at 50 m above the seafloor mostly limited the maximum offset
that could be used (see Figure 9). A cutoff amplitude of 1le-13 V/m for the electric field
was used to draw Figure 8; we assumed this amplitude was detectable. This meant that
for the stationary configuration, all receivers were available to detect the presence of the
gas-hydrate-filled reservoir. If we increased the frequency by a factor of four to 24 Hz, the
maximum amplitude of the normalized difference in the electric field in the absence and
presence of the gas hydrate reservoir was four times higher than at 6 Hz. The maximum
could be more than 10 times higher with a lower cut-off amplitude. For our choice, not all
receivers could be used at this higher frequency because of the larger attenuation that can
be seen in Figure 10, which shows the results for the source on the seafloor.

107° 0 = T
: A Base_model in
\ deep towed configuration
1054 \ Source at -750 m in
i deep towed configuration
- Base_model

10-7 4 —— Source at -750m
= —— Source at -570m
= —— Source at -480m
o 10784 —— Source at -360m
E
=
g 10
- 1074
o
G
r=
L2 10710
=
[9)
@
w

10-11 4

10-12

10722 4L, - : : - ML e :

735 -465 -165 135 435 735 1035 1335 1605

Receiver Position (m)

Figure 9. Electric field amplitude for stationary-receiver configurations (colored lines) and deep-
towed configuration (blue line). The base model without the reservoir (dashed line) is compared with
the model with the reservoir from the same source.

7
1=}

W
&
8

Source Position(m)
IS
o
o

=750 -450 -150 150 450 750
Receiver Position (m) 2

1]

Figure 10. Amplitude of the normalized difference in the electric field at 24 Hz.

Figure 11 shows the amplitude of the NAD in the electric field for individual 6 Hz
sources as a function of the receiver location. The blue curve shows the results for the
source located approximately two burial depths to the left of the reservoir. The presence
of the reservoir can be seen in receivers beyond the right edge of reservoir. The NAD
increased to a maximum value at almost one burial depth to the right of the right edge of
the reservoir. For this source, the NAD dropped quickly for receivers beyond one burial
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Normarlized E-field

depth to the right edge of the reservoir. We concluded that for this source, the information
on the presence of the gas hydrate reservoir was slowly lost for receivers more than two
burial depths to the right of the right edge of the reservoir. When the source was between
one burial depth left of the left edge of the reservoir and the left edge, the NAD showed an
increase from the receivers that were two times the burial depth to the right of the source
and reached a peak almost at the one burial depth to the right of the right edge and then
become constant. For all the sources in this range, the normalized difference amplitude for
the receivers showed the same behavior until the source was located right above the left
edge. In that case, the NAD increased toward a constant value. A constant value in the
NAD meant that the decay for those source-receiver pairs with and without the gas hydrate
present was the same. This corresponded to the results presented by Constable [60].

4.0 1

3.5 1

3.0 A

2.5 1

2.0 A1
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Figure 11. NAD of the inline electric field with and without the reservoir.

The results allowed us to determine the horizontal boundaries of the reservoir. The
source for which the receivers showed a normalized difference amplitude curve that had a
large constant value for a large offset and had the highest peak value was located at one
burial depth to the left from the left edge of the reservoir. Assuming that we knew the
burial depth from seismic data analysis, this determined the location of the left edge of the
reservoir. The location of that highest peak value was almost at one burial depth to the
right of the right edge. This determined the right edge of the reservoir.

5. How to Choose a Configuration

To decide which configuration to use to collect field data, one needs to consider the
expected target dimensions, depth location, geophysical parameter contrasts, required
information, operational convenience, required navigation accuracy, source time signature,
towing speed, survey repeatability, noise level, and cost. Table 1 provides some key
parameters of the four configurations. The important aspects derived from these acquisition
configurations can be summarized as follows.
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Table 1. Overview of acquisition information.

Conventional

Seafloor-Towed

Aspect Configuration Stationary Single Line Deep-Towed Single Line
Shallow water
Water depth Any >1000 m (<~500 m) >1000 m
Detection depth(m) 0-4000 0-1000 0-1000 0-1000
Source time signature Variable square wave Variable wave Variable square wave S(ifuare wave
ransient
Receiver E+M E+M E/M E (+M)
Operation ste Sinking the receiver Sinking receiver and Tow one line Tow one line
P P Towing the transmitter placing the transmitter
peration of ship (speed About 1.5~2 No Above 4.5 15-2
in knots)
Data communication Asynchronous Asynchronous (Sputnik), Synchronous Synchronous
synchronous
Offset geometry Flexible Flexible Fixed Fixed
Risks during operation Lost receiver Lost transmitter and Low risk Line stuck in sea floor

receiver

1.  Acquisition construction: for the stationary receivers, first all individual receivers
are sunk to the seafloor. Then the transmitter is deep towed by the ship or sunk to
the desired location. The stationary receiver configurations can record the inline and
broad field; for the towed receivers, the ship can tow all instruments, but only the
inline electric field can be recorded.

2. Distance above the seafloor: the distance between the seafloor and the acquisition con-
figuration affects the noise level. When the distance is small, such as in the stationary
configuration, the results show better signal-to-noise ratios than when the source of
conventional configuration is in the sea. The deep-towed configuration is the configu-
ration with the largest distance to the seafloor compared with other configurations,
and the detected noise levels are higher than in the other configurations [31,61].

3. Navigation accuracy: the orientation and location information of the receivers sunk
to the seafloor in stationary configuration may not have the required accuracy in the
deep sea. For the Sputnik configuration, the distances between the transmitter and the
receiver can be measured directly at the seafloor. The towed-receiver configurations
will reduce the position error. With all towed systems, the dynamic orientation
and location information can be obtained with high accuracy, because more time is
available to determine them. It is possible to work with four orientation-invariant data
values that can be obtained from the measured data without knowing the orientation
of the source currents and electric field receivers [62].

4.  Towing speed: this is constrained by the towed line because if the speed is lower than
2 knots, the towed line tail may sink and be damaged when it touches the seafloor.
Higher speeds improve acquisition time efficiency, but these limit the frequency
bandwidth that can be used.

5. Offset: in the stationary-receiver configurations, the transmitter is located independent
of the receivers and offers flexibility in offsets, such as the configuration used in
Sputnik [20]. In the fixed-offset, single-line, and Vulcan configurations, the source—
receiver geometry is fixed but can be flexibly combined with receivers with different
offsets in each survey.

6.  Data communication: data can be transmitted to the ship while it is being collected
when there is a physical connection such as the in single-line and Vulcan configura-
tions. If that connection does not exist, then power, ADCs, and memory cards are
necessary in the instrument.

7. Costs: obviously, the application of CSEM in gas hydrate exploration must influence
operational management decisions to be of value in commercial operations. The costs
should be lower than the benefits that can be obtained from the CSEM data. Generally,
the cost of a CSEM survey is governed by the required ship time, which depends
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on several factors such as the water depth, acquisition area, and acquisition speed.
Another aspect is the costs of the possible rescue or the possible loss of the instruments.

Based on the technical discussion above, we derived three steps that can be used to
choose the most effective acquisition configuration to undertake a gas hydrate survey.

First, the survey accuracy depends on the water depth in which the potential gas
hydrate target is present. This means that water depth is a key factor of influence, which
can be seen in Table 1. In all water depths, constraining the receivers to the seafloor will
lead to low magnetotelluric noise in the receiver compared with that for receivers floating
in the seawater, which follows from the distance above the seafloor.

Second, the depth of the target gas hydrates is another constraint on the choice of the
configuration. The survey line needs to have offsets of at least 2.5 times the target depth,
which works well only if the extent of the target lateral is at least the required offset.

Third, the costs of the survey affects the choice of the configuration. According to the
different operation configurations discussed, the efficiency of different configurations in
operation steps and the ship speed are related to the costs of the survey. By considering the
costs in discussion point 7 above, it can be determined whether a CSEM survey is likely to be
successful for gas hydrate exploration, and if so, what the preferred configuration will be.

6. Applications of Measurement Configurations

CSEM has been a useful geophysical method to discriminate between high and low
hydrocarbon saturation in a potential reservoir [31,50,63—-66]. Many applications in natural
gas hydrate detection have been published from, e.g., the North Sea [67,68], Taiwan [69],
the Gulf of Mexico and Canada [70], the Danube Paleo-Delta [20], Norway [44], the South
China Sea [71], and the Western Black Sea [54].

Table 2 shows several applications for gas hydrate exploration. We listed information
related to the reservoir including gas hydrate occurrence, the depth of the sea, the burial
depth below the seafloor, the hydrate saturation, which electromagnetic measurement
configuration was used and whether it was used after drilling, and the resistivity of the
hydrate-containing sediments. As can be seen in Table 2, seismic and electromagnetic
surveys were carried out in all locations. Seismic surveys are the first geophysical method
employed to determine the presence of gas hydrates. The drilling decision should be
taken after joint interpretations of the seismic and CSEM data [38]. Only in two locations
the electromagnetic surveys shown in Table 2 were done prior to drilling. For several
applications for gas hydrate reservoirs, two CSEM configurations were used together.

Table 2. Geophysical exploration and gas hydrate information at several sites.

Resistivity of

Water s X . .. Gas Hydrate Hydrate
Place Depth (m) Drilling EM Configuration Hyscllzit:;-fr:)tn(t(a)l::ll)ng Depth (MBSF) Saturation (%)
Vulcan
North Sea 150 Before EM Conventional 1.9 150 40 and 50
configuration [68]
New . . .
Zealand’s 1000-1100 After EM Single line (E) 10 (".‘PtPa.rter)‘t 40~80 Va“agl; » gg)p[g]romy
North Island resistvity ’
. 5 Single line (M) [69], 1.0 ~2.0 (apparent Area A, B, C 16 (in the shallow
Taiwan 1060~1080 Before EM Sputnik [66] resistivity) shallow (<30) sediments)
Malaysia >1219 Before EM Conventional 15 100~400 10
configuration
Single line (M) [56],
Gulf of conventional
. 1300 After EM . . 0.1~1.0 18 ~78 —
Mexico configuration,
Vulcan [53]
. . 20~30 23 (by estimate
Danube Single line (M) [54], . . .
Paleo-Delta 1500 Before EM Sputnik [20] (first layer) 60-120 according to

15~30 Archie’s law)
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1. Vulcan + conventional configuration

These two configurations were used in the San Diego Trough Test in March 2015 [52]
and in the North Sea [67,68]. For the San Diego Trough Test, the Vulcan was originally
designed to be used in conjunction with the conventional configuration to help constrain
near-seafloor conductivity structure between the instruments. When comparing the two
configurations, it was found that the Vulcan saved ship time, which reduced the cost of
the exploration. The Vulcan was much less demanding on the navigation system than
the conventional configuration. The results showed that with the Vulcan data, a much
better resolution of the seafloor resistivity structure could be obtained than when using
only seafloor receivers. It was suggested that depth sensitivity may have been comparable
to the maximum source-receiver separation, which was better than one would expect for
the conventional configuration.

2. Seafloor-towed single line + Sputnik

These two configurations were used together in Taiwan and the Danube Paleo-Delta
as shown in Table 2. The Danube Paleo-Delta profile data from the single-line seafloor-
towed system and from the Sputnik were inverted separately and the inversion results
compared. The Sputnik results showed visible changes in adjacent cells and seemed to
have better resolved the effects of anisotropy. The Sputnik consisted of 12 ocean-bottom
electromagnetic receivers and 81 transmitter locations. Due to this reduced coverage
(compared with the towed line), the resistivity model was less well resolved and some
visible features must be potential artifacts.

3. Seafloor-towed single line (E) + NEPTUNE

In the Cascadia Margin Canada, gas hydrates were detected using the seafloor-towed
single-line configuration together with seismic and drilling data [51]. The NEPTUNE survey
was an opportunity to gain experience with the CSEM instrumentation and deployment
procedure to improve the design of the NEPTUNE CSEM array [46]. The NEPTUNE
data were used to show changes in the seafloor resistivity by plotting the stacked seafloor
response for the different dates in the same graph.

We now focus on the different goals of the CSEM method. The CSEM method was pri-
marily used as a complementary technique as part of geophysical exploration to provide in-
formation on the resistivity of the hydrate reservoirs. The additional contributions enabled
by the CSEM data were the determination of the upper boundary of the hydrate stability
zone [72] and the profile distribution of gas hydrates in shallow sediments [73]. Finally,
CSEM was used in a time-lapse survey to monitor the long-term resistivity changes [46].

To provide an estimate of the top boundary of a gas hydrate zone in the Japan Sea,
Goto et al. performed a CSEM survey that allowed estimation of the precise depth and the
resistivity values of the gas hydrate zone [72,74]. In the Pelotas Basin offshore of Brazil [75]
a CSEM survey was used to map the resistivity and predict possible hydrate occurrence.
This was overlooked due to the lack of a clear seismic or multi-beam backscatter signature
obtained from 2D seismic, sub-bottom profiler, and multi-beam bathymetry data.

CSEM data can be an excellent discriminator between high and low hydrocarbon
saturation [51], which helps to estimate the total volume of hydrates in place. This can be
converted to a total available gas estimate and a further quantification of the gas hydrate
concentration [66]. In Malaysia, a CSEM survey was carried out after seismic and logging
surveys that provided an estimate of the resistivity distribution of the gas hydrates. Even
though the seismic data had pointed out the existence of gas hydrates, the total mass of the
hydrates were evaluated using the resistivity of gas hydrate reservoir [76]. CSEM detection
needs to be improved to improve safe commercial production [77]. CSEM exploration
was carried out in Taiwan with an aim to provide electrical resistivity information on gas
hydrates in shallow sediments. This should help in reaching a better understanding of the
upper boundary, which was still an uncertainty from the seismic results [69,78-80]. In this
area, two kinds of CSEM acquisition configurations were reported to collect resistivity data.
In the Danube Paleo-Delta survey, the CSEM survey offered the opportunity to provide
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areawide volume estimates of gas hydrates and free gas saturations. To discriminate
between free gas and gas hydrates, joint seismic and EM inversion was performed with
structural constraints to provide more accurate saturation estimates than those provided
by either seismic or electromagnetic inversions alone [20,54].

Shallow gas hydrates can be a hazard for drilling to deeper targets because the gas
hydrates can be released as free gas and flow into the well bore unexpectedly. The CSEM
method is well suited to evaluate the risks and improve cost-effectiveness for another explo-
ration drilling and provided good suggestions for the drilling position for safe commercial
production. Weitemeyer et al. conducted a CSEM exploration survey in Hydrate Ridge,
Oregon, USA after seismic and logging surveys [65]. This provided a direct measurement
of the bulk hydrate concentration and a measurement of the hydrate distribution based on
the log data. Including CSEM data in the analysis provided a better estimate of the total
volume than could be obtained with seismic and log data alone. It also enabled an estimate
of the hydrate concentration in locations where the sediments were altered and disturbed
compared with the location where the log data were obtained [40].

CSEM data can help in geological modeling to improve the understanding of the
gas hydrate formation process. CSEM has found a comprehensive application in the
understanding of hydrate reservoir formation as reported in several studies [14,81-86]. In
the Gulf of Mexico, seismic and CSEM surveys were designed before drilling, which led
to improved detection efficiency [56]. The seismic and CSEM surveys were completed
with side-scan sonar, coring, heat-flow measurements, and drilling after CSEM. The CSEM
data were successfully used in mapping the flow of the methane transport in shallow
sediments. In this case, although there was no obvious sign of higher resistivity caused
by the presence of gas hydrates, the logging after CSEM suggested that the CSEM data
had resulted in proper resistivity estimates and that the effects on the resistivity of the
hydrates were masked. CSEM has been carried out to aid in geological interpretation
in relation to gas hydrate occurrences to map the electrical nature of gas-filled and gas-
hydrate-filled sediments that were associated with, e.g., seeps. Where the survey was
performed together with seismic, geochemical, and heat-flow measurements, the CSEM
survey was developed without a drilling plan. This occurred offshore of the east coast of
New Zealand along the Hikurangi Margin. In this case, the CSEM data predicted the high-
resistivity zone in remarkable agreement with the location of the gas hydrate accumulation.
All these measurements suggested that the reason for the stability of gas hydrates and their
formation is related to the rising transport of fluid methane [87]. CSEM results showed
anomalous resistivity zones that were coincident with the location of two gas-seep sites.
A layer of concentrated gas hydrates within the uppermost 100 m below the seafloor was
verified by anomalous resistivity [14].

For gas hydrate monitoring, the NEPTUNE observatory was used to monitor small
resistivity changes in the long term [46]. Changes in porosity and gas hydrate saturation
were difficult to measure based on CSEM data alone. This could be improved by using
seismic velocity data and drilling data [38].

7. Conclusions

We have shown the two kinds of EM configurations that are being applied for gas
hydrate exploration. These use either stationary receivers on the seafloor or towed receivers.
With stationary receivers, a towed source or a source placed on the seafloor can be used. For
the towed receivers, the source is towed in line with the receivers. Our numerical results
showed that all configurations could be used to detect a 700 m long gas hydrate reservoir
buried 200 m below the seafloor in a 1 km deep sea. In addition, the stationary configuration
provides data that can be used to estimate the horizontal boundaries of the resistive part of
the reservoir when the burial depth is known from seismic data. Detectability is directly
related to skin depth. We used a minimum electric field amplitude of 0.1 nV/m to show
that when the top of the reservoir was two skin depths below the seafloor, the maximum
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amplitude of the normalized difference was four times higher than when the top was at
one skin depth below the seafloor.

We suggest a workflow that considers three crucial aspects: the water depth, target
depth and lateral extent, and survey cost. This allows for choosing the most suitable CSEM
acquisition configuration for a given scenario. The discussed configurations have all been
applied in gas hydrate surveys after seismic data were collected. Based on resistivity
contrasts found in the field, the CSEM method can be used to reduce the uncertainty in
the estimates regarding the presence and total volume of gas hydrates. To reduce the risk
of drilling a non-commercial play, an accurate estimation of the total volume and phase
of the hydrate is crucial, and CSEM can play an important role in this. Our results can
help to decide whether to employ CSEM for gas hydrate exploration and how to choose an
efficient and effective acquisition setup.
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