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ABSTRACT This paper presents the preliminary results of the application of Marine Controlled-
Source Electromagnetic (MCSEM) detection in the South China Sea in 2014.
Electromagnetic fields transmitted by a horizontal electric dipole source that was
towed in the deep sea were measured by 4 receivers anchored to the seafloor at
600-m intervals. Specialised data processing is critical to the results and improves
the signal-to-noise ratio of MCSEM data. Our resistivity results and Natural Gas
Hydrate (NGH) saturation results showed three high-resistivity layers beneath the
survey line. Integrated with other seismic and well data from the same region, we
hypothesise that the first resistivity layer anomaly might have been caused by the
accumulation of large amounts of NGH at a depth of 200 m, whereas the second
layer, according to the conceptual model, might be due to a considerable volume of
NGH near the seafloor.

Key words: marine controlled-source electromagnetic method, electrical resistivity survey, NGH, South
China Sea.

1. Introduction

Chave et al. (1991) proposed, using Marine Controlled-Source Electromagnetic (MCSEM),
measurements for hydrocarbon exploration and for imaging the distributions of potential
alternative energy sources (Chave and Thomson, 1987; Max et al., 2006; Boudou et al., 2008). At
that time, seismic methods were routinely used to determine the presence of gas from a Bottom-
Simulating Reflector (BSR). However, there have been cases in which gas hydrates exist but are
not detected via a BSR (Yuan and Edwards, 2000). Moreover, marine geological terrains with
high-amplitude reflections, such as carbonate reefs, volcanic rocks and submarine permafrost,
are difficult to image by using seismic data, as their diffuse upper boundaries make interpretation
ambiguous.

To avoid the uncertainty caused by the potential absence of a BSR where Natural Gas Hydrate
(NGH) exists, researchers use the working hypothesis that rocks with relatively high seismic
velocity contrasts also exhibit geophysical properties that are different from those of surrounding
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sediment (Gallardo and Meju, 2004). Logging data, as important supporting evidence (Pearson
et al., 1986), indicate higher resistivity in zones containing NGH or oil than in normal sediment
(Collett and Ladd, 2000; Max, 2003). This application of logging data has led to the development
of the MCSEM technique.

Because of the inaccuracy of seismic indicators and the high cost of deep well exploration
(Constable, 2010), MCSEM detection, as an alternative method (Constable and Srnka, 2007,
Coffin et al., 2008), can be used to measure the resistivity in marine environments and map the
NGH distribution. This method has been applied in many NGH zones (Yuan and Edwards, 2000;
Weitemeyer et al., 2006; Constable and Srnka, 2007; Goto et al., 2009; Jegen et al., 2014), and
many papers have reported successful MCSEM surveys in various locations, including offshore
Taiwan (Hsu et al., 2014), the Gulf of Mexico (Evans, 2007), NEPTUNE Canada (Swidinsky
et al., 2013), and the West Nile Delta (Swidinsky et al., 2015). Many MCSEM seabed logging
applications (Boudou et al., 2008; Max and Johnson, 2014) have demonstrated that MCSEM
can be used as a secondary method in NGH exploration. Furthermore, we can adopt different
controlled-source frequencies to reach different exploration depths (Key, 2009). The MCSEM
method was also able to accurately define the boundaries of the methane hydrate zone (Wang et
al.,2014; Chen et al.,2015a; Yin et al., 2015).

In this paper, we performed an MCSEM survey in the South China Sea, which has been
extensively studied via seismic reflection profiles and well log data. Here, we transformed
the resistivity results along the MCSEM transect into a saturation profile using Archie’s law.
Compared with other data from the same region, the results of the transformation clearly revealed
upper abnormal resistivity boundaries. Then, we mapped the gas saturation distribution related
to the anomalous resistivity. Finally, we created a conceptual model to analyse the three high-
resistivity layers along the survey line, which might have been primarily caused by the large
NGH accumulation below the sediment. Some important issues related to the survey area, the
instruments, the data process, and the original results are also addressed.

2. MCSEM method

According to the phase equilibrium curve (Max, 1990), the NGH state varies as a function
of temperature and pressure. When temperature and pressure are within a stable range, free gas
and abundant water are the two important factors for the formation of NGH. In the deep sea, we
assume that the seafloor is fully saturated with pore water.

Free gas is a crucial factor for the formation of NGH. When free gas migrates through sediment,
fills the pore space and combines with pore water to form NGH, it may change the saturation of
crystalline sediment. To some extent, sand resistivity is the ease with which electrons migrate
through pore space under a voltage. The higher the porosity is, the clearer the migration pathway.
Additionally, the more easily electrons can migrate, the lower the resistivity is. Because NGH is
resistive, when it forms in pores, it blocks the migration pathway and resistivity increases. As the
saturation of NGH increases, the pathway becomes increasingly blocked. This trend may hinder
electron migration and cause the resistivity to increase (Keller, 1966).

We can set a rational function for resistivity and the saturation of sediment that contains NGH
following Archie’s law.
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According to Archie’s law (Archie, 1942; Winsauer et al., 1952), we can calculate saturation
using resistivity after we obtain the porosity, cementation index, saturation index and constant
coefficient index.

For 100% water-bearing sand:

A=, (1)
F=ap™

where a is the tortuosity factor, o, is the resistivity of the surrounding rock with 100% water
saturation, o is the resistivity of the gas-bearing sand, F is the formation factor, ¢ is the sediment
porosity, and m is the cementation factor.

When the sand voids are filled with water:

P=10,=5 P, @

where p, is the resistivity of the surrounding rock, I is the resistivity index, S is the pore water
saturation factor, and 7 is the saturation coefficient (often equal to m).
Finally, Archie’s law can be expressed as follows:

p[ — a(p—m S(;n pw (3)

where a is the tortuosity fact or and §, = (1 - ) is the fractional gas hydrate concentration.

As shown in Archie’s law, a change in p, is predominantly due to p . Although it is impossible
for us to directly measure saturation, we can measure it indirectly via resistivity.

MCSEM data respond to the resistivity used to measure the electrical properties of geologic
formations. Therefore, MCSEM data may represent a promising choice for exploring sediment
containing NGH, particularly because the resistivity of hydrocarbon reservoir sands can vary by
one or two orders of magnitude from the surrounding sediment.

The exploration instruments, including the transmitter and receivers, used in this survey were
designed and built by the Key Laboratory of Geo-Detection Ministry of Education at the China
University of Geosciences (Beijing).

During exploration, an array of receivers (Chen et al., 2015b) was first sunk to the seabed
(Fig. 1). Each receiver includes two orthogonal horizontal white Ag-AgCl (silver-silver chloride)
electrodes (10 m). The top of the receiver is a floating ball, and the bottom is a block of stone;
together, these parts of the receiver control the vertical movements of the receiver in the deep sea.

Next, the electric dipole-dipole transmitter (Wang et al.,2015), which is a deep-tow transmitter
with a 130-m towing dipole, was towed approximately 30 m above the seabed. There is a heavy
weight attached to the end of the dipole to ensure the height. The coaxial cable from the ship
supplied power to the deep-sea transmitter so it could communicate with the onboard monitoring
system. Since all receivers are far enough from the transmitter during measurement, the transmitter
can be considered the electric dipole source (Qi et al., 2014).

During towing, the transmitter generates several signals through the dipoles at the end of its
tails. The receiver instruments were able to record the three electric field components and the two
magnetic field components.
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Finally, an acoustic release instrument was used to release the stone, and the receiver was
raised to the surface by the floating ball and collected.

Subsequently, the data from the receivers were transformed into a function of the normalised
data (from the transmitter and the receiver) and the offset. Then, the inversion data were displayed
as anew map to reveal the distribution of the structures in the sediment and the depth (Chave et al.,
1991). The locations where the strength of the electric field is abnormal are possible hydrocarbon
reservoirs (MacGregor and Sinha, 2000). We used Archie’s law to estimate the average gas
hydrate saturation using resistivity information.

2.1. Study area

We performed a technical exploration study in the frequency domain of our methodology to
map the structure and the layers that contain NGH on 15 May 2014 (see Fig. 1) (Yin et al., 2008;
Yu et al.,2014).

Four receivers were laid on the seafloor, and the transmitter was towed near the seafloor along
the survey line. We used a horizontal electric dipole and two copper pipes (blue in Fig. 1) to
generate EM signals. A real-time onboard monitoring system tracked the transmitter, altimeter,
sensors, and temperature in 3D.

The study region, which is at latitude 16°-23° and longitude 108°-120°, is located in the Pearl
River Mouth Basin of the South China Sea. The region is at the southern end of the main portion
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Fig. 1 - Schematic diagram of the MCSEM seabed logging method.
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of the South China Sea, west of the Indochina block and east of the Taiwan - Philippine island
arc. Convergence occurs between this block and the South Block in southern China (Chen et
al., 2005). Gas seep sites and chemosynthetic fauna are widespread at the edge of our profile
at a depth of 1200 m (Chiu et al., 2014). Tectonic activity also affected the area, although the
effects were small (Wang et al., 2014). Expulsion chimneys, which are upright formations in the
survey profile, are well developed and provide a vertical route for free gas migration (L@seth et
al., 2009; Zhao et al., 2015). Fluid in the basin may travel along these routes to locations with
appropriate temperatures and pressures for NGH formation (Zhang et al., 2000; Sha et al., 2005).
Furthermore, the landscape is closely associated with the formation of NGH (Liu et al., 2010),
and the area is located in the Baiyun Sag in a region where NGH has been collected (Shao et al.,
2001). The seabed is at a depth of 1198 m (see Fig. 2), and the topography of the seafloor includes
hills and swells, with a difference of 300 m between the two ends of the survey line.

In our study area, seismic and logging data have been collected previously (Chen et al., 2005;
Wueral.,2011; Chiu et al.,2014), but this study is the first in which the MCSEM method has been
used in this survey area. We used two 130-m long copper pipes as electrodes to generate square
waveform EM signals. Signal frequencies of 8 Hz, 1 Hz, and 0.5 and 1.5 Hz (a simultaneous
double frequency) were used. All signals had a bidirectional amplitude of +250 A, which was
limited by the cable for safety. Four receivers were separated by intervals of 600 m on the seafloor
along the profiles.
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Fig. 2 - Field work location in the South China Sea (a); survey area (b).
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The survey consisted of 5 towlines (length: 40 km) and 4 receiver sites (black triangles). The
black line represents the towed transmitter line, and the frequency was different at each section.
Seismic (pink line) and well log (red diamonds) measurements were concentrated along the same
transect.

2.2. Method

The survey lasted 15 days starting on 15 May 2014. First, we installed four receivers on the
seabed. Then, we dragged the transmitter for five survey lines with different frequency-domain
signals.

During this survey, only three receivers were able to be retrieved; the RB receiver (see Fig. 2)
was lost due to a problem with the acoustic release device (Metcalfe et al., 2014).

Data processing is important before transforming the original electric and magnetic field
data into an interpretable form. The data processing approach was based on several fundamental
principles, most of which followed Behrens (2005), which can be summarised as follows.

We classified the three parts of the data set and checked the data quality. For example, for the
receiver, we checked the clock drift correction, the antenna length coefficient, the A/D conversion
factors, the preamplifier response coefficient of the time series and the frequency spectrum; for the
transmitter, we checked the source dipole length, the current coefficient, the waveform spectrum,
and the current and frequency stability; for the navigation data, we checked the time error, etc.
Then, the data were transformed from the time domain to the frequency domain using the classic
fast Fourier transform (FFT) method. During this process, which is called spectral decomposition,
time series data were binned, and each bin was tagged with a corresponding timestamp. We choose
non-equispaced FFT (NFFT) = 16,384 as the length of the data. The receiver and transmitter
spectra were recorded for the same length of time.

Then, we calculated the normalised spectrum (amplitude A and phase ¢) of the EM field
response to the source by dividing the receiver spectrum by the transmitter spectrum:

ip, iy,
(4,0) = 4, ™ / 4, ¢ )

The orientations of the receivers could not be determined using the internal compasses since
the receivers fall freely. The receiver orientation is very critical during measurement because
partially considering or neglecting receiver orientation may lead to erroneous inversion results
(Behrens, 2005; Qi et al., 2017). Thus, we have to correct the receiver azimuth using a method
such as the polarisation ellipse method (Behrens, 2005; Key, 2011).

Because the direct compass measurement is not the same as the available orientation, we use
the polarisation method to find a proper angle (i.e. the horizontal angle with respect to geodetic
north). We can subsequently rotate the receiver data to project them, for example, to an inline or
crossline direction. Based on the polarisation analysis, the initial azimuth ranges from O to 135°
and the E field amplification is dispersed from 107 to 10" V/m.

The next step is geometric construction. Although three types of data were recorded separately,
we choose data in the same time section. Using their timestamps, we merge the navigational data
with the processed transmitter-to-receiver EM field data. However, different frequencies have
different available offsets; for example, 8 Hz is -600 to 1500 m, 1 Hz is -2000 to 3000 m, and the
double frequency (0.5 and 1.5 Hz) is -2700 to 2700 m.
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We followed classic subseafloor resistivity models (Constable and Srnka, 2007) for 50 uniform
layers at a sea depth from 1198 to 2198 m. Inverting the data to a 1D inversion step keeps the root
mean square (RMS) misfit below 1. Based on the azimuth from the polarisation analysis, there was
an average RMS normalised data error of 0.89. Fortunately, because we use 1D inversion, we do
not have to consider the towline direction. Finally, we generated a profile using the inversion data.

2.3. Results

According to the skin depth law, low-frequency propagation in conductive media is transformed
into a distance over which the field strengths are reduced by a factor of 1/e (Weitemeyer, 2008;
Weitemeyer et al., 2010). The skin depth is:

[2
A= |—— 5
fup ©

where fis frequency, ¢ is magnetic permeability, and p is resistivity.

There is an inverse proportional relationship between frequencies and detection depths (Key,
2011). Obviously, the 8-Hz signal provides a lower available depth than the 0.5-Hz signal. For
a single receiver station, we use the double frequency (0.5 and 1.5 Hz) and include harmonics
during the inversion step, followed by multifrequency joint inversion (Key, 2009). The final result
contains all the frequencies provided, including the harmonics. While the depth in inversion data is
the same, we have to handle the different frequencies. The frequency used and the depth it reaches
should be seriously considered. Thus, depth information is constrained during the interpretation
step to be below our standard deviation to resolve deep structures (MacGregor and Sinha, 2000).

Fig. 3a shows results of the general resistivity data. According to Archie’s law
p,=a¢™S ™ p ,inour survey area, we assume that pore water is abundant in the seafloor. Thus,
weseta=10,m=22,n=20, p =0.3 Qm (typically) and ¢ = 50% (on average) (Chen et al.,
2014; Wang et al., 2014; Yu et al., 2014). The parameter ¢ may be reduced to 30% near the ridge,
and p, is the electrical resistivity, which was derived from the MCSEM data. Then, we obtain the
saturation results shown in Fig. 3b.

The seabed is at an approximate depth of 1198 m, the maximum resistivity of the abnormal
layer is approximately 3.0 Qm, and the survey line is from SW to NE. Clearly, there are three
abnormal high-resistivity layers. The four receivers at intervals of 600 m are named RA, RB,
RC, and RD from left to right in Fig. 3. The RB data were lost; therefore, there are two vague
areas, as shown in the rectangular area in Fig. 3. We can see that the first high-resistivity layer
is approximately 50 to 100 m below the sea floor (BSF), with a resistivity range from 0.1 to
2.5 Qm, and this layer appears throughout the survey line. The second high-resistivity layer is
approximately 190 to 300m BSF, with a resistivity range from 0.1 to 2.5 Qm, and this layer
appears throughout the survey line. The third high-resistivity layer is approximately 700m BSF,
and it appears only near the RA receiver and has a higher resistivity than the other two layers.

According to our results, the locations of the first and second high-resistivity layers are less
than 300m BSF. Because many reasons can cause abnormal resistivity, additional information
is required. The third high-resistivity layer observed in Fig. 3a can be explained as follows:
a) high-resistivity layers are present, but we do not have enough information to determine the
reason, and b) the inversion algorithm may not converge well at these depths and may generate
an unreasonably high resistivity.

651



Boll. Geof. Teor. Appl., 60, 645-656 Wang et al.

LOG7 LOG3

Resistivity

100

80

60%

Saturation
N
[e)}
o
o

40

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Range(m)

Fig. 3 - Resistivity results (a) and simplified saturation results (b).

Data from the log location are represented in Fig. 3a by the black lines. Highly anomalous
resistivity values occur at depths of approximately 200-250m BSF beneath the survey line. The
second instance of high conductivities below the resistive layer is observed at 270-300m BSF.

3. Discussion

Various active structures have been found in the study area in the Pearl River Mouth Basin,
including faults, expulsion chimneys, and landslides. These three important findings are consistent
with the geological literature and the seismic profile (Chen et al., 2005; Wu et al., 2011; Chiu
et al., 2014). During the formation of NGH, while enough free gas and some space is critical,
expulsion chimneys provide a convenient path and allow the free gas to migrate directly (Zhang
et al.,2000; Sha et al., 2005).

Because each different sounding method works on a different scale, improved constraints
can likely be obtained by combining several different geophysical techniques in a single survey.
The MCSEM method can provide considerably more insight during NGH exploration and
characterisation when combined with seismic data and other data than when used as a single
technique (Max, 1990). This supposition is supported by the high-amplitude reflection bands
observed in the profiles, which indicate mild seismic activity at this site.

Considering other data such as seismic data, geology information, and log data that have been
collected in this region, we mapped the gas structure in the conceptual model shown in Fig. 4
and highlighted the abnormal layers at the corresponding region. We selected only the portion in
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which we were interested from the long profile. The electrical resistivity log, as a standard tool
used to identify NGH, showed high resistivity in the blue region. Furthermore, the following
seismic and EM data reflect anomalies in the same region.

Seafloor

1200(m)
water depth

200MBSF

Fig. 4 - Conceptual model along a profile based on MCSEM, seismic, and log results.

The length is conceptual because the real ratio is unknown. The blue region represents the
MCSEM results. The black lines are interpreted based on the seismic and geology information.
The two interrupted BSR seismic lines indicate the existence of NGH at approximately 200m
BSF along profile B (Figs. 3b and 4) (Wang et al., 2014). Expulsion chimneys provide a vertical
path through which gas can migrate upwards. Fold and thrust faulting may result in approximate
BSR structures that are parallel to the seabed in the area, which may in turn create a series of
elongated thrust anticlines separated by deep synclines.

Based on the geophysical results in Fig. 4, we speculate that large volumes of NGH have
accumulated, at least in the 200m BSF layer, thereby producing the observed anomalous resistivity.
Some important geological variations were considered in our interpretation. For example, free gas
is likely constrained by fault planes and expulsion chimneys (Chen et al., 2005; Liu et al., 2010;
Wu et al., 2011). For long, deep expulsion chimneys, under the appropriate temperature and
pressure, free gas may be transported to the seafloor based on the high resistivity in the seismic
profile (Yin et al., 2008).

The first layer of the conceptual model may contain a reservoir of NGH that was able to
migrate through cracks, fissures, or faults. Along the survey lines, NGH with high resistivity may
have accumulated at depths between the seabed and the second layer. No additional information
shows that massive carbonates exist at the third layer.

653



Boll. Geof. Teor. Appl., 60, 645-656 Wang et al.

According to the conceptual model, the anomalous layers have low resolutions for the
following reasons. First, the number of receiver sites is too small to control the profile. Second,
the MCSEM results provide a more direct measure of the bulk hydrate concentration. Third, the
experiment revealed a prominent resistivity anomaly, which was also indicated in the seismic
reflection band along the transect. Finally, these results could be caused by gas hydrates and gas
pockets, although sediment heterogeneities and carbonates may also play a role.

4. Conclusions

Approximately 40 km of the five MCSEM survey lines have been completed in the South
China Sea in half a month. We use 1D inversion to obtain the resistivity distribution, and we
obtain the saturation distribution by using Archie’s law. Multifrequency joint inversion has been
used in the interpretation.

The MCSEM data show three anomalous high-resistivity layers along the survey line in the
SE direction. The log resistivity and the seismic data helped describe several hypothetical layered
resistivity models. Then, we mapped the gas structure and positioned the abnormal layers at the
corresponding points in the conceptual model.

According to the topography, the free gas migration paths and accumulation areas are
interpreted and shown in the conceptual model. We suggest that there might be NGH in this
survey area and mapped such an NGH distribution.

Future work will be completed, and 2D inversion will be used to obtain resistivity and
depth values. Laboratory measurements should also be improved to characterise the electrical
conductivity relationships of seafloor NGH at a higher resolution.
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