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Abstract

The integrated fusion and inversion of seismic data and marine controlled-source elec-
tromagnetic (MCSEM) data can identify the gas hydrate distributions. However, due to
differences in observation systems and scales between seismic and MCSEM data, current
fusion methods have failed to effectively address the critical issue of physical property vari-
ation within gas hydrate reservoirs. This research seeks to consolidate the two datasets into
a cohesive observational framework. By transforming the MCSEM data into low-frequency
constraints applicable to seismic impedance inversion, it is possible to realize an effective
integrative interpretation that combines both seismic and MCSEM data. Using a 3 km-long
seismic dataset and MCSEM data from the Shenhu Sea area in the South China Sea as a
case study, we apply the Poisson blending algorithm to integrate seismic and MCSEM
data, enabling precise identification and characterization of gas hydrate reservoirs and
underlying gas-bearing fluids. The gas hydrate saturation results, derived from seismic
inversion constrained by MCSEM data, demonstrate strong consistency with well logging
and geological interpretation. This concordance validates the efficacy of the integrated
fusion and inversion methodology and highlights its advantages in accurately predicting
the spatial distribution of gas hydrate enrichment. The developmental positions of deep
gas-bearing fluid pathways, coupled with the fault locations within the free gas zone and
gas hydrate-bearing layer, play significant roles in the heterogeneous enrichment of gas
hydrates. This research provides important technical and theoretical support for the precise
and efficient prediction of gas hydrate reservoirs.

Keywords: gas hydrate reservoir; gas hydrate accumulation; marine controlled-source
electromagnetic; seismic inversion; Shenhu area

1. Introduction
Natural gas hydrate is a new type of clean energy with abundant reserves and high

energy density. It also holds significant research importance in the prevention of geological
disasters and global climate change [1–4]. Currently, several countries are conducting gas
hydrate trial production projects, aiming to industrialize gas hydrate production. One of
the key issues that urgently needs to be addressed is how to accurately locate large-scale,
high-quality gas hydrate deposits. At present, the most widely used data for exploring
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and studying gas hydrate deposits are seismic data. By identifying Bottom Simulating
Reflectors (BSRs) on seismic profiles, the distribution of gas hydrates can be generally
inferred. However, seismic data often cannot precisely determine the variation in reservoir
physical properties within them. With the rapid development of geophysical exploration
technologies, multi-coverage seismic data (such as travel-time inversion, full waveform
inversion, and AVO techniques) have been widely applied, clarifying velocity indicators
for gas hydrate layers. Nevertheless, the absence of low-frequency information in seismic
data often leads to multiple possible interpretations.

In recent years, the development of marine controlled-source electromagnetic (MC-
SEM) technology has made it possible to accurately identify gas hydrate deposits in marine
areas. MCSEM, a branch of marine electromagnetic methods, offers advantages such as
high resolution in shallow layers and strong capability to detect high-resistivity anoma-
lies [5–8]. It can image the electrical structure of gas hydrate stability zones, which have
higher resistivity compared to surrounding sediments, allowing for more accurate identifi-
cation and characterization of gas hydrate. Additionally, MCSEM can relatively accurately
determine gas hydrate saturation, because MCSEM data directly measures the absolute
value of resistivity, rather than the relative wave impedance difference as in seismic data.
Therefore, MCSEM has been widely recognized within the industry as an effective com-
plementary method to seismic exploration of gas hydrates [8–13]. While seismic data
offer high resolution, they cannot precisely delineate the degree of gas hydrate enrichment
within the deposits. In contrast, MCSEM can better characterize variations in gas hydrate
saturation within gas hydrate deposits. The combined interpretation of seismic data and
MCSEM data can leverage their respective advantages, reduce the multiple solutions of
a single geophysical method, and enhance the reliability of the interpretation [14,15]. By
combining different types of geophysical data for interpretation, it becomes possible to
thoroughly integrate the various geophysical features of the target, greatly enhancing the
identification precision.

The development of data fusion processing technology has provided new approaches
for the integration of geophysical data and the establishment of more accurate geophysical
model bodies [16,17]. Previous studies on the fusion of different geophysical data have
significantly improved the efficiency and accuracy of geological interpretation, such as
gravity and magnetic data [18,19], combinations of seismic, resistivity, and neutron capture
data [20], integrated analysis of seismic and transient electromagnetic data, as well as
combined gravity and seismic analysis [21,22]. Previous studies on seismic-MCSEM data
integration for gas hydrate characterization have predominantly relied on overlay display
methods for visual comparison [14,15]. These approaches superimpose seismic profiles and
resistivity sections but achieve only visual co-rendering rather than mathematical fusion.
We propose a Poisson blending-based fusion workflow that performs gradient-domain
mathematical fusion rather than simple overlay. In addition, we construct a physically
constrained low-frequency model from MCSEM data to guide seismic inversion, thereby
bridging the resolution gap between the two datasets.

The Shenhu Sea area is China’s leading gas hydrate research zone and has already
completed two production tests (Figure 1A) [23]. For the first time, we have collected
MCSEM and seismic data in the Shenhu Sea area, which provide a solid data foundation to
accurately characterize the gas hydrate reservoir. Therefore, this study uses the Shenhu
production test area as a case study, aiming to achieve high-precision characterization of gas
hydrate reservoirs by integrating seismic and MCSEM data. This study also explores the
accumulation model of gas hydrate reservoirs and validates the effectiveness of integrating
seismic and MCSEM data.
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Figure 1. (A) The location of the gas hydrate production test area in the Shenhu area of the South
China Sea; (B) the thickness distribution of the W11-17 gas hydrate orebody (cited after reference [23]);
Note: the black arrow line shows the location of the seismic profile in (C), and Figure 2, and the
dashed blue arrow line shows the location of the MCSEM profile in Figure 3A; (C) the characterization
of the W11-17 gas hydrate orebody based on seismic interpretation. Note: The yellow arrow shows
the direction of gas-containing fluid flow; the red half arrow shows fault.

2. Geological Setting
The Shenhu gas hydrate enrichment area is located on the northern continental slope

of the South China Sea, structurally within the Baiyun Sag of the Pearl River Mouth Basin
(Figure 1A). The water depth ranges from 1000 to 1500 m, with a relatively steep terrain
and an average slope of up to 3% [24]. It is characterized by a group of canyon channels
distributed in a nearly NW-SE direction. The seabed temperature ranges from 3.3 to 3.7 ◦C,
with a geothermal gradient of 45 to 67 ◦C/km. The water pressure at the seabed exceeds
10 MPa. These conditions meet the favorable temperature and pressure conditions for gas
hydrate accumulation [25,26].

During the Cenozoic era, the Pearl River Mouth Basin experienced multiple regional
tectonic events, including the Shenhu Movement, Zhuqiong Movement, South China Sea
Movement, and Dongsha Movement. These events resulted in the Cenozoic tectonic evolu-
tion of the Baiyun Sag exhibiting distinct characteristics of early fault subsidence followed
by later flexural subsidence [27]. In the Shenhu Sea area, sedimentary layers developed
sequentially from bottom to top, including terrestrial facies, marine-terrestrial transitional
facies, and marine facies, showing an overall transgressive trend [28–30]. The Baiyun Sag
is rich in gas sources. The Paleogene Eocene Wenchang Formation and Lower Oligocene
Enping Formation contain mature to highly mature source rocks; meanwhile, Neogene
sediments such as the Zhujiang Formation and Hanjiang Formation have relatively lower
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organic matter maturity and can serve as biogenic gas source rocks. Both deep thermogenic
gas and shallow biogenic gas provide ample gas sources for hydrate formation in the study
area [31,32]. Neotectonic movements induced plastic flow of thick, overpressured mud
shale in the Paleogene, forming large-scale BSR activity zones that led to the development
of mud diapirs and gas chimneys. The arching activity of the BSR caused the formation of
arch-shaped anticlines at various depths, generating high-angle faults and vertical fracture
systems. These structures provide migration and transport pathways conducive to gas
hydrate formation [33].

The coastal shallow sea, semi-deep sea, and deep sea clastic rock deposits are com-
posed of the Pliocene Wanshan Formation and the Quaternary Qionghai Formation. The
Quaternary period mainly developed fine-grained turbidite deposits, which serve as the
primary reservoir layers for gas hydrate. The BSR, indicative of gas hydrate presence, is
widely distributed along the base interface of the Quaternary [34]. The test mining body
primarily develops diffusely distributed gas hydrate within the natural levee muddy silt
reservoirs located on canyon ridges, forming a deposit area of approximately 6.8 km2,
buried at depths of 201–278 m below the seafloor, with a maximum thickness of about 77 m
and an average saturation of 45.2% [23,35].

3. Data and Methods
3.1. Data

This study utilizes two-dimensional seismic data and MCSEM data from the Shenhu
gas hydrate production test area in the South China Sea (Figure 1C).

The time-domain 2D seismic data spans a total length of 3675m (Figure 2A), with CDP
numbers ranging from 2530 to 2824, totaling 295 traces at a trace interval of 12.5 m. The
vertical sampling interval is 2 ms and contains 3001 samples. The vertical depth after the
time-to-depth conversion is approximately 2337 m. The frequency ranges from 5 to 150 Hz,
with a dominant frequency of 50 Hz. The maximum amplitude is 1.66113, the minimum
amplitude is −2.1736, and the root-mean-square (RMS) amplitude is 9.98984 × 10−2. The
RMS velocity data are consistent with the 2D seismic data, with a maximum velocity of
1843.73 m/s, a minimum of 1386.4 m/s, and an average velocity of 1552.3 m/s.

 

Figure 2. Seismic data in the Shenhu Sea area. (A) Two-dimensional seismic profile in time domain;
(B) two-dimensional seismic profile in depth domain. Note: See the location of the seismic profile in
Figure 1B.

The MCSEM data were independently collected by the Guangzhou Marine Geological
Survey. The effective profile length is 3 km, with measurement points spaced every
300–500 m; the vertical depth range is 0 to 3000 m (Figure 3). There are 8 acquisition
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points at an excitation frequency of 8 Hz, with numerical depth intervals of 50 m. At an
excitation frequency of 1.5 Hz, the numerical intervals are also 50 m. The reliable depth of
the 1.5 Hz two-dimensional inversion profile is approximately 3 km, while that of the 8 Hz
two-dimensional inversion profile is approximately 2 km [36].

 

Figure 3. (A) The inversion resistivity distributions of 1.5 Hz MCSEM data resulting from data
densification processing; (B) the inversion resistivity distributions of 8Hz MCSEM data resulting
after data densification processing. Note: The circles represent the locations of the acquisition points.

3.2. Methods

To ensure format consistency, it is necessary to perform format conversion on both
seismic and MCSEM data. This involves converting seismic data from the time domain to
the depth domain, as well as transforming MCSEM resistivity data into SEGY format to
align with the seismic data. Then, by applying the Poisson fusion algorithm, seismic and
MCSEM data are fused, enabling accurate gas hydrate identification and interpretation.

3.2.1. Conversion of Seismic Data

Depth conversion is the process of transforming seismic data from the time domain to
the depth domain. This process involves multiple steps, including seismic data processing
and velocity analysis, with continuous optimization of the conversion [37]. The velocity
data in the time domain treats the strata thickness corresponding to each sampling time
interval in the profile as a thin layer. Using the RMS velocity Formula (1), the layer velocity
Formula (2) for each thin layer can be derived. Depth conversion is then performed from
top to bottom, where the thicknesses of each thin layer are cumulatively added to obtain
the interface depth using Formula (3), ultimately achieving the conversion of seismic data
from the time domain to the depth domain (Figure 2B).

vR,n =

√
∑n

i=1 ∆tiv2
i

∑n
i=1 ∆ti

(1)
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vn =
t0,nv2

R,n − t0,n−1v2
R,n−1

t0,n − t0,n−1
(2)

hn =
n

∑
i=1

(
1
2

∆t × vi

)
(3)

where vR,n is the root-mean-square velocity at the i-th sampling point (m/s), vn is the layer
velocity, ti is the two-way travel time at the i-th sampling point (s), ∆ti is the time interval
between sampling points, and hn is the cumulative depth.

3.2.2. MCSEM Data Processing and Conversion

In order to facilitate the integration of MCSEM resistivity data with seismic data, it is
necessary to correlate the resistivity data with the seismic data sets. To achieve this, the
resistivity data must be resampled so that the sampling intervals match those of the seismic
data. After conducting an in-depth analysis of the seismic SEGY data format, we rewrote
the MCSEM resistivity data to create resistivity files based on the SEGY data format.

3.2.3. The Integrated Fusion of Seismic Data and MCSEM Data

The purpose of integrating seismic and MCSEM data is to fully leverage the advan-
tages of both seismic and electromagnetic data in identifying gas hydrate reservoirs, while
preserving the high-fidelity information from each. With the advancement of image fusion
technology, numerous fusion methods have emerged, including the alpha blending algo-
rithm, wavelet transform, intensity–hue–saturation (IHS) transform, and Poisson fusion
algorithm [38,39]. Compared to traditional algorithms such as wavelet fusion and IHS
transform, Poisson fusion offers several advantages [16]: it preserves texture informa-
tion through gradient transfer and exhibits stronger noise resistance, as it is insensitive
to local noise, which makes it particularly well-suited for processing geophysical data
with interference.

In this study, seismic amplitude data in the depth domain serves as the source image,
providing high-resolution structural gradient information, while the inverted MCSEM
resistivity profile serves as the target image, offering absolute resistivity values that reflect
the true electrical properties of the subsurface. Prior to fusion, both datasets are normalized
to a common range of [0, 1] using min–max normalization to eliminate numerical bias
caused by differences in physical units and magnitude scales between seismic amplitudes
and resistivity values.

The fusion region, which acts as the mask for the Poisson blending operation, is
defined as the full overlapping area between the seismic depth profile and the MCSEM
resistivity profile. A binary mask M(x,z) is generated such that M = 1 within the fusion
region and M = 0 outside. Dirichlet boundary conditions are applied along the boundary
of the fusion region, where pixel values are constrained to equal the target image values,
ensuring a seamless transition at the fusion boundaries.

Within the fusion region, the gradient field is computed from the seismic source
image using central finite differences. The Poisson equation is discretized with a five-point
finite-difference stencil and solved using the Gauss–Seidel iterative method combined
with successive over-relaxation. Iterations terminate when the maximum relative change
between successive iterations falls below 10−4. The resulting fused image simultaneously
captures the structural gradients from seismic data and the absolute resistivity values from
MCSEM data.

The formula for the Poisson fusion algorithm is as follows:

min
x

Ω
∥∇ f −∇u∥2 (4)
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Here, ▽f represents the gradient of the composite image, and ▽u is the gradient of
the target image to be inlaid. The above equation indicates that within each region of the
overlapping area Ω, they should be as equal as possible, meaning the difference should
be minimized. Additionally, the pixel values of the composite image and the composite
background are equal along the boundary of the overlapping area.

To find the solution to the above equation, that is, to find the extremum of Formula (5),
proceed as follows: substitute into the Euler–Lagrange equation and take partial derivatives
with respect to x and y to obtain the following expressions:

F = ∥∇ f −∇u∥2 = ( fx − ux)
2 +

(
fy − uy

)2 (5)

∂F
∂x

= 2( fx − ux)( fxx − uxx) = 0 (6)

∂F
∂y

= 2
(

fy − uy
)(

fyy − uyy
)
= 0 (7)

If the sums of fx and ux, and fy and uy are unequal, then the sum of (fxx − uxx) and
(fyy − uyy) is zero. By adding the partial derivatives, the new expression can be obtained as:

fxx + fyy = uxx + uyy (8)

Therefore, the following solution, which satisfies the boundary constraint conditions,
is expressed as:

∆ f = div(∇u) = uxx + uyy (9)

Here, ∆ represents the Laplacian operator, ∆f = fxx + fyy denotes the Laplacian of f, and
div represents the divergence of u.

3.2.4. Seismic Inversion Constrained by MCSEM Data

In the early stages of gas hydrate exploration, there is often a lack of well logging, core
samples, and other data. Seismic inversion without well constraints can help delineate
favorable gas hydrate zones during the initial exploration phase. The most critical steps in
seismic inversion include seismic wavelet extraction, low-frequency model construction,
and parameter testing. Among these, the construction of the low-frequency model is the
most crucial. However, seismic data generally lack low-frequency information. Typically, a
high-precision tomographic velocity model or a full waveform inversion velocity model
with a broader frequency band is used for this purpose, but significant uncertainties still
remain. Given the advantage of MCSEM data in capturing low-frequency background
information, the resistivity profiles obtained from MCSEM data can be converted into
velocity profiles using the relationship among resistivity, gas hydrate saturation, and
acoustic impedance. This velocity profile can then serve as a low-frequency constraint for
seismic inversion to obtain elastic parameters such as acoustic impedance and velocity. The
inversion results obtained in this way reflect not only the characterization of the background
field by MCSEM data but also retain the superior vertical resolution of seismic data. Based
on the inversion of acoustic impedance and velocity, gas hydrate reservoirs can be finely
characterized, and the spatial distribution of gas hydrate saturation can be obtained.

To verify the fusion effectiveness of the seismic and MCSEM data, we first perform
seismic inversion relying solely on the constraint of MCSEM data. The inversion results
are then compared with well-logging data. The low-frequency model is obtained based
on MCSEM data: the Archie equation is used to transform the MCSEM resistivity profile
into a saturation profile, which is then converted into an acoustic impedance profile using
the saturation–acoustic impedance relationship. This impedance–saturation relationship is
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based on actual logging data from the Shenhu study area and is considered highly reliable.
The formula is:

Sgh = 8.477e−5 × Ip − 0.91 (10)

Here, Ip represents P-impedance.
This paper employs the constrained sparse spike inversion method to obtain wave

impedance. The key steps include well-logging calibration, wavelet extraction, low-
frequency model construction, and inversion. Well-logging calibration is conducted on the
seabed and the top/bottom interface of gas hydrate. Since the seismic data have undergone
zero-phase processing, the wavelets selected for this purpose share the same dominant fre-
quency (50 Hz) as the seismic data (Ricker wavelets). The construction of the low-frequency
model differs from conventional methods. Typically, the low-frequency model is derived
from well-logging data; however, in this study, a wave impedance low-frequency model
obtained through MCSEM data transformation is used as the low-frequency constraint
for inversion. During the inversion process, to compensate for the missing low-frequency
components of the seismic data, an 8 Hz low-frequency model is incorporated. The reg-
ularization parameter of the wavelet is set to 1, and a hard-constraint inversion method
is adopted, with the error range controlled within 10%. Multiple key indicators, such as
residuals, are used to evaluate the inversion process. After each inversion, it is neces-
sary to verify whether significant valid information remains in the residual profile and to
simultaneously assess the lateral and vertical continuity of the inversion results.

4. Results
4.1. Process of Seismic and MCSEM Data
4.1.1. Conversion of Seismic Data from Time Domain to Depth Domain

The two-dimensional seismic profile in the time domain is basically zero for the
shallow part (less than 1600 ms), representing the area above the seabed (Figure 2A). Based
on the RMS velocity data, the seismic data in the time domain were converted to the depth
domain through time–depth conversion to obtain the seismic profile in the depth domain
(Figure 2B). The calculated maximum depth of the seismic data is 2337 m.

4.1.2. Comparison of MCSEM Data at Different Frequencies

In electromagnetic exploration, frequency affects the detection depth and spatial
resolution. Low-frequency signals can detect deeper targets but with reduced resolution,
while high-frequency signals have shallower detection depth but significantly improved
resolution. Comparing the overall resistivity distribution characteristics from the inversion
results of the acquired 1.5 Hz and 8 Hz electromagnetic survey lines shows good consistency,
but there are obvious differences in some local areas (Figure 3A). The inversion results of
the 8 Hz electromagnetic survey line exhibit gradual changes in resistivity, which better
align with the variations in geological electrical structures (Figure 3B). In contrast, the
1.5 Hz inversion results show more abrupt changes in resistivity, especially in shallow
areas, where high-resistivity anomalies appear as strip-like distributions, which clearly do
not conform to the geological electrical structure variations.

Since low-frequency detection penetrates deeper and high-frequency detection offers
higher resolution in shallow parts, we combine the advantages of both frequencies: for
depths shallower than 2 km, the resistivity from the 8 Hz MCSEM inversion data is
primarily used for detailed characterization of gas hydrate deposits; for depths greater than
2 km, the resistivity from 1.5 Hz MCSEM inversion data is mainly used for in-depth study
of deep fluid distribution and accumulation patterns of gas hydrate deposits.
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4.1.3. MCSEM Data Processing and Conversion

The resistivity profile is derived from MCSEM data, with a lateral length of 5 km and
a vertical depth of 3 km. The corresponding data file contains 101 points laterally with a
spacing of 50 m, and 61 points vertically with a depth interval of 50 m. By applying data
densification processing to the electromagnetic data, two densified resistivity profiles are
obtained (Figure 3A,B). Then, the densified resistivity data are converted into SEGY data
format, corresponding to CDP traces numbered 2464 to 2864, totaling 401 traces. Compared
with the seismic profile, the MCSEM data extend 66 traces (825 m) beyond the left side and
40 traces (500 m) beyond the right side. To load the MCSEM data into seismic interpretation
software Geoframe2012, we extended the 295-trace two-dimensional seismic line outward,
extending 66 traces to the northwest and 40 traces to the southeast, corresponding to CDP
traces numbered 2464 to 2864, totaling 401 traces.

4.2. Comprehensive Interpretation of Seismic and MCSEM Data

By matching the seismic data with MCSEM data, extracting features through cross-
correlation analysis, and performing Poisson fusion calculations, the seismic–MCSEM data
are deeply integrated (Figure 4).

4.2.1. Geological Characteristics of the Gas Hydrate Deposit

The upper and lower boundaries of the gas hydrate deposit, the underlying free gas
zone, the gas chimney, and four faults are delineated using two-dimensional seismic data
(Figure 1C). The bottom interface of the gas hydrate-bearing layer (known as BSR) displays
medium to strong amplitude and medium to high continuity in seismic reflections. These
reflections are approximately parallel to the seabed and exhibit a characteristic oblique
intersection with the stratigraphic layers, consistent with typical BSR features. The gas
hydrate deposit situated above the BSR is characterized by medium to weak amplitude
and medium to low continuity on the seismic profile (Figure 1C). Below the BSR, the region
exhibiting medium to strong amplitude or blank reflections corresponds to the distribution
of the free gas zone. Additionally, the gas chimney is identified by weak-amplitude, low-
frequency reflections with a downward pull-down effect beneath the free gas zone. While
seismic data effectively outline the general distribution patterns of gas hydrate deposits,
they are limited in resolving spatial variations in saturation within the gas hydrate-bearing
layer, differences in enrichment levels, and the intensity and spatial distribution of gas
fluids in the underlying strata.

Figure 4B shows the interpreted results after integrating the seismic profile (Figure 1C)
with the resistivity profile from 8 Hz MCSEM data. Gas hydrate has higher resistivity
compared to the surrounding sediments, so the resistivity from MCSEM data can accurately
delineate the existence of gas hydrate. The fusion of seismic and resistivity data reveals that
the high-frequency inversion results of resistivity anomalies correspond well with seismic
reflection anomalies. It can be seen that the resistivity within the gas hydrate-bearing
zone is not uniformly distributed; there are three relatively high-resistivity anomaly zones
(the white circles in Figure 4B): a prominent high-resistivity anomaly on the left side, and
two smaller high-resistivity anomaly zones in the middle of the gas hydrate reservoir. This
uneven distribution of high-resistivity anomalies indicates variations in saturation within
the gas hydrate reservoir.

4.2.2. Distribution Characteristics of Gas-Bearing Fluids

The gas-bearing fluid pathways also exhibit higher resistivity compared to the sur-
rounding rock, making resistivity a more accurate indicator for characterizing gas-bearing
fluid pathways. As seen in the fusion image (Figure 4B), the high-resistivity anomaly re-
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gions located below the gas hydrate stability zone are interpreted as the migration pathways
of gas sources for the formation of overlying gas hydrate. Within the gas hydrate deposit,
there is also a pronounced high-resistivity anomaly beneath the main high-resistivity zone,
clearly indicating gas-bearing fluid pathways. Notably, the high-resistivity anomaly on the
left side inside the gas hydrate deposit is relatively stronger, suggesting that the gas-bearing
fluid flux from below has a significant impact on gas hydrate saturation (Figure 4B). Addi-
tionally, it can be observed that the range of gas chimneys identified in the seismic profile
does not completely correspond to the fluid pathway range identified in the fusion profile
(Figures 1C and 4B). This indicates that the boundary of the gas chimney interpreted from
seismic data does not necessarily represent the actual gas-bearing fluid pathways, high-
lighting the advantage of fusion in identifying fluid pathways. The deep high-resistivity
anomalies reflect the electrical structure of the basement, faults, and gas-bearing fluid
pathways (Figure 4A). The multiple migration pathways of gas lead to variations in gas
hydrate saturation distribution within the hydrate deposits in the Shenhu Sea area.

 

Figure 4. Fusion effect diagrams of seismic data and MCSEM data. (A) Fusion effect diagram of
seismic data and inversion 1.5 Hz MCSEM data, and the comprehensive geological interpretation; see
location in Figure 1B. (B) Fusion effect diagram of seismic data and inversion 8 Hz MCSEM data and
two-dimensional seismic profiles, and the comprehensive geological interpretation. Note: The yellow
arrow shows the direction of gas-containing fluid flow; the white circles show the high-resistivity
anomaly zones within the gas hydrate-bearing zone.
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5. Discussion
5.1. Prediction Accuracy of Fusion and Inversion of Seismic and MCSEM Data

By utilizing the BSR seismic reflection characteristics, the bottom interface of the gas
hydrate can be identified, and the top interface of the gas hydrate reservoir can be inferred
based on the positive polarity reflections above the BSR. However, it is impossible to know
the physical property parameters of the gas hydrate and the heterogeneity within the
reservoir. Additionally, the velocity is overly sensitive to free gas, which is unfavorable for
analyzing the migration pathways of gas-bearing fluids. Since the gas hydrate-bearing layer
has higher resistivity compared to the surrounding sediments, resistivity measurements
more accurately characterize the depth of the top boundary and the lateral extent of
high-resistivity bodies. By integrating seismic and resistivity responses of gas hydrate
deposits, the presence of gas hydrate can be confirmed. Subsequently, leveraging the
higher resistivity characteristic of gas hydrate, combined MCSEM data can offer a more
comprehensive description of the spatial distribution and accumulation features of gas
hydrate, significantly enhancing the reliability of interpretation (Figure 4).

To evaluate the impact of inversion parameter selection on the final results, we con-
ducted a sensitivity analysis of these parameters. The low-frequency model plays a crucial
role in the inversion process. In this study, we used a low-frequency model derived from
MCSEM data and integrated it with seismic frequency band information (Figure 5). The
seismic frequency band ranges from 5 to 150 Hz, with the highest frequency currently in-
corporated into the low-frequency model being 8 Hz. If the frequency of the low-frequency
model is reduced to 3 Hz, the inversion result corresponds to the light-green curve in
Figure 5A; if the frequency is increased to 10 Hz, the inversion result corresponds to the
dark-green curve in Figure 5A. The red curve in the figure represents the impedance
measured at well W11. The low-frequency model significantly influences the results. To
better constrain the inversion outcomes, we applied a hard constraint, ensuring that the
inversion results remain within ±20% of the regional background values, thereby reducing
the non-uniqueness of the inversion. The resulting curves, shown as the green curves in
Figure 5B, align more closely with the measured logging data.

To verify the advantages of integrated seismic–MCSEM data analysis over using
seismic data alone, we first conducted a round of acoustic impedance inversion using
only seismic data (Figure 6A). Due to the lack of low-frequency information in seismic
data, the inversion results can only reveal the relative relationships between local strati-
graphic interfaces, making it impossible to accurately reflect properties such as gas hydrate
thickness and saturation. Specifically, prior logging and coring analyses have basically
mapped out the spatial distribution of the gas hydrate reservoir: the gas hydrate thickness
at well W11 is large (about 90 m), while smaller at well W17 (about 55 m) [40]. However,
conventional seismic inversion results present two issues: (1) High-impedance zones A1
and A2 represent gas hydrate-bearing layers interpreted from seismic data, but the con-
ventional seismic inversion shows that the gas hydrate-bearing layer in zone A1 is thinner
than zone A2, which is clearly opposite to the gas hydrate thickness confirmed by drilling
(Figure 6A). (2) Zone A3 is interpreted seismically as a gas layer below the BSR, but seismic
inversion often shows a high impedance anomaly there (Figure 6B). Drilling confirms that
the high impedance anomaly below the gas hydrate-bearing layer is merely caused by local
reflections in the seismic data, not a gas hydrate response.

Since seismic data reflect the relative relationships above and below local stratigraphic
interfaces rather than absolute impedance differences, purely seismic inversion struggles to
characterize gas hydrate reservoirs in detail accurately. Comparing the results of integrated
seismic–MCSEM inversion with those from seismic-only inversion clearly demonstrates the
advantages of the integrated approach (Figure 6): (1) At zones A1 and A2, the integrated
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inversion effectively distinguishes between thick and thin gas hydrates and provides a
detailed characterization of the wave impedance within the thick gas hydrate layer at well
W11. The wave impedance at zone A2 is lower, indicating a lower gas hydrate saturation,
which aligns more closely with actual well log data. (2) Compared to the seismic-only
inversion results, the impedance anomalies at zone A3 are significantly reduced. In fact,
the overall high-value anomalies below the BSR are noticeably diminished, which better
matches the actual geological conditions. At zone A3, there is a gas layer whose resistivity
is lower than that of the gas hydrate layer, and its impedance is also lower than that of the
gas hydrate layer. Therefore, high impedance anomalies below the BSR should theoretically
be less frequent, and the integrated inversion results correspond better with geological
understanding.

The consistency between the integrated inversion results and geological understand-
ing is influenced by both MCSEM and seismic data. Previous studies have shown that thick
gas hydrate layers exhibit significant resistivity anomalies, while thin gas hydrate layers
show weaker resistivity anomalies [25,41]. Therefore, incorporating this background into
seismic inversion can effectively compensate for the lack of background trend constraints.
Stratigraphic information mainly comes from seismic data, and the inversion results not
only reflect the advantage of seismic data in vertical resolution but also accurately char-
acterize the internal structure of the gas hydrate-bearing layer, which cannot be achieved
by MCSEM data alone. Thus, the inversion results effectively integrated the strengths
of MCSEM data in obtaining absolute formation values and background trends and the
advantage of seismic data in detailing the fine internal structure of the gas hydrate-bearing
layer. This provides practical technical support before drilling for exploring new areas,
improving drilling success rates, and reducing non-uniqueness.

 

Figure 5. Sensitivity analysis of the low-frequency model: (A) measured impedance curve from Well
W11 (red curve), inversion impedance curve at 3 Hz (light-green curve), and inversion impedance
curve at 10 Hz (dark-green curve); (B) inversion results under hard constraints. Note: The black line
shows the location of well W11 in seismic data (crossline 2586, inline 1453).

Furthermore, the gas hydrate saturation at location W11 was calculated using the
wave impedance obtained from seismic–MCSEM fusion inversion (Figure 6C). Overall, the
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saturation closely matches the well log saturations. This result indicates that the seismic–
MCSEM fusion technology can achieve true saturation inversion, enabling detailed regional
evaluation of gas hydrate. Therefore, the mature application of this technology is expected
to significantly reduce exploration costs and improve operational efficiency.

 

Figure 6. (A) Seismic-only inversion results. (B) Seismic–MCSEM fusion inversion results.
(C) Comparison of gas hydrate saturation from seismic–MCSEM fusion inversion and well-logging
interpretation. Note: The black curves in the inversion profiles represent the variations in resistivity
for W11 and W17.

5.2. The Formation Mechanism of Gas Hydrates Heterogeneous Enrichment

Most scholars believe that the enrichment and accumulation of high-saturation gas
hydrate deposits in the Shenhu area are controlled by abundant thermogenic gas sources
and efficient fluid migration and transport systems [41,42]. When deep gas sources are
sufficient, an efficient fluid migration pathway plays a crucial role in the enrichment and
accumulation of gas hydrate. Some researchers argue that, compared to widely distributed
gas chimneys, faults have a greater impact on gas hydrate distribution [43]; others suggest
that faults control the distribution of gas chimneys, which in turn jointly control the high-
saturation enrichment of gas hydrate reservoirs [44–46]. However, there has been relatively
little research on the variation in gas hydrate saturation enrichment within a single gas
hydrate orebody. The integrated seismic–MCSEM data fusion and inversion in this study
provide improved characterization of the internal variations within gas hydrate reservoirs
and the distribution patterns of underlying fluids.

Previous research indicates that the gas hydrate orebody is characterized by being
thicker in the northwest and thinner in the southeast [23], with gas hydrate saturation
showing the greatest thickness around well W11 in the northwest, followed by well W17,
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and there is a noticeably lower saturation zone between wells W11 and W17 (Figure 1B,C).
The integrated seismic–MCSEM data and logging data reveal a distinct high-resistivity
anomaly distributed vertically in the deep section near well W11.

Based on the seismic profile, the seismic–MCSEM fusion image, and the outcomes of
the wave impedance inversion conducted solely with seismic data (Figures 1C, 4B and 6A),
it is not feasible to accurately determine the gas distribution within the free gas zone and the
primary conduits of gas-bearing fluids beneath it. Fortunately, the differential distribution
patterns of the free gas zone and the underlying gas-bearing fluids can be discerned from
the seismic–MCSEM fusion image and the fusion inversion image (Figures 4A and 6B): the
free gas zone beneath the gas hydrate-bearing layer exhibits high-resistivity anomalies at
both W11 and W17, with the anomaly being particularly prominent at W11. Consequently,
we postulate that the influx of deep gas-bearing fluids is greater at W11 than at W17, and
upon entering the free gas zone, these fluids become dispersed under the influence of
Faults 1, 2, and 4 at W17, thereby hindering their accumulation and the formation of gas
hydrates with high saturation levels at W17. In summary, the developmental positions of
deep gas-bearing fluid pathways, coupled with the fault locations within the free gas zone
and gas hydrate-bearing layer, play significant roles in the heterogeneous enrichment of
gas hydrates.

5.3. The Strengths and Limitations

Seismic exploration remains one of the most important and effective methods for
gas hydrate investigation. However, long-term practice has shown that relying solely on
seismic data for predicting physical parameters still faces many challenges. This study
utilizes the integrated processing of MCSEM and seismic data for gas hydrate identification
and prediction, demonstrating the significant role of seismic–MCSEM fusion technology
in detailed gas hydrate surveys. Nevertheless, from a practical perspective, the following
limitations still exist:

The MCSEM provides resistivity data but with low resolution, while seismic data offer
high resolution but lack low-frequency information. How to unify data at different scales
and enhance the effectiveness of their integration remains a critical challenge that needs to
be addressed in the future.

In this study, the Archie formula and the fitted impedance–saturation relationship are
used to calculate the final results, which inevitably introduces uncertainty. The primary
sources of error are the constants in the Archie formula and the assumption that the fitted
relationship accurately represents the entire study area. Since the gas hydrate reservoir
type in the Shenhu Sea area is pore-filling and the lithology is relatively homogeneous,
saturation results calculated from well data can be applied to the same reservoir. However,
if significant spatial heterogeneity exists in the actual hydrate distribution, alternative
approaches must be adopted to mitigate these errors.

Information obtained from two-dimensional seismic and MCSEM profiles is limited.
Integrating and inverting three-dimensional data would offer a more comprehensive spatial
characterization of gas hydrate distribution. Transitioning from 2D to 3D introduces specific
challenges related to increased complexity and computational demands. Nevertheless,
the fundamental methodology developed in this 2D study can be directly extended to
3D applications.

Further validation of the role of seismic–electromagnetic data fusion technology in
long-term gas hydrate monitoring is needed. Compared to well logging, integrated seismic–
MCSEM interpretation is expected to become a cost-effective and feasible solution. Leverag-
ing the respective advantages of seismic and electromagnetic data, monitoring at different
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times can achieve accurate descriptions of changes in gas hydrate physical parameters,
thereby providing technical support for real-time development decision-making.

6. Conclusions
Seismic data and marine controlled-source electromagnetic (MCSEM) data can reveal

the distribution characteristics of gas hydrate from different perspectives. Combining the
two can effectively reduce the limitations of using a single geophysical method, thereby
significantly improving the accuracy and reliability of interpretation. The conclusions of
this study are as follows:

(1) The fusion of seismic and MCSEM data through the Poisson fusion algorithm en-
hances the accuracy and reliability of interpreting the heterogeneous enrichment
within gas hydrate reservoirs and the distribution characteristics of underlying
gas-bearing fluids.

(2) The gas hydrate saturation results obtained from seismic inversion constrained by
MCSEM data align well with well logging and geological understanding, confirming
the effectiveness of the integrated inversion of seismic and MCSEM data and its
advantages in predicting gas hydrate-enriched distributions.

(3) Through the fusion and inversion of seismic and MCSEM data, it has been clarified
that the positions of deep gas-bearing fluid pathways, together with the fault locations
within the free gas zone and gas hydrate-bearing layer, play significant roles in the
heterogeneous enrichment of gas hydrates.

With advancements in MCSEM equipment development, the integrated fusion of
seismic and MCSEM methods will play an increasingly important role in the exploration
and production of gas hydrates in the future.
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