
energies

Article

Sensitivity and Resolution of Controlled-Source
Electromagnetic Method for Gas Hydrate Stable Zone

Zhenwei Guo 1,2,3 , Yunxi Yuan 1,2,3, Mengyuan Jiang 3, Jianxin Liu 1,2,3 , Xianying Wang 4

and Bochen Wang 1,2,3,*

����������
�������

Citation: Guo, Z.; Yuan, Y.; Jiang, M.;

Liu, J.; Wang, X.; Wang, B. Sensitivity

and Resolution of Controlled-Source

Electromagnetic Method for Gas

Hydrate Stable Zone. Energies 2021,

14, 8318. https://doi.org/10.3390/

en14248318

Academic Editors: Eugen Rusu,

Kostas Belibassakis, George Lavidas

and Bashir A. Arima

Received: 7 October 2021

Accepted: 1 December 2021

Published: 10 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Key Laboratory of Metallogenic Prediction of Nonferrous Metals and Geological Environment Monitoring,
Central South University, Ministry of Education, Changsha 410083, China; guozhenwei@csu.edu.cn (Z.G.);
yuanyunxi@csu.edu.cn (Y.Y.); ljx6666@126.com (J.L.)

2 Hunan Key Laboratory of Nonferrous Resources and Geological Hazard Exploration,
Changsha 410083, China

3 Department of Applied Geophysics, School of Geosciences and Info-Physics, Central South University,
Changsha 410083, China; 8211191324@csu.edu.cn

4 Guangzhou Marine Geological Survey, Guangzhou 510075, China; xianyingwang@ucas.ac.cn
* Correspondence: bochenwang29@csu.edu.cn; Tel.: +86-18247218058

Abstract: Natural gas hydrate is one of the most important clean energies and part of carbon
cycle, due to the least carbon content. Natural gas hydrates depend on high pressure and low
temperatures, located under seabed or permafrost. Small changes in temperature and pressure may
lead gas hydrates to separate into water and gas, commonly as methane. As a powerful greenhouse
gas, methane is much stronger than carbon dioxide. Therefore, it is necessary to detect the gas
hydrates stable zone (GHSZ) before the methane gas escapes from GHSZ. Marine controlled source
electromagnetic method (CSEM) is a useful tool to detect gas hydrate in offshore. The results from
3D CSEM method are a resistivity cube to describe the distribution of gas hydrates. In order to
study the detectability of CSEM method, we simulate the sensitivity and resolution of marine CSEM
synthetic data. By using the sensitivity and resolution, a simple statement may be quickly judged
on the existence and occurrence range of the natural gas hydrate. In this paper, we compare the
resolution of marine CSEM method with various transverse resistance. This information may help
researchers find out whether the GHSZ exists or not.

Keywords: gas hydrate; CSEM; resolution; sensitivity

1. Introduction

Energy issues are closely related to the survival and development of mankind. Due
to the reduction of conventional energy sources, it is of great significance to find a new
energy source to replace all known petroleum gas resources. Gas hydrate was originally
discovered in the Arctic permafrost. It is a solid like ice that exists in the seabed sediments
on the margins of the continent. The main components of natural gas hydrate are methane
(CH4) and water. Methane gas is a clean and green energy. Its resources are particularly
huge. It is known that the global abundance of methane frozen in hydrate exceeds all other
existing sources [1]. Due to the wide distribution of gas hydrate, abundant resources and
clean combustion, scientists call combustible ice “the strategic commanding heights of
global energy development in the future”. Many countries that do not have conventional
hydrocarbon resources and energy importers, such as Japan, China, India, and the United
States, regard combustible ice as a potential energy resource [2–4].

Marine CSEM method is one of early hydrocarbon reservoir exploration tools in
offshore environment [5–8]. In geophysical prospecting, especially marine geophysical
prospecting, marine CSEM method plays a pivotal role. CSEM method is a kind of geo-
physical method that is very sensitive to resistivity anomaly because the resistivity of
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the background sedimentary layer is lower than that of the sedimentary layer containing
natural gas hydrate. Therefore, the CSEM method has always been an important sup-
plementary method to the seismic method. In the early research, marine CSEM method
was used to detect mid-ocean ridges [9,10]. Besides, it was gradually tested in the natural
gas hydrates deposits exploration [11]. Some applications of the marine CSEM method
successfully improved the rate of drilling [12,13]. For example, Schwalenberg et al., applied
marine CSEM method to the exploration of natural gas hydrate in the offshore waters
of New Zealand [14,15]. The results obtained from simultaneous 1D and 2D inversion
of the marine CSEM data are very consistent with those of seismic results, suggesting
that the ocean CSEM method is suitable for gas hydrate exploration. China University
of Geosciences used marine CSEM method to conduct hydrate detection experiments in
Qiongdongnan waters [16]. Tharimela et al., applied 3D CSEM imaging to the exploration
of natural gas hydrates in the Pelotas Basin offshore Brazil [17]. Weitemeyer conducted gas
hydrate exploration in the offshore Oregon. The success of this exploration proved that
marine CSEM method is feasible in gas hydrate exploration [18].

In order to test the effects of CSEM method on natural gas hydrates exploration, mod-
eling and inversion are the economic way to simulate the electromagnetic data. Moreover,
the difference between the data of target response and the background response from the
CSEM modeling is too small to be captured. Compared with forward modeling, inversion
has high reliability. However, inversion is computationally expensive. Therefore, it is of
great significance to find a more reliable and fast method to quickly determine whether gas
hydrate exists and roughly delineate the spatial extent of gas hydrate.

In marine CSEM method, sensitivity and resolution are both important parameters for
evaluating the detection capability.

The conventional sensitivity calculation method usually performs the calculation of
the sensitivity matrix. The sensitivity matrix can be calculated mainly by perturbation
method [19], sensitivity equation [20,21] and adjoint equation [22]. However, the solution
of the sensitivity matrix requires a huge amount of memory due to its huge amount of
calculation and requires huge time. McGillivray and Oldenburg explored how to find
the existing options of the inversion problem and calculate the sensitivity efficiently. The
finite difference approximation was used to calculate the model parameters, so as to
calculate the sensitivity or the quantity related to the sensitivity solution, and the first-
order sensitivity calculation was extended to the calculation of the direction, the higher
order and the sensitivity to the objective function [23]. A simple derivation was made
for the solution of sensitivity in electromagnetic inversion, and the adjoint operator was
not used in the derivation process. Although there was no Green’s function method
practical, it could save more time and cost due to its simplicity [24]. Spies and Habashy
proposed a sensitivity calculation based on the use of the reciprocity theorem, which greatly
improved the efficiency of sensitivity calculation [25]. Gribenko and Zhdanov used the
quasi-analytical approximation method of variable background (QAVB) for sensitivity
calculations, which greatly simplified all calculations. This method was more efficient for
ocean CSEM method with multiple sources and receivers [26]. Based on the principle of
reciprocity, the comprehensive sensitivity method of multiple transmitters and receivers
was explored, which proved the importance of sensitivity for marine CSEM method [27].
This method is more efficient for ocean CSEM method with multiple sources and receivers.
Mittet and Morten proposed a simplified method for calculating sensitivity, which does
not involve the calculation of sensitivity matrix and greatly simplifies the solution of
sensitivity [28].

Among the geophysical exploration methods, the resolution of marine CSEM method
is relatively low. Scholl and Edwards compared the resolution of the vertical electric dipole
TX in the borehole and the standard seafloor array [29]. They found that, if both arrays
are extended to a proper offset, the array from downhole to the seafloor seems to have
higher horizontal resolution but poor one in the vertical direction, and the resolution
can be increased by using different TX positions. Gao et al., proposed a method for
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evaluating the resolution and uncertainty of images generated by large-scale nonlinear EM
inversion schemes and provided examples demonstrating the calculation efficiency [30].
Morten et al., proposed a regularization method to enhance the resolution in anisotropic
3D inversion of marine CSEM data [31]. To understand the sensitivity and resolution
of marine CSEM method for detecting electrical anisotropy in reservoirs, Brown et al.,
conducted a series of studies and found that when the target horizontal resistivity is
higher than the background, the resolution will be slightly better [32]. And usually for
3D inversion, the vertical resistivity of the reservoir is better resolved than the horizontal
resistivity. Moghadas et al., studied the impact of seabed topography and seabed structure
on marine CSEM data and resolution through numerical simulation methods in shallow
and deep-water environments [33]. Sasaki proposed an anisotropic 3D inversion algorithm
for marine CSEM data by applying the same vertical and horizontal resistivity, a resistive
reservoir can be better distinguished [34]. Blatter et al., performed a joint inversion of
marine CSEM and MT data collected from the sea in New Jersey, USA, and obtained better
resolution results [35]. Ren and Kalscheuer provided an overview of the model uncertainty
and resolution analysis of 2D and 3D electromagnetic data [36].

In this paper, we focus on the sensitivity and resolution of marine CSEM method
research, which are important to natural gas hydrate. Since the resistivity of natural gas
hydrate varies with water saturation, the resistivity ranges from a few to hundreds of
ohms [37]. Therefore, how to improve the resolution and sensitivity of the inversion
has become a very challenging subject. A method for determining whether there is gas
hydrate in the target area and delineating the approximate spatial extent of gas hydrate
by calculating sensitivity instead of inversing marine CSEM data is in urgent need. In this
study, we test different resistivity values of the anomalous bodies with a fixed the water
depth, and change the water depths with a given resistivity of the anomalies to explore the
resolution of marine CSEM method. Therefore, the calculation time and calculation cost
can be greatly reduced.

2. Methods

In this study, we employ MARE2DEM to forward and inverse the model [28]. The
forward analysis is based on the adaptive finite element method and the inversion relies on
the Occam inversion. The finite element method is a partial differential equation solving
method that converts partial differential equations into algebraic equations by dividing
the solution area into simple geometric unit grids and approximating the basic functions
in each grid. The cell size and basis function will affect the accuracy of the solution [38].
The adaptive finite element method, proposed by Babuška et al. [29,30], can automatically
adjust the grid elements and basic functions during the calculating process and finally
yields an optimal grid size. The adaptive finite element method has the advantages of high
accuracy, high efficiency, high reliability, and strong adaptability [38].

Occam inversion is a regularized inversion method which is independent of the initial
model [30]. This method yields the best solution with the smallest model roughness
and smallest misfit between the simulated and observed data. It has good convergence
stability. In this article, we invert the data with 3% noise following the work by Mittet and
Marten [28].

Mittet and Morten defined the sensitivity of marine CSEM method through derivation
as [28].

Ψ(rr|rs, ω) =

∣∣∣∣ ∆Ex(rr|rs, ω)

δEx(rr|rs, ω)

∣∣∣∣ (1)

where Ψ(rr|rs, ω) is the sensitivity (rr is the location of receiver, rs is the location of the
source, and w is frequency). ∆Ex(rr|rs, ω) represents the difference in electromagnetic
response between the target field EA

x (rr
∣∣rs, ω) and background field EB

x (rr
∣∣rs, ω) :

∆Ex(rr

∣∣∣rs, ω) = EA
x (rr

∣∣∣rs, ω)− EB
x (rr

∣∣∣rs, ω) (2)
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δEx(rr|rs, ω) represents the uncertainty caused by the position of source and receivers
and calibration of the marine CSEM method. Its mathematical definition is given as follows:

δEx(rr|rs, ω) =

√
α|EA

x (rr|rs, ω)|2 + N2 (3)

where α is the influence factor and N is the white noise.
In order to calculate the uncertainty, we need the information of α and N. Here we

take 3% noise level [28]. The white noise N is related to water depth. For other sea depths,
we use cubic spline interpolation to obtain white noise [28].

The lateral resistance is a parameter related to the product of resistivity and thickness
of the layered model, and does not change when the product of the two remains unchanged.
Anomalous transverse resistance (ATR) represents the resistivity contrast accumulated
by abnormalities in the area and it depends on the integral of the difference between the
resistivity of the reservoir and the resistivity of the sedimentary layer and the thickness of
the reservoir [31].

ATR =
∫

∆R(z)dz (4)

where ∆R is the difference between the resistivity of the reservoir and the resistivity of the
sedimentary layer.

The equivalent expression of the discretization of equation (4) can be expressed as:

ATRinv = ∑ (∆RCSEM × ∆z) =
∫

∆RCSEM(z)dz (5)

where ATRinv is the lateral resistance anomaly of the inversion result, and ∆z is the
differential thickness of the reservoir. If we calculate the sensitivity at the location of the
receivers, the ATRinv will be computed as a pseudo-well to describe the sensitivity of the
target well.

3. Results

In order to test the resolution of marine CSEM method, we separately explored the
difference between the abnormal body and the surrounding sediments and the buried depth
of the abnormal body as variables. In order to measure the minimum lateral resistance to
study the electromagnetic resolution, we have constructed seven models with the seawater
depth of 1000 m and seawater resistivity of 0.3 Ω·m. In the tests, we set the size of the target
layer, i.e., a high-resistance anomaly, to be 5000 m × 100 m. The resistivities of the seven
models are 102, 52, 22, 12, 10, 6, 5, and 4 Ω·m, respectively. The transmitter adopts the
frequency of 0.25, 0.5, 0.75, 1, 1.25, 1.5, 2, and 5 Hz, respectively. The transverse resistance
(TR) of each model is assigned to be 10000, 5000, 2000, 1000, 800, 400, 300 and 200 Ω·m2,
respectively. The details of the seven models are given in Table 1.

Table 1. Model parameters of the marine CSEM method [38].

Resistivity (Ω·m) Thickness (m) Length (m)

Air 1013

Sea Water 0.3 1000
Target 102, 52, 22, 12, 10, 6, 5, 4 100 5000

Sediments 2

The inversion results of the seven models are summarized in Figure 1. It is clear that
we can recover the position of the anomaly well when the thickness of the anomaly is 100 m
and the resistivity is 6 Ω·m. However, the inversion results are not satisfactory when the
resistivity decreases to a lower value, e.g., 5 Ω·m.
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marine CSEM method. We set the seawater depth to 2500 m. Notice that the seawater 
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the anomaly to 6 Ω·m. According to the gas hydrate phase equilibrium curve [39], the 
maximum burial depth of marine gas hydrate is 3100 m under the condition of the water 
depth = 2500 m, therefore we set the burial depths of the anomalous bodies to be 200, 400, 

Figure 1. Initial model and inversion results of different values of TR. (Change resistivity of targets) (a) initial model; (b) TR:
10,000 Ω·m2; (c) TR: 5000 Ω·m2; (d) TR: 2000 Ω·m2; (e) TR: 1000 Ω·m2; (f) TR: 800 Ω·m2; (g) TR: 400 Ω·m2; (h) TR: 300 Ω·m2.

Next, we explored the influence of the depth of the anomaly on the resolution of
marine CSEM method. We set the seawater depth to 2500 m. Notice that the seawater
resistivity and the size of the anomaly remain unchanged. We then set the resistivity of
the anomaly to 6 Ω·m. According to the gas hydrate phase equilibrium curve [39], the
maximum burial depth of marine gas hydrate is 3100 m under the condition of the water
depth = 2500 m, therefore we set the burial depths of the anomalous bodies to be 200, 400,
and 600 m, respectively, below the seabed. The inversion results of these three models are
shown below (Figure 2).
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Figure 2. Inversion results of different values of the target depth. (a) Burial depth: 200 m; (b) Burial depth: 400 m; (c) Burial
depth: 600 m.

From Figure 2, it is obvious that the resolution of the marine CSEM method becomes
poor with the increasing of the depth of the anomalous body. According to Mittet and
Morten [28], we have established a program that can calculate the sensitivity of each
receiver relative to the transmitter and draw the results of the sensitivity of all receivers to
different transmitters. Here, we chose 3% for the value of α [28].

Since the horizontal extent and vertical depth of the abnormal bodies of our seven
models are the same, we decide to select the abnormal body in Figure 1 with a resistivity of
102 Ω·m for the sensitivity analysis. It is obvious from Figure 3 that the sensitivity curves
all show two clear peaks which correspond to the extent of the abnormal body. In the signal
transmitted by the transmitter and received by the receiver, there is a targets’ influence on
the sensitivity within a location range of ~5 km, which will offset the effect, so there will be
double peaks, due to the difference between the two sides of the receivers.
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In order to explore the effects of frequency on the sensitivity of the marine CSEM
method, we select the same model (i.e., the one used above) and select the sensitivity of the
receiver at 2000 and 7000 m. The test results are shown in Figure 4. Clearly, we see that
the sensitivity of the marine CSEM method shows a sharp increase at lower frequencies
(<2 Hz), independent of the receiver’s depths. Then the sensitivity increases very gently
when the frequency is above 2 Hz. Therefore, the natural gas hydrate deposit can be
detected by marine CSEM method with high sensitivity in high frequency.



Energies 2021, 14, 8318 7 of 9

Energies 2021, 14, x FOR PEER REVIEW 7 of 9 
 

 

that the sensitivity of the marine CSEM method shows a sharp increase at lower frequen-
cies (<2 Hz), independent of the receiver’s depths. Then the sensitivity increases very gen-
tly when the frequency is above 2 Hz. Therefore, the natural gas hydrate deposit can be 
detected by marine CSEM method with high sensitivity in high frequency. 

 
Figure 4. CSEM sensitivity study result related to frequency. 

At last, we test the sensitivity of different resistivity models with the fixed frequency 
(2 Hz) and receiver location (Rx = 2000 m) (Figure 5). We set the resistivity of the models 
to be 102, 52, 22, 12, 10, 6, 5 and 4 Ω·m, respectively. From Figure 5 above we see clearly 
that the sensitivity drops with the decrease of the resistivity of the abnormal body, imply-
ing that it is difficult to detect the low resistivity natural gas hydrate. For the gas hydrate 
deposit exploration, high frequency CSEM method is required. 

 
Figure 5. CSEM sensitivity varies with targets resistivity. 

4. Discussion and Conclusions 
In this paper, we explored the resolution and sensitivity of the marine CSEM method, 

where the lateral resistance of anomalous objects will affect the resolution. We explored 
the lowest detectable ATR of the CSEM method model through different resistivity mod-
els, and obtained the influence of different ATR on the model resolution. We find that 
when ATR = 500, the resolution of the abnormal body is relatively poor. Therefore, we 
conclude that the minimum ATR that makes the model resolution valuable is 600. That is, 
we can still get a good resolution when the product of the resistivity difference between 
the anomalous body and the surrounding seawater and the thickness of the model is no 
less than 600. This conclusion can enable us to reduce a lot of false anomaly judgments in 

Figure 4. CSEM sensitivity study result related to frequency.

At last, we test the sensitivity of different resistivity models with the fixed frequency
(2 Hz) and receiver location (Rx = 2000 m) (Figure 5). We set the resistivity of the models to
be 102, 52, 22, 12, 10, 6, 5 and 4 Ω·m, respectively. From Figure 5 above we see clearly that
the sensitivity drops with the decrease of the resistivity of the abnormal body, implying
that it is difficult to detect the low resistivity natural gas hydrate. For the gas hydrate
deposit exploration, high frequency CSEM method is required.
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4. Discussion and Conclusions

In this paper, we explored the resolution and sensitivity of the marine CSEM method,
where the lateral resistance of anomalous objects will affect the resolution. We explored the
lowest detectable ATR of the CSEM method model through different resistivity models,
and obtained the influence of different ATR on the model resolution. We find that when
ATR = 500, the resolution of the abnormal body is relatively poor. Therefore, we conclude
that the minimum ATR that makes the model resolution valuable is 600. That is, we can still
get a good resolution when the product of the resistivity difference between the anomalous
body and the surrounding seawater and the thickness of the model is no less than 600. This
conclusion can enable us to reduce a lot of false anomaly judgments in the case of specific
natural gas hydrate exploration and also reduce unnecessary workload. For example,
when the thickness of the abnormal body is determined, we can determine the minimum
resistivity that can be detected, and when the resistivity of the gas hydrate is roughly
determined, we can estimate at least the thickness of the gas hydrate to be detected. In
the mean time, we used one of the figures to explore its sensitivity, and we found that we
can determine the location of abnormal bodies through sensitivity. This saves time and
cost. With traditional methods, we need multi-step inversions to determine the lateral
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extent of the anomaly, which requires a lot of time and money. However, the sensitivity
investigation in this article can enable us to determine the horizontal occurrence range of
natural dehydrate without performing inversion, thereby reducing the drilling failure rate
in gas hydrate detection and greatly saving exploration costs for natural gas hydrates. At
the same time, we found that under the same conditions, high-frequency marine CSEM
method detection has higher sensitivity than low-frequency detection. Therefore, we can
obtain higher sensitivity by increasing the detection frequency. And higher resistivity
corresponds to higher sensitivity, which is also in line with our perception.
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