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ABSTRACT

Ninety-eight % of the world’s natural gas hydrate (commonly known as hydrate) are 
distributed in the stability zone of the sea areas. There are also rich hydrates in the 
stability zone of the Shenhu Sea Area in China. Drilling in the Shenhu Sea Area of 
China reveals that a lot of hydrate exist in suspension mode. Now the Wood method is 
for predicting hydrate in suspension mode, but the practical application in the Shenhu 
Sea Area shows that this method leads to large errors in predicting hydrate saturation. 
In order to address the problem of low accuracy of the Wood method in predicting 
hydrate saturation in suspension mode, this paper has first pointed out that the low 
accuracy of the Wood method is primarily caused by the systematic analytic error of 
stratigraphic parameters, which is derived from insufficient understanding of sediment 
composition and porosity in sea area by existing analytic technology. The paper puts 
forward the Wood-SE method alternatively. The practical application in the Shenhu 
Sea Area shows that the absolute error of this method mainly falls within the range of 
-10%, 10%. Most of the absolute error of the Wood method is above 20%. The error 
of main hydrate occurrence section could even reach 60%.

Palabras clave: hidrato, zona de estabilidad,área marina de Shenhu, modo de suspensión, Método Wood, 
saturación de hidrato, método Wood-ES.

RESUMEN

El 98 % del hidrato de gas natural del mundo (comúnmente conocido como hidrato) se 
distribuye en la zona de estabilidad de las zonas marinas. También hay ricos hidratos en 
la zona de estabilidad de la zona del mar de Shenhu en China. La perforación en el área 
del mar de Shenhu de China revela que existe mucho hidrato en modo de suspensión. 
Ahora el método de madera es para predecir el hidrato en modo de suspensión, pero 
la aplicación práctica en el área del mar de Shenhu muestra que este método conduce 
a grandes errores en la predicción de la saturación de hidrato. Con el fin de abordar el 
problema de la baja precisión del método de la madera en la predicción de la saturación 
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de hidrato en modo de suspensión, este documento ha señalado en primer lugar que 
la baja precisión del método de la madera es causada principalmente por el error ana-
lítico sistemático de los parámetros estratigráficos, que se deriva de una comprensión 
insuficiente de la composición de los sedimentos y la porosidad en la zona del mar por 
la tecnología analítica existente. El documento presenta el método Wood-SE alterna-
tivamente. La aplicación práctica en la zona del mar de Shenhu muestra que el error 
absoluto de este método se encuentra principalmente dentro del rango de -10%, 10%. 
La mayor parte del error absoluto del método Wood está por encima del 20%. El error 
de la sección principal de la ocurrencia del hidrato podría alcanzar incluso el 60 %.

INTRODUCTION

Natural gas hydrate (hydrate for short) is a kind 
of ice-like crystal compound formed by water and 
gas molecules under low temperature and high 
pressure, in which gas molecules (guest molecules) 
are confined in the hydrogen-bond cage formed by 
water molecules (host molecules), and the two exist 
stably through the combination of van der Waals 
force (Wu et al. 2017). According to the prediction 
by scientists, the carbon content of energy in the 
form of hydrate is about twice that of fossil fuels 
around the world (Fellet and Ramos 2015, Lu et 
al. 2019). The products of hydrate combustion are 
carbon dioxide and water. Therefore, hydrate is an 
efficient and clean unconventional energy and will 
be a vital alternative for fossil energy in the long 
run (Yang et al. 2020, Tang et al. 2016). Most of the 
hydrates are distributed in the sea areas, accounting 
for 98% of the total resources globally. The current 
studies on hydrate in the sea areas show that hydrate 
is not widely distributed in the stability zone, and 
the stability zone only determines the spatial scope 
of hydrate (Ruan et al. 2007, Liang et al. 2010, Luo, 
2013, Yang et al. 2013, Zhang et al. 2014, Wan et 
al. 2016, Bao et al. 2018a). Hence, the presence of 
hydrate in one region does not mean that hydrate 
is enriched in the same region. In fact, numerous 
factors affect the enrichment of hydrate in a certain 
space of the stability zone, such as sufficient sources 
of gas, optimal conditions for gas migration and 
optimal conditions of reservoir. There are many 
methods for predicting gas hydrate enrichment 
(Ruan et al. 2007, Liang et al. 2010, Luo 2013, 
Yang et al. 2013, You et al. 2014, Zhang et al. 2014, 
Wan et al. 2016, Gou et al. 2017, Yang et al. 2017, 
Bao et al. 2018b, Pan et al. 2018), such as the BSR 
method, the amplitude blanking zone method, the 
attribute prediction method, the wave impedance 
prediction method, the saturation prediction method, 
etc. From the perspective of quantification, these 

methods can be roughly divided into three cat-
egories: The first category includes the qualitative 
prediction methods, which are intuitionistic, simple 
to use and easy to understand, but not conducive to 
judge the variance of enrichment degree in differ-
ent locations due to the insufficient quantification. 
The second category includes the semi quantitative 
prediction methods, which have certain quantitative 
characteristics, and some quantitative methods can 
preliminarily reflect the difference of enrichment 
degree, which is also relative. The third category 
includes the quantitative prediction methods, which 
can absolutely reflect the difference of the degree 
of hydrate enrichment (Wang et al. 2021). Judging 
from the current categories of methods for predict-
ing hydrate enrichment, the category of quantitative 
prediction is the most ideal one. This category in-
cludes the methods for predicting wave impedance, 
elastic impedance, hydrate saturation, etc., among 
which the method for predicting hydrate saturation 
is the most intuitive, allowing for a more intuitive 
reflection of the specific hydrate content in a region. 
At the same time, this method is critical to obtain 
the hydrate saturation of an area to evaluate its com-
mercial value. The method of predicting hydrate 
saturation has developed in tandem with the gradual 
recognition of hydrate occurrence mode. As early 
as 1983, Pearson et al. (1983) introduced the Timur 
equation into studies on hydrate, which includes the 
idea of calculating hydrate saturation. Subsequently, 
with the development of experimental technology 
and the deepening of experimental understanding, 
it is gradually recognized that hydrate exists in the 
sea sediment mainly in three modes: suspension 
mode, particle contact mode and cementation mode 
(Sun et al. 2003a, Sun et al. 2003b, Hu et al. 2014). 
Based on different occurrence modes, people have 
formed different prediction methods, among which, 
the Timur method of time average equation, Wood 
modified equation method (the Wood method for 
short) and the Gassmann method are the classical 
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ones (Lee et al. 1993, Lee et al. 1996, Song 2003, 
Wu et al. 2009). Specifically, the Wood method is 
required for hydrate in suspension mode, and the 
Timur method is required for hydrate in cementa-
tion mode. According to findings of the research 
carried out by Hu et al. (2014), it can be seen that 
the hydrate enriched in the Shenhu Sea area exist 
in suspension mode (Zhang et al. 2007). However, 
the statistical study on hydrate in the Shenhu Sea 
area shows that the level of hydrate saturation 
predicted by the Wood method is quite different 
from the actual level, and the analysis shows that 
the systematic error in the application method is 
caused by the insufficient understanding of sedi-
ment composition and porosity in the hydrate layer 
(Bao et al. 2022). Aiming at the problems existing 
in the practical application of the Wood method, a 
prediction method of hydrate saturation called the 
Wood-SE method is proposed in this paper.

The improved Wood-SE method is mainly divided 
into four steps to predict hydrate saturation, which 
are basic data preparation, hydrate saturation calcula-
tion before correction, hydrate saturation correction 
amount calculation and final hydrate saturation calcu-
lation. Compared with the Wood method, the research 
results show that the improved Wood-SE method can 
reduce the influence of system measurement error 
and has better prediction accuracy.

Improved method for calculating hydrate satu-
ration
Wood Equation

At present, the Wood method is one of the 
most commonly used methods for calculating the 
hydrate saturation in suspension-mode in the sea 
area (Lee et al. 1993, Song 2003), which is imple-
mented by two equations as shown in formula (1) 
and formula (2):
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Where,
Vb = P-wave velocity of hydrate bearing sediments;
Vpw = P-wave velocity of fluid;
Vph = P-wave velocity of pure hydrate;
Vpm = P-wave velocity of substrate;
ϕ = Porosity;
Sh = Proportion of hydrate in pore space;
ρb = Density of hydrate bearing sediments;
ρw = Density of fluid;

ρh = Density of pure hydrate;
ρm = Density of substrate.

Calculation of substrate density and P-wave velocity
The substrate is usually not composed of one 

single substance. Generally speaking, the substrate 
that forms the seafloor sediments is composed of nu-
merous substances, whose density can be expressed 
by formula (3):

m
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Where,
fi = Volume percentage of the i–th substance;
ρi = Density of the i–th substance;
n = Quantity of substances contained in the constitu-
ent substrate. 

The P-wave velocity of fluid saturated rock can 
be calculated by formula (4) (Helgerud et al. 1999):
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Where,
Ksat = Bulk modulus of fluid saturated rock;
Gsat = Shear modulus of fluid saturated rock.

The substrate can be regarded as a case of no fluid 
in the rock, and in such case, the porosity of the rock 
is 0, while Ksat and Gsat in formula (4) respectively 
denotes the bulk modulus and shear modulus of 
substrate.

The bulk modulus and shear modulus of substrate 
can be calculated by Hill’s average formula, as shown 
in formula (5) and formula (6):
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Where,
fi = Volume percentage of the i–th mineral in sub-
strate;
Ki = Bulk modulus of the i–th mineral;
K = Bulk modulus of substrate;
Gi = Shear modulus of the i–th mineral;
G = Shear modulus of substrate.

Calculation of P-wave and S-wave velocity of pure 
hydrate and sea water

The p-wave velocity and s-wave velocity of a 
certain substance could be calculated according to 
young’s modulus, density and Poisson’s ratio (Lu and 
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Wang 2011). The specific calculation formulas are 
shown in formulas (7) and (8). For pure hydrate, the 
p-wave velocity and s-wave velocity are calculated 
by formula (7) and formula (8) according to Young’s 
modulus, density and Poisson’s ratio of hydrate.
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Where,
E = Young’s modulus;
ρ = Density;
σ = Poisson’s ratio;
Vp = P-wave velocity;
Vs = S-wave velocity.

For the young’s modulus and Poisson’s ratio of 
pure hydrate, the volume modulus and shear modulus 
can be used to calculate them, as shown in Formula 
(9) and Formula (10).
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Where,
K = Bulk modulus of pure hydrate;
G = Shear modulus of pure hydrate.

The P-wave velocity of sea water is generally 
1480 m/s. Since the sea water is liquid in which the 
shear wave cannot propagate, the S-wave velocity in 
the sea water is 0.

The prediction error of the the Wood method
Suppose that due to the insufficient means of un-

derstanding, it is considered that the marine sediment 
skeleton is composed of 50% of clay minerals and 
50% of quartz minerals, while in fact, the seafloor 
sediment skeleton is composed of three kinds of min-
erals, namely, 40% of clay minerals, 50% of quartz 
minerals and 10% of calcite minerals. It is assumed 
that the porosity of seafloor sediment is 40%, while 
the actual porosity is 35%, and the hydrate in the 
pores exists in suspension mode, with the saturation 
of 30%. In order to facilitate the applicability analysis 
of the Wood method, the elastic parameters of three 
minerals used in the comparative analysis are listed 
in table I. 

In light of the actual composition of seafloor 
sediments and judging from table I, formula (2) and 
formula (3), it can be calculated that the density of 

the actual hydrate bearing sediments is about 1.97 g/
cm3. Judging from table I, formula (3), formula (4), 
formula (5) and formula (6), it can be calculated that 
the propagation velocity (Vpm) of sesmic P-wave in 
the skeleton composed of three substances is about 
4487.58 m/s. Judging from table I, formula (9), for-
mula (10) and formula (7), it can be calculated that 
the velocity of hydrate bearing sediments is about 
1846.89 m/s.

Based on the condition that seafloor sediment 
skeleton is composed of two substances and judg-
ing from table I, formula (5), formula (6), formula 
(3) and formula (4), it can be calculated that the 
propagation velocity (Vpm) of seismic P-wave in 
the skeleton composed of two substances is about 
4228.73 m/s. According to the density of hydrate 
bearing sediments, P-wave velocity of pure hydrate 
and velocity of hydrate bearing sediments calculated 
previously, the hydrate saturation can be calculated 
to be about 16.40% by formula (1), which shows 
that there is a huge error between the calculated 
hydrate saturation and the real value. However, it 
is very difficult to eliminate the error caused by the 
insufficient understanding of substance composition 
and physical property of sediments, which can be 
classified as the systematic analytic error of strati-
graphic parameters.

Implementation steps of the Wood-SE method
The Wood method has a low prediction accu-

racy of hydrate saturation due to systematic error. 
Compared with the Wood method, the proposed 
Wood-SE method takes the non-hydrate layer over-
lying hydrate as a reference to obtain the systematic 
error correction, introduced into the calculation of 
hydrate saturation to eliminate the systematic error. 
The implementation steps of this method are divided 
into the following four steps:

TABLE I. ELASTIC PARAMETERS OF DIFFERENT MIN-
ERALS.

Substances Bulk
modulus

/GPa

Shear
modulus

/GPa

Density
(g/cm3)

Calcite 74.4 26.26 2.8
Quartz 40 25.06 2.65
Clay 20.9 6.85 2.58
Sea water 2.5 0 1.032
Pure hydrate 5.6 2.4 0.9
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i) Basic data preparation. These data include: (1) 
Relevant data on elastic parameter, such as mineral 
composition proportion of substrate, bulk modulus 
and shear modulus of minerals, density of minerals; 
bulk modulus and density of sea water; bulk modu-
lus, shear modulus and density of pure hydrate; (2) 
Relevant data on well (the data must be continuous 
and include hydrate intervals as well as non-hydrate 
intervals above hydrates), such as depth, P-wave 
velocity, porosity and density of sediments. 

ii) Calculation of the hydrate saturation before 
correction. The Wood method is used to calculate 
the hydrate saturation before correction. Suppose 
that the hydrate saturation of a certain depth is Sp

hi, 
and i represents the serial number of depth sampling.

iii) Calculation of hydrate saturation correction. 
The average value of Sp

hi calculated by the non-hy-
drate interval is set to SA

h, and then SA
h is subtracted 

from 0 to obtain the difference, which is set to ΔSh. 
iv) Final calculation of hydrate saturation. Sup-

pose that the final hydrate saturation is St
hi, then St

hi 
= Sp

hi – ΔSh.

Analysis on the application effect of the Shenhu 
Sea Area
Geological overview of the study area

The study area is located in the Shenhu northern 
margin of South China Sea (red area in Fig. 1), which 
belongs to Baiyun Sag of Pearl River Mouth Basin 
in tectonic division (Wu et al. 2009). From April 
to June 2007, the China Geological Survey (CGS) 
successively carried out hydrate drilling in places 
marked with BSR in this area (the position marked 
with red circle in Fig. 2). Hydrate samples were ob-
tained at some drilling positions, such as SH-2, SH-3 
and SH-7, whereas hydrate samples were not obtained 
at some other drilling positions, such as SH-1 and 

SH-4 (Zhang et al. 2014). Three wells with hydrate 
samples are located in the ridge of rugged seafloor 
of continental slope with a depth of 1200 m, and the 
obtained gas hydrate samples are mainly distributed 
in the sediment pores about 200 m below the seafloor 
(Chen et al. 2018). The composition of sediments 
near hydrate samples can be divided into three types 
according to the size of particles (Chen et al. 2011): 
(1) Sand, which refers to particles with diameter of 
more than 0.063 mm; (2) silty sand, which refers to 
particles with diameter of 0.004-0.063 mm; (3) clay, 
which refers to particles with diameter of less than 
0.004 mm. The main type of particles in sediments is 
silty sand, followed by clay and sand, among which 
the average content of silty sand is about 75%, that 
of clay is about 20%, and that of sand is about 5%.

In terms of the porosity performance law of 
seafloor sediments in this area, in 2011, Guo et al. 
(2011) conducted laboratory analysis on the porosity 
of drilling samples in the Shenhu Sea area, and found 
that there is an approximate relationship between 
the porosity and the depth of seafloor sediments, as 
shown in formula (11):

 –7.44 ln 85.38= +D  (11)

Where,
ϕ = Porosity, %;
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Fig. 1. Structural location of the research area [revised by Wu 
et al. (2009)].

Fig. 2. Topographic features of hydrate sampling area in the 
Shenhu Sea area, Northern South China Sea [revised by 
Wu et al. (2009)].
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D = Depth of sediments under the seafloor, with the 
unit of m.

Acoustic logging curve of the well S and the hydrate 
saturation calculated by chloride ion

Figure 3 and figure 4 show the curves of P-wave 
velocity and density of one of the three wells with 
drilled hydrate (assuming that this well is the well S). 
It can be seen from the acoustic logging curve of the 
well S, that when the depth is between 200-220 m, 
the P-wave velocity increases, reaching 2300 m/s 
at the peak level, while the density decreases, thus 
this position has been confirmed to contain hydrate 
(Liang et al. 2010). 

During the formation and decomposition of hy-
drate in the sea area, the concentration of chloride 
ions will change, repelling the salt ions dissolved 
in pore water during the formation, leading to the 
diffusion of salt ions outwards. Whereas when the 
hydrate decomposes, the pore water will be diluted, 
leading to the lower salinity of the samples with hy-
drate obtained by drilling than those without hydrate. 
Hydrate with different saturation often has different 

concentration of chloride ions, so the hydrate satura-
tion can be calculated according to the concentration 
of abnormal chloride ions in the pore. Some hydrate 
saturation of the well S obtained on the basis of ab-
normal concentration of chloride ions in hydrate is 
shown in figure 5 (Zhang et al. 2007). Judging from 
the comparison of figure 3 and figure 5, at the depth 
where the P-wave velocity is relatively large, the 
hydrate saturation is also relatively large, which can 
reach more than 30%, with a maximum of about 50%.

Calculation of elastic parameters of the skeleton
Referring to the above analysis on the composition 

of particle sizes of hydrate-bearing sediments, the pro-
portions of particle size composition used to calculate 
sediment skeleton are set as follows: 75% for silty 
sand, 20% for clay and 5% for sand. The bulk modu-
lus, shear modulus and density data of siltstone, sand-
stone and pure methane hydrate are listed in table II 
(Liang et al. 2010, Bao et al. 2018a). Since the par-
ticle sizes of silty sand and sand in the study area 
include different diameters, it is complicated to ac-
curately describe their elastic parameters. To facilitate 
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Fig. 3. The variation of P-wave velocity with depth in the well S.
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Fig. 4. The variation of the well density with depth in the well S.
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the study, the elastic parameters of siltstone (formed 
by silty sand of varying particle sizes) and sandstone 
(formed by sand of different particle sizes) in table II 
will be used to approximately replace the elastic 
parameters of silty sand and sand in the study area.

The skeleton of sediments consists of three par-
ticle size components. According to formula (5) and 
formula (6), the bulk modulus and shear modulus 
of the skeleton can be shown in formula (12) and 
formula (13). 

13
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Where,
f1 = Volume percentage of siltstone in the skeleton;
f2 = Volume percentage of sandstone in the skeleton;

f3 = Volume percentage of clay in the skeleton;
K1 = Bulk modulus of siltstone;
K2 = Bulk modulus of sandstone;
K2 = Bulk modulus of clay;
G1 = Shear modulus of siltstone;
G2 = Shear modulus of sandstone;
G3 = Shear modulus of clay.

According to the data in formula (12), formula 
(13) and Table I, it can be calculated that the bulk 
modulus and shear modulus of the skeleton are ap-
proximately 35 GPa and 20.5 GPa respectively.

The density of the skeleton can be calculated by 
formula (14).

m 1 1 2 2 3 3= + +f f f  (14)

Where,
ρ1 = Density of siltstone;
ρ2 = Density of sandstone;
ρ3 = Density of clay.

According to the data in formula (14) and table I, 
it can be calculated that the density of the skeleton 
is 2.64 g/cm3.

Comparison and analysis of prediction results of 
both methods

The hydrate saturation measured by the chloride 
ion method is considered to be a reliable measure-
ment result at present. This paper takes the results 
measured by this method as the standard for the 
experimental evaluation.

The comparison of hydrate saturation in the well 
S predicted by the the Wood method and the Wood-
ES method with hydrate saturation calculated by 
the chloride ion method is shown in figure 6, where 
the dotted line represents the prediction result of the 
Wood method, the blue solid line represents the pre-
diction result of the Wood-ES method, and the blue 
circle represents the calculation result of the chloride 
ion method. It can be seen from figure 6 that the 
hydrate saturation predicted by the Wood method at 
different depths is quite different from that calculated 
by the chloride ion method. Generally, the absolute 
value error is more than 20%, and even more than 
40% in some positions (Kang et al. 2018, Wang et al. 
2019, Zhang et al. 2019). However, for the Wood-ES 
method, when the sediment depth is less than 200 m, 
the hydrate saturation predicted by this method is 
basically the same as that calculated by the chloride 
ion method (Zhang et al. 2006). When the sediment 
depth is between 200-220 m, the hydrate saturation 
predicted by this method is in the high-value region, 
and most of the predicted values are smaller than 
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Fig. 5. Estimates of hydrate saturation in the well S based on 
concentration of chloride ions.

TABLE II. ELASTIC PARAMETERS OF VARYING SEDI-
MENT COMPONENTS.

Substances Bulk
modulus

/GPa

Shear
modulus

/GPa

Density
/(g/cm3)

Silty sand 40.08 28.13 2.65
Sand 40 25.06 2.65
Pure methane hydrate 5.6 2.4 0.9
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those calculated by the chloride ion method, though 
the difference is not significant (Chen et al. 2018, Han 
et al. 2020). When the depth is greater than 220 m, 
the hydrate predicted by this method is larger than 
that calculated by the chloride ion method.

The comparison of absolute error (referred to as 
prediction error) predicted by the two methods at dif-
ferent depths is shown in Figure 7, which shows that 
the prediction error of the Wood method falls within 
the range of -10%, 60%, while that of the Wood-
ES method mostly falls within the smaller range of 
-10%, 10%, which shows that the Wood-ES method 
is obviously superior to the Wood method. Because 
the Wood-SE method has good prediction accuracy, 
it has great application prospect in saturation predic-
tion of hydrate layer with suspension mode similar 
to Shenhu Sea Area.

CONCLUSIONS

Based on the systematic study of the methods for 
predicting hydrate saturation in suspension mode in 
the sea area, the following conclusions are reached:

(i) In this paper, a method of predicting hydrate 
saturation to eliminate systemic error is pro-
posed, namely the Wood-ES method. Compared 
with the Wood method, the Wood-ES method 
can better address the issue of large prediction 
error caused by the difference between actual 
measurement and theoretical hypothesis, which 
is beneficial to improve the effect of prediction 
method in practice.

(ii) Taking the actual data collected from the 
Shenhu Sea Area in China as an example, we 
have carried out a comparative study on the 
prediction of hydrate saturation by the two 
methods. It is pointed out that the Wood-ES 
method is a rather good method for predicting 
hydrate saturation.

(iii) The Wood-ES method to eliminate systemic 
error will have higher value of popularization 
in practice thanks to its smaller prediction error.

ACKNOWLEDGMENTS

This study is supported by the Open Fund Proj-
ect of the State Key Laboratory of Oil-Gas Reser-
voir Geology and Development Engineering (No. 
PLC20190604), “Full Sailing” Project of Introducing 
Top Talents in Short Supply by Guangdong Province 
(No. 916022), the Open Fund Project Talent Intro-
duction Research Project of Guangdong University 
of Petrochemical Technology (No. 519228), Youth 
Innovation Fund Project of Guangdong Provincial 
Department of Education (No. 2017KQNCX133), 
and Research on the Evaluation and Optimization of 

150

200

D
ep

ht
(m

bs
f)

225

250

175

0 20 40 60 80
Methane hydrate saturation/

(% of pore volume)

Chloride ion methodWood-ES method Wood method

Fig. 6. Comparison of hydrate saturation predicted by the Wood 
method and the Wood-ES method with hydrate saturation 
calculated by the chloride ion method.

Fig. 7.  Comparison of absolute error between the Wood method 
and the Wood-ES method in different depths.

70

60

50

40

30

20

10

–10

–20

–30
150 170 190 210

Depth(mbsf)

Wood method Wood-ES method

H
yd

ra
te

 s
at

ur
at

io
n 

er
ro

r/%

230 250

0



HYDRATE SATURATION PREDICTION 147

Policy Effect of Scientific and Technological Talents 
in Guangdong Province (No. 2018042). We would 
like to express our heartfelt thanks to the organiza-
tions that supported the research funds of this paper, 
including the State Key Laboratory of oil and gas 
reservoir geology and Development Engineering 
(Chengdu University of science and Technology), 
the Organization Department of Guangdong Prov-
ince, the Department of Science and Technology of 
Guangdong Province, and the Research Center of 
Unconventional Energy Engineering Technology of 
Guangdong Province. In addition, We would like 
to thank the reviewers and editors, among others, 
because the successful completion of this article 
is inseparable from their valuable suggestions and 
opinions.

REFERENCES

Bao X.S., Zhou H.Y., Li L.X., et al. (2018a). Status and 
prospect of seismic prediction technique of natural Gas 
Hydrate distribution in the sea. Journal of Guangdong 
University of Petrochemical Technology 28(4), 5-9. 
https://doi.org/10.3969/j.issn.2095-2562.2018.04.002 
(in Chinese).

Bao X.S., Tan Y., Wu X.Q., et al. (2018b). Prediction of 
brittle mineral index by using P-wave and S-wave 
velocity method. Nature Gas Geoscience 29(2), 245-
250. https://doi.org/CNKI:SUN:TDKX.0.2018-02-010

Chen F., Zhou Y., Su X., et al. (2011). Gas hydrate saturation 
and its relation with grain size of the hydrate-bearing 
sediments in the Shenhu area of Northern South China 
Sea. Marine Geology & Guaternary Geology 31(5), 95-
100. https://doi.org/CNKI:SUN:HYDZ.0.2011-05-017 

Chen Y.Z., He L., Li J., et al. (2018). Multi-criteria de-
sign of shale-gas-water supply chains and production 
systems towards optimal life cycle economics and 
greenhouse gas emissions under uncertainty. Comput-
ers & Chemical Engineering 109, 216-235. https://doi.
org/10.1016/j.compchemeng.2017.11.014 

Fellet M. and Ramos M. (2015). Research aims for cleaner 
crude from Canadian tar sands. MRS Bulletin 40(3), 
216-218. https://doi.org/10.1557/mrs.2015.36 

Gou L.M., Zhang J.H., Wang J.W. (2017). Progress in 
seismic identification approach of marine gas hydrate. 
Progress in Geophysics 32(6), 2626-2635. https://doi.
org/CNKI:SUN:DQWJ.0.2017-06-045 

Guo Y.Q., Qiao S.H. and Lv W.J. (2011). Vertical 
distribution of gas hydrate in Shenhu area of the 
South China Sea based on acoustic velocity. Ma-
rine Geology Frontiers 27(7), 7-12. https://doi.org/
CNKI:SUN:HYDT.0.2011-07-003 

Han X.Q., Zhang D., Yan J.J. and Liu J.P. (2020). Process 
development of flue gas desulphurization wastewater 
treatment in coal-fired power plants towards zero liquid 
discharge: Energetic, economic and environmental 
analyses. Journal of Cleaner Production 261, 121144. 
https://doi.org/10.1016/j.jclepro.2020.121144 

Helgerud M.B., Dvorkin J., Nur A., Sakai A. and Collett 
T. (1999). Elastic-wave velocity in marine sediments 
with gas hydrates: Effective medium modeling. Geo-
physical Research Letters 26(13), 2021-2024. https://
doi.org/10.1029/1999GL900421 

Hu G.W., Li C.F., Ye Y.G., Liu C.L., Zhang J. and Diao 
S.B. (2014). Observation of gas hydrate distribution 
in sediment pore space. Chinese Journal of Geo-
physics 57(5), 1675-1682. https://doi.org/10.6038/
cjg20140530 

Kang L., Du H.L., Du X., Wang H.T., Ma W.L., Wang 
M.L. and Zhang F.B. (2018). Study on dye wastewater 
treatment of tunable conductivity solid-waste-based 
composite cementitious material catalyst. Desalina-
tion and Water Treatment 125, 296-301. https://doi.
org/10.5004/dwt.2018.22910 

Lee M.W., Hutchinson D.R., Collett T.S. and Dillon 
W.P. (1996). Seismic velocities for hydrate-bearing 
sediments using weighted equation. Journal of Geo-
physical Research 101(B9), 20347-20358. https://doi.
org/10.1029/96JB01886 

Lee M.W., Hutchinson D.R., Dillon W.P., Miller J.J., Age-
na W.F. and Swift B.A. (1993). A method of estimating 
the amount of in situ gas hydrates in deep marine sedi-
ments. Marine & Petroleum Geology 10 (5), 493-506. 
https://doi.org/10.1016/0264-8172(93)90050-3 

Liang J., Wang M.J., Lu J.A., et al. (2010). Logging 
response characteristics of gas hydrate formation 
in Shenhu area of the South China Sea. Geoscience 
24(3), 506-514. https://doi.org/10.1016/S1876-
3804(11)60004-9 

Lu H., Tian P. and He L. (2019). Evaluating the global 
potential of aquifer thermal energy storage and de-
termining the potential worldwide hotspots driven 
by socio-economic, geo-hydrologic and climatic 
conditions. Renewable and Sustainable Energy 
Reviews 112, 788-796. https://doi.org/10.1016/j.
rser.2019.06.013 

Lu J.M. and Wang Y.G. (2011). The principle of seismic 
exploration. China University of Petroleum Press, 
Dongying, China. 399 pp.

Luo Y. (2013). Discussion on the formation of double 
or multi-layer BSR structure of marine natural gas 
hydrate. Papers of the First National Youth Geological 
Congress, 636-637.

Pan H.J., Zhang Y., Li H.B., et al. (2018). Joint inversion 
of elastic-electrical data for gas hydrate reservoirs 



X. Bao et al.148

based on Bayesian theory. Oil Geophysical Pros-
pecting 53(3), 568-577,586. https://doi.org/
CNKI:SUN:SYDQ.0.2018-03-017 

Pearson C.F., Halleck, P.M., McGuire, P.L., Hermes R. 
and Mathews M. (1983). Natural gas hydrate depos-
its: A review of in situ properties. Journal of Physical 
Chemistry 87(2), 4180-4185. https://doi.org/10.1021/
j100244a041

Ruan A.G., Chu F.Y. and Meng B.Z. (2007). Seismic 
research method of submarine NGH and application 
of submarine seismograph. Natural Gas Industry 
27(4), 46-48. https://doi.org/10.3321/j.issn:1000-
0976.2007.04.015 

Song H.B. (2003). Geophysical research of natural gas 
hydrate. Maritime Press, Beijing, China, 174 pp.

Sun C.Y., Zhang M.Y., Niu B.H., et al. (2003b). Micro-
models of gas hydrate and their velocity estimation 
methods. Earth Science Frontiers (China University 
of Geoscience, Beijng) 10(1), 191-198. https://doi.
org/10.1007/s11769-003-0089-1

Sun C.Y., Zhang M.Y., Niu B.H., et al. (2003a). Study 
of modeling seismic bottom simulating reflector for 
nature gas hydrate. Geoscience 17(3), 191-198. https://
doi.org/10.3969/j.issn.1000-8527.2003.03.016 (in 
Chinese).

Tang D.Z. Xu H. and Tao S. (2016). Introduction to un-
conventional geological energy sources. Petroleum 
Industry Press, Beijing, China. 188 pp. 

Wan X.M., Liang J., Liang J.Q., et al. (2016). Application 
of post-stack wave impedance inversion without well 
in the prediction of natural gas hydrate distribution 
in T study area. Geophysical and Geochemical Ex-
ploration 40(3), 438-444. https://doi.org/10.11720/
wtyht.2016.3.2 (in Chinese).

Wang M., Zhang D., Cheng Y. and Tan S.K. (2019). As-
sessing performance of porous pavements and biore-
tention cells for stormwater management in response 
to probable climatic changes. Journal of Environmental 
Management 243, 157-167. https://doi.org/10.1016/j.
jenvman.2019.05.012

Wang F., Lu Y., Li J. and Ni J. (2021). Evaluating environ-
mentally sustainable development based on the PSR 
framework and variable weigh analytic hierarchy pro-
cess. International Journal of Environmental Research 
and Public Health 18(6), 2836. https://doi.org/10.3390/
ijerph18062836 

Wu D.M., Li G., Li X.S., et al. (2017). Experimental 
study of NGH permeability under different satura-
tions. Chemical Industry and Engineering Progress 
36(8), 2916-2923. https://doi.org/10.16085/issn.1000-
6613.2017-0057 

Wu S.G., Dong D.D., Yang S.X., et al. (2009). Primary 
exploration into the formation of NGH system in fine-
grained sediments on the northern continental slope of 
the South China Sea. Chinese Journal of Geophysics 
52(7), 1849-1857. https://doi.org/10.3969/j.issn.0001-
5733.2009.07.019 (in Chinese).

Yang C., Gao F. and Dong M. (2020). Energy efficiency 
modeling of integrated energy system in coastal areas. 
Journal of Coastal Research 103, 995. https://doi.
org/10.2112/SI103-207.1 

Yang J.X., Wang H.L., He W.W., et al. (2017). Study on the 
seismic charateristics of the gas hydrate system in the 
Niger Delta. Chinese Journal of Geophysics 60(6), 722-
732. https://doi.org/CNKI:SUN:DQWX.0.2017-10-018 

Yang R., Wu N.Y., Lei X.H., et al. (2013). Gas hydrate 
identification in non-BSR region. Northern South 
China Sea. Progress in Geophysics 28(2), 1033-1040. 
https://doi.org/10.6038/pg20130257

You J.C., Feng K., Wang C., et al. (2014). The cause of 
seismic blanking zone for gas hydrate. Geophysical 
Prospecting for Petroleum 53(2), 216-222. https://
doi.org/10.3969/j.issn.1000-1441.2014.02.012 (in 
Chinese).

Zhang C., Ou J. and Zhang J. (2006). Parameter optimi-
zation and analysis of a vehicle suspension system 
controlled by magnetorheological fluid dampers. 
Structural Control and Health Monitoring 13(5), 885-
896. https://doi.org/10.1002/stc.63 

Zhang G.X. Liang J.Q. and Zhang M., et al. (2014). 
Seismic joint detection of natural gas hydrate in sea. 
Geological Publishing House, Beijing, China, 218 pp.

Zhang H.Q., Yang S.X., Wu N.Y., et al. (2007). Success-
ful and surprising results for China’s first gas hydrate 
drilling expedition. The Methane Hydrate Newsletter, 
Fire in the Ice 7(3), 6-9.

Zhang W.J., Guo J.F. and Hall P. (2019). Exploring 
“Internet+recycling”: Mass balance and life cycle 
assessment of a waste management system associ-
ated with a mobile application. Science of the Total 
Environment 649, 172-185. https://doi.org/10.1016/j.
scitotenv.2018.08.298


