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The occurrence characteristics of hydrates in the Shenhu area reflect a typical inhomogeneity in terms of spatial distribution. It is
difficult to accurately describe the petrophysical properties of a reservoir using a petrophysical model considering a single
cementation factor parameter. According to the analysis of a mathematical model and the estimation results of Vp and V s, the
unique structure of foraminiferal sediment particles provides opportunities for forming a diversified hydrate occurrence in the
foraminiferal area. In areas where hydrates are thin and interbedded, hydrate reservoirs are generally three-phase media, with
obvious thermoelastic properties. Therefore, the parameters of the three characteristic models of the pore-filling model, particle
cementation model, and thermodynamic elastic model are all included in the correction model. The weights of the influence
factors are then changed to realize an accurate description of the petrophysical characteristics of the correction model in
different drilling areas and at different formation depths, reducing the limitations of using a single petrophysical model to
describe the petrophysical characteristics of heterogeneous regions under the influence of multiple factors.

1. Introduction

A petrophysical model is an equivalent model that describes
the microscopic characteristics of rock. It links the micro-
scopic characteristics and macroscopic elastic properties of
the rock pore structure [1, 2]. Therefore, constructing a rea-
sonable and accurate petrophysical model is the key to ana-
lyzing the reservoir structure and evaluating the total
energy amount through seismic methods [3]. The physical
properties of rock mainly depend on three aspects: the rock
composition, the rock microstructure, and the thermody-
namic environment in which it is located [3, 4]. The currently
applicable rock physics models are mainly divided into three

types: (1) equivalent volume-average models, such as the
Voigt-Reuss-Hill (VRH) model and Hashin-Shtrikman
(HS) model. This type of model assumes an average internal
stress in the rock and is suitable for static isotropy; it can be
used to constrain upper and lower limits of the model phys-
ical property parameters to improve the inversion accuracy,
but it is difficult to apply to the inversion of physical property
parameters in complex reservoirs [5, 6]; (2) equivalent
models based on self-adaptation, differentiation, and scatter-
ing theory, such as the Kuster-Toksoz (KT) model and Dif-
ferential Equivalent Medium (DEM) model. This type of
model is mainly used to study the internal pore structure of
the rock and the influence of pore filling on the rock
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properties. However, there are many model parameters and
the calculation process is complicated; (3) equivalent model
of saturated rock, such as the Gassmann equation, Gassmann
anisotropy form based on the Gassmann equation, and Xu-
White (XW) model suitable for argillaceous sandstone. The
Gassmann equation assumes more ideal conditions and is
currently widely used in the estimation of porosity and satu-
ration of hydrate reservoirs, but this model does not consider
the influence of pore shape [8–10]. Moreover, Simplified
Three-Phase Equation (STPE) model and effective medium
theory (EMT)model also belong to the category of equivalent
model of saturated rock. The STPE is a simple model, and the
EMT is based on the first criterion of physics. The simple
model simplifies the factors that affect hydrate saturation
and lacks a rigorous theoretical basis. Although the EMT is
rigorous in theory, it involves many parameters and the value
is difficult to determine, thus adding new uncertain factors
[11, 12]. In addition, a thermoelastic model is suitable for
simulating the existence of a high proportion of free gas.
The thermoelastic model evolves from the saturated rock
model, taking into account the elastic petrophysical charac-
teristics of the thermoelastic medium. However, the scope
of application of this model is relatively narrow; it is only
applicable to formations with large heat flows. As the struc-
tural geology and lithology change, most formations show
heterogeneous characteristics. It is difficult to choose only
one of the petrophysical models to describe the microscopic
petrophysical characteristics of an entire region [13, 14].

Natural gas hydrate is an ice-like crystalline substance
formed by natural gas and water under high-pressure and
low-temperature conditions. According to the influencing
factors of the petrophysical model, the construction of the
petrophysical model of a gas hydrate reservoir needs to clar-
ify its characteristic microparameters: (1) composition of the
rock [15]. The composition of the rock matrix is complex
and changeable. Determining the content of each compo-
nent is an important condition for the accurate construction
of a rock model. Researchers often use borehole data as con-
straints to ensure estimation accuracy; (2) internal structure
of the rock [16]. The internal structure of the rock is mainly
related to the occurrence state of the hydrate and the form of
the cementation; different occurrence states and cementa-
tion forms of hydrate reservoirs correspond to different pet-
rophysical properties; how to determine the cementation
mode in a complex reservoir environment is the key and dif-
ficult point of model construction. Therefore, it is difficult to
accurately determine the appropriate rock skeleton before
the model is constructed. In addition, hydrate reservoirs are
different from other oil and gas reservoirs. Due to the existence
of free gas, they are more sensitive to temperature and pres-
sure conditions [17]. Therefore, the author infers that it is nec-
essary to consider their thermodynamic properties, when
studying the petrophysical properties of hydrate reservoirs.

The Shenhu area of the SCS is currently the main hot-
spot for research on highly saturated silty hydrate reservoirs,
and the hydrate reservoirs in this area have strong heteroge-
neity [4, 13, 16]. According to the rock matrix type, the
hydrate reservoirs in the Shenhu area can be divided into
foraminifera-control-type, quartz-control-type, and clay-

control-type reservoirs [17, 18]. Different types of organic
molecular structures will also lead to different physical
parameters of hydrate-bearing sedimentary rocks [1].
According to the cementing method, these structures can
be divided into particle-supported structures, skeleton-
supported structures, and other types of structures
(Figure 1). According to the occurrence mode, the organic
matter can be divided into a pore-filling type and fracture
type. According to the type of organic molecules forming
hydrates and the source of free gas, hydrate reservoirs can
be divided into structure I, structure II, and structure H
hydrates. Therefore, in view of the heterogeneity of the
hydrate reservoirs in the Shenhu area, it is important to con-
struct a petrophysical model suitable for the study of the
physical properties of the hydrate reservoirs in a study area.

In this paper, the hydrate reservoir in the trial mining
area in the Shenhu area is taken as the research object, and
regional geological and logging data are comprehensively
analyzed. Based on effective medium theory and two-phase
medium theory, a pore-filling model, particle cementation
model, and thermoelastic model are used to create a petro-
physical model. This kind of petrophysical model is used
as a reference to describe the quantitative relationship
between elastic parameters such as the Vp, V s, and reservoir
microscopic parameters such as porosity, hydrate saturation,
gas saturation, and pore microstructure. Based on the Vp of
borehole data, density data are used as a constraint to estab-
lish the best petrophysical model suitable for the Shenhu
area of the SCS and to further determine the V s in the study
area based on the petrophysical model, providing data sup-
port for petrophysical parameter inversion of the hydrate
reservoir in the Shenhu test mining area of the SCS.

2. Geology of the Study Area

The Shenhu area in the northern part of the SCS is located in
the middle section of the northern slope of the SCS
(Figure 2). It is currently a hotspot for natural gas hydrate
exploration in China [19]. The hydrate layer in this area
has obvious inhomogeneity and discontinuity in the vertical
and lateral directions in terms of the spatial distribution of
the reservoir, the occurrence state of the hydrate, and the
type of reservoir sediment. The development of extensional
faults, folds, and diapir structures in the study area opened
up favorable pathways for the migration of natural gas from
the deeper strata to the shallower strata and determined the
discontinuous state of the spatial distribution of the hydrate
reservoirs [20]. For example, the multiaxial discontinuity of
BSR is obvious seismic profile evidence of lateral inhomoge-
neity distribution of hydrate reservoirs (Figure 2).

In terms of sedimentation, the Shenhu area is dominated
by semideep sea sediments rich in calcareous ultramicrofos-
sils, accompanied by terrigenous clastic materials; to ascer-
tain the sedimentation of the natural gas hydrates in the
northern slope of the SCS, the Guangzhou Marine Geologi-
cal Survey has carried out three offshore drilling expeditions
in the Shenhu area. The drilling results show that the satura-
tion of hydrate is as high as 40%. In 2007, physical samples
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of natural gas hydrate were successfully drilled and recov-
ered at sites SH2, SH3, and SH7, which were distributed in
layers in unconsolidated fine-grained clay or sandy clay in

a uniformly dispersed state [21]. In the core collected at site
W19 in 2015, the SCS sediments were rich in foraminifera,
which not only increased the content of the coarse-grained
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Figure 1: Occurrence status of hydrate in the Shenhu area [14].
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Figure 2: Study area in the Shenhu area [2]: (a) water depth and location of the study area; (b) seismic section SH000 in the work area; (c)
zoom of the seismic section SH000.
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matrix particles but also provided a large amount of sedi-
mentary pore space due to its porous characteristics [22].
Yang et al. [19] divided the hydrates in Shenhu into five
occurrence states, namely, thick-layered hydrate, dispersed
hydrate, porphyritic hydrate, hydrate near a fault, and
thin-layered hydrate (Figure 1).

In addition, the existence of free gas migration pathways
such as those along diapirs and faults has led to certain dif-
ferences in the heat flow values [23, 24]. For example, the
geothermal gradients estimated based on the in situ-
temperature measurements at sites W07, W08, and W09
(102-111°C/km) are higher than those at the background site
W01 (65°C/km). So some scholars inferred that the struc-
tural characteristics of the geology in this area control the
temperature conditions [25]. Therefore, there are differences
in the hydrate occurrence areas of the Shenhu area in terms
of the rock matrix composition, cementation method, ther-
moelastic characteristics, etc. To achieve a detailed quantita-
tive description of a hydrate reservoir, a reasonable rock
physics model must be constructed.

3. Logging Data Analysis

In this paper, well SH2, well W17, and well W19 are selected
as the research objects, and the drilling positions are indi-
cated in Figure 2. The borehole data were obtained in 2007
and 2015, the Vp data sampling interval was 0.02m, and
the borehole depth was 200-300m. In addition, the seismic
data considered in this work are from a seismic section clos-
est to site SH2 and the gas hydrate can be indicated by BSR.
The seismic data features and acquisition methods are as fol-
lows: on June 7-14, 2015, a stereoscopic detection campaign
was carried out in the Shenhu area with Struggle No. 4 and
the Treasure Ship (equipped with single-source, single-
cable marine horizontal streamers, OBSs, and vertical cables)
by the Guangzhou Marine Geological Survey. A total of 11
OBS sites and 2 vertical cable sets were installed, and 24 lines
of multichannel seismic surveys were completed over a total
distance of 369.7 km. The layout of the work area is shown
in Figure 2. For the horizontal streamers, a unilateral receiv-
ing observation system was adopted with a single-sided can-
non and 360 pathways, and the fold number was 45.

To ascertain the occurrence and distribution of natural
gas hydrates in the continental slope area of the northern
SCS, the GMGS-1 expedition led by the Guangzhou Marine
Geological Survey conducted offshore drilling in Shenhu in
2007, and a total of 5 sites were sampled: sites SH1, SH2,
SH3, SH5, and SH7. Physical samples of natural gas hydrate
were successfully drilled at sites SH2, SH3, and SH7; these
hydrates were distributed in layers in a uniformly dispersed
state in unconsolidated fine-grained clay or sandy clay [21].
In 2015, a third gas hydrate drilling campaign (GMGS-3)
was implemented in the sea area, and the logging data of
19 sites all indicated gas hydrate, and core was collected at
wells W11, W17, W18, and W19 [19]. A thick hydrate layer
with a high hydrate saturation was observed at well W19,
making this layer one of the best prospects for hydrate
exploitation in the SCS [26].

Figure 3 shows the five logging curves from site SH2.
Based on the characteristics of the change in the Vp curve,
the thickness of the reservoir is approximately 30m (190-
220m), the average velocity of the overlying hydrate layer
is approximately 1900m/s, the average velocity of the
hydrate reservoir (190-220m) is 2070m/s, and the maxi-
mum velocity of the hydrate reservoir is 2200m/s. The strata
above and below the hydrate layer have a Vp of 1890m/s,
which is low and likely indicates a free gas zone. According
to the structural analysis of the area, the low-speed anomaly
area corresponds to the lower gas source migration path-
ways, and the upward movement of a large amount of fluid
causes a local decrease in formation velocity. The hydrate
reservoirs near the well are mostly solid, liquid, and gaseous
three-phase media: the solid rock is mainly composed of
clay, sand, and silt, among which the main mineral compo-
nents of the sand and silt are quartz and calcite, respectively.
The fluid phase is mainly composed of water and gas. The
analysis of the gas composition in the sediments shows that
the hydrate type in the drilling area is structure I hydrate, the
main gas in the sediments is hydrocarbons, and the average
content of methane is 98% [7]. The rock matrix of the reser-
voir is mainly fine-grained clay and silt, its cementation
method is pore filling, and hydrate is used as a pore-filling
medium to participate in the formation of the rock skeleton.

At well W17, the increases in the resistivity and velocity
logs from 210 to 250mbsf indicate that gas hydrate is pres-
ent within this interval (Figure 4). The resistivity log from
258 to 270mbsf is also elevated, but the velocity log reflects
a more complex interbedded rock with alternating thin beds
of higher and lower velocity. Within this section, the
density-porosity log values are higher than those of the
neutron-porosity log, which suggests that free gas may be
present in this interval [9]. At well W17, however, structure
II gas hydrate is inferred to exist above and below the I-BSR
based on the presence of propane (Figure 4) in the pressure
core samples collected at depths of 222mbsf, 241mbsf, and
263mbsf [2].

The sediments observed at W19 are mainly marine fine-
grained sediments, mainly clayey silt and silty sand accord-
ing to logging curves of gamma ray (Figure 5) and scholars’
research results [27]. The high content of calcite is mainly
derived from calcareous ultrafine fossils with foraminifera
as the main body. For foraminifera-controlled hydrate reser-
voirs, hydrates are present in thick layers. Among the sedi-
ment components of this type of reservoir, the sand
content of foraminifera-controlled hydrate-bearing rock is
significantly greater, up to 10.85% greater, and the main
contributor of sand is foraminifera; the calcite content is
50% greater, and the clay content is significantly decreased
[28]. The above research shows that due to the increase in
the content of coarse components such as sand and silt,
the overall grain size of this layer is coarse, and the sorting
is poor. In addition, the weak sedimentary compaction and
the deposition of foraminifera fossils result in the high
porosity and permeability of this reservoir (Figures 6–8).
The shell structure of foraminifera in this sediment not only
increases the intergranular voids of the sediments but also
produces intragranular pores [18]. These reservoir structures

4 Geofluids



Gamma

Density

Resistivity

Vp

ap
i

50

40

30

g 
(c

c)

2

1.5

4

3

2

2000

1500Km
 (s

)
oh

m
 (m

)
40 60 80 100 120 140 160 180 200 220 240

40 60 80 100 120 140 160 180 200 220 240

40 60 80 100 120 140 160 180 200 220 240

40 60 80 100 120 140 160 180 200 220 240
Depth (m)

Figure 3: Original curves from well SH2; the blue shaded part indicates the layer of hydrate.

Gamma

Density

ap
i 70

60
50

g 
(c

c)
oh

m
 (m

)
Km

 (s
)

2
1.5

1

5

0

2
1.5

0.5

0

Resistivity

0 50 100 150 200 300 400

0 50 100 150 200 250 300

0 50 100 150 200 250 300

0 50 100 150 200 250 300

0 50 100 150 200 250 300

Vp

Saturation

Depth (m)

Figure 4: Curves from well SH17; the blue shaded part indicates the layer of hydrate, and the yellow shaded area indicates the nonhydrate
layer.

5Geofluids



provide excellent hydrate development conditions. Accord-
ing to the special structure of the foraminifera shell, it is dif-
ficult to describe its characteristics in existing rock physics
models with a single cementation mode. Additionally, some
scholars have speculated that the hydrate in the pores of the
grains occurs within the foraminifera shell, thereby reducing
the cementation of the hydrate on the sediment parti-
cles [29].

The geothermal gradients estimated based on the in situ-
temperature measurements at sites W07, W08, and W09
(102-111°C/km) are higher than those at the background site
W01 (65°C/km). It is inferred that the fractures and faults in
the gas chimneys at sites W07, W08, and W09 are the major
contributors to the efficient fluid pathways and high geo-
thermal gradients. Therefore, the development of structures
such as faults and undercuts in the hydrate reservoirs in
the Shenhu area provides conditions for the upward migra-
tion of free gas to form stable hydrate distribution areas
and simultaneously increases the thermal gradient of the
area. The multibeam topographic survey data suggest that
cold springs have developed in this area, so the heat flow
value of the study area is higher; thus, the structural charac-
teristics of the geology in this area control the temperature
conditions [25].

4. Methodology

4.1. Composition of the Rock. Based on the above analysis,
this paper constructs a unified petrophysical model to
address the following problems: (1) the hydrate occurrence
state and the reservoir structure in the model must be similar

to the patchy distribution in the background stratum, with
strong horizontal and vertical heterogeneity; (2) there are
diversified cementation modes in the hydrate reservoir in
the foraminifera-controlled area; and (3) due to the struc-
tural characteristics of the target area, the abnormal heat
flow value affects the thermoelastic properties of the study
area.

The input parameters, such as the rock matrix modulus
and density, are usually not easy to obtain directly and vary
among different regions. The input parameters of the same
region will also change with the change in depth. The appli-
cation of empirical parameters will inevitably cause large
errors [15]. Therefore, this article determines the matrix
composition based on the borehole data of the hydrate in
the study area and other geological data, with the density
borehole data and Hashin-Shtrikman-Walpole limits as con-
straints.

E αPð Þ =min ρM−ρE ∅,αP, ρclay, ρsilt, ρsand ⋯⋯
� ���� ���, ð1Þ

where αP is the percentage of each component in the rock;
ρclay is the clay density; ρsilt is the mud density; ρsand is the

sandy density; ρM is the reservoir density; and ∅ is the
porosity. In the pore-filling model, the matrix is a homoge-
neous mixture of solid minerals such as quartz, calcite, and
clay. In the particle cementation model, the matrix contains
hydrates in addition to the abovementioned solid minerals.
When the details of the geometric distribution of each solid
component are unknown, the Hashin-Shtrikman upper and
lower limits are the narrowest elastic modulus limits, which
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are extended to two or more mineral compositions, namely,
the Hashin-Shtrikman-Walpole limits [30].

KHS± = ∑n
i=1 f i

Ki + 4μ±/3ð Þ
� �−1

−
4μ±
3 ,

μHS± = 〠
N

i=1

f i
μi + ε±ð Þ

" #−1

− ε±:

ð2Þ

4.2. Rock Skeleton Construction. The equivalent rock skele-
ton model is the core part of a rock physics model of a
hydrate reservoir, and the structural characteristics of the
pore system are the key parameters that affect the elastic
properties of the rock skeleton [17]. The DEM model grad-
ually adds pores to the rock matrix in a certain increment.

It utilizes a differential equation that realizes the coupling
of the bulk modulus and shear modulus. The coupled differ-
ential equivalent equation is decoupled into an ordinary dif-
ferential equation as follows [3]. Because the calculation
process of P and Q is too complicated, a simplified calcula-
tion method is given in this article.

K∗
d ∅ð Þ = K1 1−∅ð Þ Pð Þe∅,

μ∗d ∅ð Þ = μ1 1−∅ð Þ Qð Þe∅:
ð3Þ

Two examples of coefficients P and Q for spherical and
nonspherical scatterers are shown in Table 1.

4.3. Saturated Rock Equivalent Model Construction. Pore-fill-
ing type: when the medium filling a pore is a nonviscous
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Figure 6: Characteristics of a hydrate reservoir rich in foraminifera and surface and internal images of the foraminifera shells (Li et al.,
2016).
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fluid such as free gas or water, the pore pressure more easily
reaches equilibrium, so the bulk modulus can be described
by Gassmann’s equation. If the filling is viscous hydrate,
the pore stress is reduced to the pore pressure [31]. For an
isotropic rock skeleton, the elastic modulus can be expressed
as follows [32]:

K−1
s = K−1

d − K−1
d − K−1

m
� �2 × ∅ K−1

if − K−1
∅

� �
+ K−1

d − K−1
m

� �	 
−1,
μ−1s = μ−1d − μ−1d − μ−1m

� �2 × ∅ μ−1if − μ−1∅
� �

+ μ−1d − μ−1m
� �	 
−1,

ð4Þ

where μs, μd, and μm are the shear moduli of the pore filling,
the dry framework, and the solid matrix, respectively; K∅
and μ∅ are the volume and shear moduli related to the
pores of the dry framework, respectively; and Kif and μif
are the volume and shear modulus of the i type of pore
filling.

Particle cementation model: the particle cementation
model and the pore-filling model are two extreme models
of the hydrate overlay state. In the particle cementation
model, solid hydrate directly participates in the formation
of the rock skeleton. In the particle cementation model,
when the pore filling is a nonviscous fluid such as free gas

and water, it does not affect the shear properties of the sed-
iment. The Gassmann equation can be used to calculate the
elastic properties of isotropic, fluid-saturated rocks [8].

Ks = Kd+α2K f ∅+ α−∅ð ÞK f /Km½ �−1,
μs = μd:

ð5Þ

In the formula, α = 1 − Kd/Km, Ks, Kd, and Km are the
bulk moduli of the saturated sediment, dry framework, and
solid matrix, respectively, and μs and μd are the shear mod-
uli of the saturated sediment and dry framework, respec-
tively. Gassmann theory suggests that the shear modulus of
the saturated sediment is the same as that of the dry
skeleton.

Thermoelastic model: there are certain differences in the
thermoelastic properties of the natural gas hydrate, free
gas, and rock; in particular, the thermal expansion coeffi-
cient of free gas is higher than that of natural gas hydrate
and rock (Table 2). Elastic waves passing through the
hydrate reservoirs and surrounding rock exhibit different
thermoelastic responses. The greater the saturation of free
gas and hydrate is, the greater the difference, which further
affects the elastic parameters of saturated rock.

(a) (b)

(c) (d)

Figure 7: The scanning electron micrograph of W19 well in Shenhu: (a) strawberry pyrite; (b) dispersed particles; (c) foraminifera; (d)
coccolith [27].
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According to the thermoelastic model, the Vp of the
deposited layer can be obtained as follows:

Vp = K + 4
3G

� �
+ 9K2α2T0

ρmCe

� � 1
ρm

 �1/2

V s = G + r
9K2α2T0
ρmCe

� � 1
ρm

 �1
2

α = 1 −Φeffð Þαs +Φeff Swαw + Sgαg
� �

Ce = 1 −Φeffð ÞCes +Φeff SwCew + SgCeg

� �

K = Kb Km + Rð Þ
Kb + R

,

R = K f Kb − Kmð Þ
Φeff Kb − K fð Þ ,

ð6Þ

where α is the coefficient of thermal expansion; Ce is the spe-
cific heat capacity of the material; 9K2α2T0/ρmCe describes
the influence of the thermodynamic properties of the rock
on the Vp; and r is the coefficient describing the influence
of the thermodynamic properties of the rock on the V s.
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Figure 8: Relationship of Vp, V s, Poisson’s ratio, and hydrate saturation of saturated rock in a hydrate reservoir. Model 1 is a pore-filling
model, Model 2 is a thermodynamic elastic model, and Model 3 is a particle cementation model; P40 and P20 represent porosities of 40%
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hydrate saturation of saturated rock in a hydrate reservoir; (c) relationship of Poisson’s ratio and hydrate saturation of saturated rock in
a hydrate reservoir.
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These conditions are applied to the (1) water-saturated layer;
(2) water- and hydrate-saturated layer; and (3) water- and
free gas-saturated layer.

4.4. Construction of a Heterogeneous Petrophysical Model of
a Hydrate Reservoir in the Shenhu Area. According to the
analysis of the borehole data, the hydrate reservoir in the
area of SH2 contains a large amount of sediment and can
be regarded as a sediment-controlled hydrate reservoir,
which controls the pore-filling mode. There are many
foraminifera observed in the samples from the area of well
W19, so the pore-filling mode is mainly controlled by
foraminifera. There are also some clay-controlled and
sediment-controlled types of reservoirs. Thus, the pore-
filling model alone cannot accurately describe the complex
hydrate distribution state. The hydrate distribution in the
area of well W17 is mostly in thin interbedded hydrates,
and the patterns of the overlying strata are varied. Therefore,
combining the special geological conditions of the Shenhu
area and the sensitivity of a hydrate reservoir to the temper-
ature and pressure environment, the thermoelastic effect of

the hydrate reservoir is included in the following analysis.
Taking into account the physical properties of the two most
representative hydrate cementation modes, pore filling and
particle cementation, a petrophysical model with multiple
cementation mode characteristics, such as the pore-filling
medium, particle cementation mode, and thermoelastic
properties, is finally constructed:

where Ksat1 and Gdry1 are the bulk modulus and shear mod-
ulus factors of the pore-filling mode, respectively; Ksat2 and
Gdry2 are the bulk modulus and shear modulus factors of
the particle cementation mode, respectively; m1 and m2 rep-
resent the percentage of pore filling medium and the particle
cementation respectively and 9K2α2T0/ρmCe is the thermo-
elastic influence factor. In this paper, the particle swarm
optimization algorithm is used to obtain the appropriate
weights of the parametersm1,m2, andm3, and the Vp is used
as a constraint to obtain a petrophysical model suitable for
the hydrate reservoir in the trial mining area in Shenhu.
The global optimization model is as follows:

M4 m1,m2,m3ð Þ =min Vp −Vp Model 4ð Þ
��� ���2� �

, ð9Þ

where M4ðm1,m2,m3Þ is the optimal weight matrix; m1,
m2, andm3 correspond to the weights of the parameters of
the three petrophysical models; and the objective function
is kVp −VpðModel 4Þk2. The measured Vp of the borehole is
a constraint, and accurate weights of the parameters of the
petrophysical model (Model 4) are obtained. In the above
formula, the velocity components of the three models
(Model 1, Model 2, and Model 3) can be obtained according
to the petrophysical model. A simulated annealing algorithm

is an optimization model that searches for the objective
function in a given model space to achieve the global mini-
mum. This approach has been used in various optimization
problems. Therefore, according to the objective function, the
simulated annealing method is used to obtain the model
coefficients.

(1) The range of estimated parameters of the givenmodel
is 0-1. An initial value ðm1,m2,m3Þ is randomly
selected to calculate the objective function value
Eðm0Þ. Then, a new model m is obtained by m0
perturbation, and the new objective function value
EðmÞ is obtained as follows: dE = EðmÞ-Eðm0Þ. If
dE < 0, the new model m is accepted; otherwise,
the new model m is accepted at probability P

P = 1 − 1 − hð ÞΔE
T

� �1/ 1−hð Þ
ð10Þ

(2) At each temperature T , step (1) is repeated in an
iterative process

(3) As the temperature T is slowly decreased, the above
steps are repeated until the results meet the

Table 2: Physical properties of different substances.

Substance
Density
(kg/m3)

Specific heat
capacity

(J/ kg ∗Kð Þ)
Thermal expansion
coefficient 10−5 ∗ K−1

Rock 2650 750 0.11

Hydrate 767 2050-2200 10.4

Gas 88.48 2400 260

Oil 790-960 2200 22.89

Water 1095 4190 20.2

Vp Model 4ð Þ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ksat1 ∗m1 + Ksat2 ∗m2 + 4/3ð Þ Gdry1 ∗m1 +Gdry2 ∗m2

� �
+ 9K2α2T0/ρmCeð Þ ∗m3

� �
ρ

s
, ð7Þ

V s Model 4ð Þ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Gdry1 ∗m1 +Gdry2 ∗m2 + 9K2α2T0/ρmCeð Þ ∗m3
� �

ρ

s
, ð8Þ
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convergence conditions. The analog disturbance
function is given by the following expressions:

yi = T sgn μ − 0:5ð Þ 1 + 1
T

� � 2μ−1j j
− 1

" #
,

mi′=mi + yi Bi − Aið Þ
ð11Þ

Additionally, the cooling method is as follows:

T Kð Þ = T0α
K1/N , ð12Þ

where T0 is the initial temperature, K is the number of iter-
ations, N is the number of parameters to be inverted, C is a
constant, and 0:7 ≤ α ≤ 1.

5. Result

5.1. Relationship between the Hydrate Cementation Mode,
Saturation, and Petrophysical Elastic Parameters. For the
Vp, the inversion result of the pore-filling model is greater
than that of the particle cementation model (Figure 9(a)),
but for the V s, the inversion result of the particle cementa-
tion model is greater than that of the pore-filling model, so
the sensitivity of the two models to the elastic modulus is
different (Figure 9(b)). With the gradual increase in satura-
tion, the Poisson ratios obtained by the three models show
a decreasing trend, and the Poisson ratio corresponding to
the pore-filling model is larger than that of the particle
cementation model (Figure 9(c)), indicating that the pore-
filling model exhibits a relatively weaker compression resis-
tance than the particle cementation model. The greater the
porosity is, the greater the Poisson ratio, which means that
the greater the porosity is, the greater the difference in the
vertical deformation and horizontal deformation of the
pores.

5.2. Analysis of the Relationship between the Elastic
Parameters of the Hydrate-Bearing Rock Formation and
Gas Saturation. With the gradual increase in gas saturation,
the V s obtained based on the thermoelastic model changes
relatively quickly (Figure 10). Therefore, it is inferred that
the thermoelastic model has a strong sensitivity to the shear
modulus of the free gas content of hydrate reservoirs, which
can be used as an important reference for the evaluation of
free gas content in reservoirs. As the free gas saturation
increases, the Vp obtained by the pore model becomes
greater than that of the particle cementation model. For
the V s among the models tested, the thermoelastic model
is the most sensitive to the change in the saturation of free
gas, and its corresponding V s changes greatly. The Vp
obtained by the pore-filling model and the particle cementa-
tion model exhibit small changes, but the response of these
two models to the free gas saturation is also affected by the
hydrate saturation. When the hydrate saturation is 0.3, the
V s obtained by the pore-filling model is much greater than
that of the particle cementation model, but as the saturation

gradually increases to 0.5, the V s value obtained by the par-
ticle cementation model exceeds that of the pore-filling
model. This result is consistent with Figure 10, which shows
that as the hydrate saturation gradually increases, the phys-
ical characteristics described by the particle cementation
model and the pore-filling model gradually coincide. Theo-
retically, this result is in line with the actual situation. The
changes in Poisson’s ratio among the three models are rela-
tively complicated, but the thermoelastic model is the most
sensitive to free gas saturation.

5.3. The Relationships between the Pore Aspect Ratio and
Rock Physical Elastic Parameters. Figure 11 shows the rela-
tionship between the aspect ratio of two different pore struc-
tures (spherical pores and penny-shaped cracks) and the Vp,
V s, and Poisson’s ratio of the reservoir when the hydrate sat-
uration is 40%. According to Figure 11, whether it is spher-
ical pores or penny-shaped cracks, the Vp and V s increase as
the pore aspect ratio increases, while the Poisson ratio is
inversely proportional. Due to the large variation range of
spherical pores, the pore aspect ratio range in this paper is
0-0.5(Figures 11(a)–11(c)), while the penny-shaped pore
aspect ratio variation range is relatively limited, with a pore
aspect ratio range of 0-0.05 in this paper (Figures 11(d)–
11(f)). Comparing the two different pore models, the change
of penny-shaped pore aspect ratio is more sensitive to the
influence of reservoir Vp and V s changes. On the contrary,
the Vp and V s which correspond to the spherical pore model
are relatively stable.

5.4. Analysis of the Construction Effect of the Heterogeneous
Rock Physics Model. According to the method in the third
part (Equations (7), (8), and (9)), using the simulated
annealing algorithm, the parameters of the heterogeneous
reservoir model (Model 4) at the three boreholes (SH2,
W17, and W19) are obtained, respectively. The parameter
model and accumulated error of Vp are shown in Table 3.

Figure 12 shows a comparison between the Vp and the
original borehole curve of the SH2 well based on the three
previously studied models and the newly modified model.
The Vp inversion result of Model 1 in the hydrate storage
area has a good fit with the SH2 drilling curve. The velocity
of Model 2 outside of the hydrate storage area is slightly
lower than that of the SH2 drilling curve. The velocity of
Model 2 in the hydrate occurrence area is similar to the mea-
sured curves of Model 1 and the SH2 data, and the estimated
result of Model 3 is higher. According to the vertical and
horizontal wave velocities estimated by the modified model,
the pore-filling model is more suitable for the hydrate occur-
rence area, which is consistent with the results of previous
studies.

According to the analysis of well W17 (Figure 13), most
of the hydrate overburden layers are thin interbeds of
hydrate. Comparing the estimation results of Vp, in the
225-240m reservoir section, the estimation results of the
pore-filling model are in good agreement with the actual
data, and the particle cementation model fits the actual data
poorly. The thermoelastic properties of the thin interbed
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area (240-280m) of the reservoir are stronger. This article
infers that the thin hydrate layer has poor stability and exists
in a multiphase state. Free gas and fluid distributions have
led to significant thermoelastic effects in this area.

According to the analysis of the W19 drilling curve
(Figure 13), in the nonhydrate overburden, the Vp obtained
by the three petrophysical models differ slightly from the
actual drilling curve. In the overlying foraminiferal sediment
layer, the Vp estimated by a single model differs greatly from
the actual data measured in the borehole, the estimated
result of the particle cementation model is greater than the
actual data, and the estimated result of the pore-filling model
is less than the actual data. Based on these findings, this
paper proposes two hypotheses. First, the existence of fora-
minifera results in hydrate reservoirs with two or more
cementation modes: particle cementation and pore filling.

Second, the particle cementation model in the study area
has a better degree of cementation, and its sensitivity to
the elastic modulus of the rock is greater than that of the
pore-filling model. In addition, the strata underlying the
foraminiferal overburden are alternating quartz-controlled
and clay-controlled layers [9], and the thermoelastic model
of this rock is highly sensitive to the speed of the longitudi-
nal and vertical waves, so the thermoelastic properties of the
reservoir are more obvious in this area.

6. Discussion

6.1. The Influence of Foraminifera on Petrophysical Models.
Foraminifera have a special pore structure due to their shells,
and their grain size reaches the fine sand level, and it not
only increases the content of the coarse components in a
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Figure 9: Variations in the elastic parameters of a hydrate-bearing rock formation with gas saturation. Model 1 is a pore-filling model,
Model 2 is a thermodynamic elastic model, and Model 3 is a particle cementation model. (a) Relationship between Vp and gas
saturation; (b) relationship between V s and gas saturation; (c) relationship between Poisson’s ratio and gas saturation.
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reservoir but also increases the porosity of the sediment,
providing adequate pore space for the growth and storage
of hydrate [18]. The pores of the sediments developed by
foraminifera are divided into two types: intergranular pores

and intragranular pores, both of which can provide a good
environment for the growth of hydrates. However, the
hydrates in these two pore types have different cementation
methods. The intragranular pores can be represented with a
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Figure 10: The relationships between the pore aspect ratio and rock physical elastic parameters; Model 1 is a pore-filling model, and Model
3 is a particle cementation model. (a) Relationship between Vp and PAR of spherical pores; (b) relationship between V s and PAR of
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pore-filling model, and the intergranular pores can be repre-
sented with a particle cementation model. According to the
analysis of the experimental results, the intergranular pore
hydrate has a greater influence on the elastic modulus of
the sediment, which may be due to the influence of the fora-

minifera pore structure, and the hydrate in the intragranular
pores has relatively weakened the support of the rock skele-
ton. Therefore, the pore-filling model alone cannot accu-
rately describe the petrophysical parameters of hydrates in
drilling areas with high foraminifera contents. According
to the model weight parameters in well 19, the weights of
the pore-filling (0.43) and particle cementation models
(0.74) are relatively large and equivalent; it is consistent with
the type of hydrate covering caused by the presence of
foraminifera.

6.2. The Influence of Thermoelastic Characteristic on
Petrophysical Models. The temperature and pressure condi-
tions required for the generation of hydrate resources
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Figure 11: Comparison of Vp and V s from site SH2 based on different models (original boreholes): (a) Vp of different models, (b) V s of
different models, and (c) density of model and SH2. Model 1 is a pore-filling model, Model 2 is a thermodynamic elastic model, Model 3
is a particle cementation model, SH2 is a measured drilling curve, and Model 4 is a modified model; SH2 is a measured drilling curve,
and Model is the estimated results.

Table 3: The heterogeneous reservoir model parameters at the
three boreholes (SH2, W17, and W19).

Parameters m1j j m2j j m3j j Vp deviation

SH2 0.04 0.75 0.08 20%

W17 0.51 0.32 0.70 21%

W19 0.74 0.43 0.12 28%
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determine the physical properties of the hydrate reservoir
rocks. Previous studies have shown that the gas sources of
hydrate reservoirs in the Shenhu area are mostly biogas
and thermogenic gas. Diapirs and faults provide pathways
for the upward transportation of deep thermogenic gas and
the formation of hydrates in shallow layers and thus simul-
taneously increase the heat flow value of the shallow layer
[33]. Through the analysis of the weight parameters of the
petrophysical model of well 17, the thermoelastic character-
istic parameters (0.7) are relatively large, so this is consistent
with the existence of free gas and hydrate interactive layers
in well 17. Thus, the thermoelastic properties of gas are obvi-
ously different from those of other framework materials. In
the area of thin interbedded hydrates (W17), due to the sen-

sitivity of hydrates to temperature and pressure conditions,
the phase state of hydrates is unstable, so there is a greater
probability of the existence of fluid media such as free gas,
so the influence of its thermoelastic properties cannot be
ignored.

The weights of the parameters can be changed in the
study of the petrophysical characteristics of the correction
model in different drilling areas or different research areas.
According to the weight parameters obtained from the three
borehole positions, the state of hydrate coverage near the
borehole can be inferred. For example, for the three borehole
locations, the pore-filling model has the largest weight,
which further proves that most of the hydrate-covering
models in the Shenhu waters are pore-filling types. The
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Figure 12: Comparison of Vp and V s at well W17 based on different models (original boreholes): (a) Vp of different models, (b) V s of
different models, and (c) density of Model and SH2. Model 1 is a pore-filling model, Model 2 is a thermodynamic elastic model, Model
3 is a particle cementation model, SH2 is a measured drilling curve, and Model 4 is a modified model; data 1 is a measured drilling
curve, and data 2 is the estimated results.
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weight of the thermoelastic model of well 17 is relatively
large, indicating that its thermoelastic characteristics are
more obvious than those of the other two boreholes. This
new model overcomes the limitation of using a single petro-
physical model to describe the petrophysical characteristics
of complex sea areas under the influence of multiple factors.

7. Conclusion

According to the log curve analysis of the study area, the
structure and cementation modes of hydrate reservoirs at
different well positions are quite different. It is difficult for
a petrophysical model with the same characteristic parame-
ters to achieve a qualitative description of the petrophysical

characteristics of the entire target area. Utilizing multiple
petrophysical models to describe regional characteristics is
also not conducive to the quantitative inversion of physical
parameters. Therefore, the construction of an adaptable pet-
rophysical model that is applicable in an entire target area is
the key to characterizing hydrate reservoirs through seismic
data analysis.

Combining the structural geology of the Shenhu area
and the unique temperature and pressure conditions of
hydrate reservoirs, the effect of heat flow on the petrophysi-
cal elastic parameters of hydrate reservoirs is considered. To
improve the accuracy of hydrate reservoir descriptions based
on the physical properties of hydrate reservoir rocks rich in
foraminifera, a petrophysical model that takes into account
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the existence of multiple cementation modes is constructed.
The characteristic parameters of the three models are all
included in the correction model.

Identifying the microscopic characteristics of hydrate
reservoirs and establishing quantitative relationships among
the microstructure, physical properties and elastic properties
are important links in realizing the quantitative detection of
hydrates. The hydrate reservoirs in the Shenhu area are
mostly multiphase reservoirs, with solid, liquid, and gas
components. Petrophysical parameters, such as the bulk
modulus, the shear modulus, and Poisson’s ratio, are impor-
tant parameters for hydrate reservoir phase identification.

Data Availability

In this paper, well SH2, well W17, and well W19 are selected
as the research objects, and the drilling positions are indi-
cated in Figure 2. The borehole data were obtained in 2007
and 2015, the data sampling interval was 0.02m, and the
borehole depth was 200-300m. In addition, the seismic data
considered in this work are from a seismic section closest to
station SH2. According to the BSR response, the location of
the hydrate distribution areas and the structure of the sur-
rounding rock can be clearly seen. The seismic data features
and acquisition methods are as follows: on June 7-14, 2015, a
stereoscopic detection campaign was carried out in the
Shenhu area with Struggle No. 4 and the Treasure Ship
(equipped with single-source, single-cable marine horizontal
streamers, OBSs, and VCs) by the Guangzhou Marine Geo-
logical Survey. A total of 11 OBS stations and 2 VC sets were
installed, and 24 lines of multichannel seismic surveys were
completed over a total distance of 369.7 km. The layout of
the work area is shown in Figure 2. For the horizontal
streamers, a unilateral receiving observation system was
adopted with a single-sided cannon and 360 channels, and
the fold number was 45. The borehole data and seismic data
used in this article belong to commercial data and can be
used for scientific research, but it is not convenient for dis-
closure. If the reader wants to use the drilling data for anal-
ysis, the drilling data can be digitized according to the
published literature, or contact me by email. Regarding the
stereo detection data, we are sorry that it cannot be shared
due to copyright reasons. I apologize and thank you from
the bottom of my heart!
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