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a b s t r a c t

Understanding the acoustic characteristics of hydrates in various sediments is crucial for hydrate
resource detection and safe and efficient exploitation, as hydrate occurrence patterns vary greatly in
different sediments. In this work, sediments with different bentonite contents, water saturations, and
types were prepared to investigate the characteristics of P-wave velocity (reflecting the magnitude of
hydrate saturation in the sediment) and amplitude (reflecting the degree of hydrate-sediment cemen-
tation) during hydrate formation and depressurization. During hydrate formation, the P-wave velocity
and amplitude have similar trends. As clay content increases, the P-wave velocity increase rates quick-
ened. On the other hand, the increased rate of P-wave velocity slows down with the increase of water
saturation in the clay-bearing sediments. Comparing various types of sediment shows that the water
absorption and swelling of bentonite reduce the pore space, speeding up the cementation of the hydrate
with the sediment and increasing P-wave velocity at a faster rate. Correspondence between P-wave
velocity and hydrate saturation is strongly related to sediment type, clay content, and water saturation.
The rapidly decreasing amplitude in the early stage of hydrate depressurization indicates that hydrate in
clay-bearing sediments is weakly cemented to the sediments, which is prone to stratigraphic instability.
The findings of this study offer guidance for hydrate resource assessments in clay-bearing sediments as
well as geologic risk estimations during hydrate mining.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Natural gas hydrate (NGH), an ice-like nonstoichiometric solid
compound, is composed of water and gas molecules (mainly
methane) under low temperature and high pressure (Chen et al.,
2015; Sloan, 2003; Wang et al., 2019a). At present, NGH deposits
with significant resources are found in the sea floor and permafrost
regions (Zhang et al., 2023). Most hydrate resources in China are
found in South China Sea seafloor sediments that are abundant
with clay minerals such as montmorillonite, chlorite, illite, and
kaolin (Zhao and Wan, 2014; Zhu et al., 2023). The gas production
characterization of NGHs, the self-characterization of clay minerals,
and the mechanical properties of reservoirs have been intensively
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studied in different clay-bearing sediments in the laboratory (Guo
et al., 2020; Li et al., 2019; Lv et al., 2019; Shi et al., 2022; Wu
et al., 2018; Yan et al., 2019). Numerous researches have clarified
how clay minerals’ water absorbing and swelling characteristics,
their effects on water activity, and how their structure affects hy-
drate formation and decomposition (Kadoura et al., 2016; Wu et al.,
2020). However, there are few reports of ultrasonic characteristics
of hydrate formation or decomposition in clay-bearing sediments,
as ultrasonic logging, density logging, resistivity logging, and
Gamma-ray are commonly used for identifying resources.

The P-wave and S-wave are widely used as two important ul-
trasonic waves for the detection of hydrate resources (Ren et al.,
2020b). The S-waves have a restricted application because they
can only pass through solids. In addition, hydrate cannot be reliable
detected independently by density logging, resistance logging, etc.,
according to the study of field logging data (Qian et al., 2018; Wang
et al., 2018). Therefore, the detection of marine hydrate resources
frequently made use of P-waves. The elastic modulus calculated
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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from the P-wave velocity (VP) also reflected the stratum stiffness
(Ren et al., 2020a). Numerous hydrate formation and decomposi-
tion studies had been carried out in the laboratory to better un-
derstand the acoustic characteristics of NGHs in sediments (Ding
et al., 2020; Kim et al., 2013; Liu et al., 2019). The hydrate and
sand sediments continued to cement with the hydrate saturation
raised, and the wave velocity increased (Waite et al., 2009). In the
sand unconsolidated sediment, the change in VP and S-wave ve-
locity (VS) was not sensitive to the THF hydrate saturation below
40% (volume). It was inferred that THF hydrates first formed in the
pore space and then grew outside of the pore space (Yun et al.,
2005). In consolidated sediments, the VP increased as THF hydrate
saturation and confining pressure increased (Sadeq et al., 2018).
Seismic wave velocity of CO2 hydrate formation processes in fine-
grained sediments under different vertical effective stresses was
measured by Kim et al. (2013). The trend of hydrate saturation and
VS indicated that hydrate was weakly cemented to the clayey silt
sediments when hydrate saturation was below 28% (volume), and
the trend of VP indicated that the effect of hydrate-sediment
cementation was not significant at hydrate saturations below 47%
(volume). Wang et al. (2019b) measured the variation pattern of
acoustic properties during CH4 hydrate formation in sandy and clay
hydrate-bearing sediments. The results showed the seismic wave
velocity in sandy sediments changed significantly with hydrate
formation/decomposition, while it changed less in clay hydrate-
bearing sediments. Micro-distribution patterns of different hy-
drate decomposition stage in South China Sea sediments were
investigated by Bu et al. (2019) using acoustic features. The rapidly
decreasing wave speeds indicated the hydrate was decomposing at
contact with the sediment, and slowly decreasing wave speeds
demonstrated the hydrate was suspended in the pores of the par-
ticles. Although the acoustic properties of hydrate formation and
decomposition have been extensively studied in different sedi-
ments, the effect of specific reservoir characteristics on the acoustic
properties has not been systematically investigated.

Drilling data from the South China Sea sites show that the main
clay minerals in the sediments sampled at some stations are
montmorillonite and illite (Ning et al., 2020). Hydrate reservoirs in
the sea area were mainly dominated by weakly consolidated sedi-
ments that were not rock-forming and have poor mechanical
strengths (Ye et al., 2020). For resource detection in hydrate res-
ervoirs and evaluation of changes in reservoir stiffness strength, the
acoustic properties of hydrate endowed in various characteristic
sediments are essential. Accurate resource estimation and safe and
effective hydrate exploitation depend on having a better under-
standing of the acoustic properties of various hydrate reservoir
conditions. In this work, bentonite and illite were selected to be
compounded with quartz sand to form the hydrate reservoirs. The
acoustic characteristics of quartz sand, bentonite-sandy sediment,
and illite-sandy sediment under different experimental conditions
were investigated during CH4 hydrate formation and depressur-
ization mining. The obtained results are expected to offer guidance
for hydrate resource assessments in clay-bearing sediments as well
as geologic risk estimations during hydrate mining.

2. Experimental

2.1. Apparatus and materials

The schematic of experimental apparatus is shown in Fig. 1. The
whole experimental system is divided into five parts, including gas
injection system, reaction system, temperature control system, data
acquisition system, and gas recovery system. The gas injection
system consists of experimental gas and buffer tank. The major
component of the reaction system is a 2 L (Ф130 � 150 mm)
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stainless steel reactor. The stainless steel ring inside the reactor is
used to compact the sediments. Thus, the effective volume of the
reactor is 1.485 L. The maximum adjustable distance between the
upper and lower ultrasonic probes is 60 mm. The temperature
sensor in the reactor has a measuring accuracy of ±0.01 K, and the
pressure sensor has a measuring accuracy of 0.01 kPa. Temperature
of air bath in the temperature control system can be adjusted be-
tween 263 and 303 K. The data acquisition system consists of two
parts: temperature and pressure data acquisition, and acoustic data
acquisition. The back pressure valve, gas-liquid separator, and the
collection tank together form the gas recovery system.

CH4 and N2 of 99.99 % (mol) were supplied by Beijing Haipu gas
company. Quartz sands (40e60 mesh), bentonite (800 mesh), and
illite (800 mesh) used as the hydrate sediments were supplied by
Hengyuan New Material Co. The deionized water was prepared in
our laboratory.

2.2. Experimental procedures

The reactor, quartz sand, clay and deionized water were pre-
cooled at 273.15 K before the experiment. Then, they were com-
bined well in proportion and immediately fed into a reactor, which
minimized the migration of water so as to generate a more ho-
mogeneous hydrate reservoir. It is known that the degree of ho-
mogeneity of the hydrate has an enormous impact on the acoustic
characteristics (Ren et al., 2020a). After the device tightness test
with high-pressure N2, CH4 gas was injected into the reactor to
generate a pressure of approximately 8 MPa. At this time, the phase
equilibrium pressure of CH4 hydrate calculated by Chen-Guomodel
(Chen and Guo, 1998; Wang et al., 2021) was 3.11 MPa, which made
CH4 hydrate form rapidly. When the pressure in the reactor no
longer decreased, it marked the end of CH4 hydrate formation.
Excess CH4 free gas in the reactor was vented until the reactor
pressure dropped to around 0.5 MPa over the CH4 hydrate phase
equilibrium pressure. Once the temperature and pressure in the
reactor stabilized again, depressurization was used to mine CH4
hydrate. The back pressure valve 5 was adjusted to 2.0 MPa during
CH4 hydrate mining. After the temperature and pressure in the
reactor had stabilized and pressure in the collection tank 2 no
longer increased, the experimental process was considered to be
finished.

3. Results and discussion

In this work, bentonite contents, water saturations, and sedi-
ments were investigated to study the acoustic properties of CH4
hydrate formation and decomposition processes. The detailed
experimental parameters are shown in Table 1. The amplitude and
P-wave velocity were used to experimentally characterize the
acoustic parameters in sediments containing clay.

3.1. CH4 hydrate formation

3.1.1. Effect of bentonite content
The influence of 0%, 5%, 10%, 15% (mass) bentonite content in

sandy sediments on the acoustic properties was investigated dur-
ing CH4 hydrate formation. The variation of pressure and hydrate
saturation with time for different bentonite content are shown in
Fig. 2(a) and (b), respectively. CH4 hydrate forms rapidly when the
CH4 gas pressure in the 275.15 K reactor reaches about 8 MPa. In
sediments with 0% (mass) and 15% (mass) bentonite content, the
rates of pressure decrease and hydrate saturation increase are
comparable, but they does not result from the same cause. In
sediments with 0% (mass) bentonite content, there is sufficient free
water and CH4 gas to provide sufficient conditions for hydrate



Fig. 1. Schematic of experimental apparatus: 1 temperature/pressure data acquisition system, 2 collection tank, 3 gas-water separator, 4 air bath, 5 back pressure valve, 6 reactor, 7
ultrasonic probe, 8 hand lever, 9 stainless steel ring, 10 sediment, 11 acoustic data acquisition system, 12 gas cylinder, 13, 14 valve, 15 buffer tank.

Table 1
Experimental parameters.

Runs 1 2 3 4 5 6 7

Sand:Clay, % (mass) 100:0 95:5 90:10 85:15 90:10 90:10 90:10
Clay type \ bentonite bentonite bentonite bentonite bentonite illite
Water saturation, % (volume) 30 30 30 30 40 50 30
Hydrate saturation, % (volume) 27.4 19.0 15.2 14.1 29.6 44.6 29.4
Mining pressure, MPa 2.0 2.0 2.0 2.0 2.0 2.0 2.0
Mining temperature, K 275.15 275.15 275.15 275.15 275.15 275.15 275.15
P-wave velocity, m/sa 2830 3088 2728 1532 2904 3116 3792

a The P-wave velocity here is the velocity at the end of hydrate formation before the free gas is vented.

Fig. 2. Variation of (a) pressure; (b) hydrate saturation; (c) P-wave velocity and amplitude with time and (d) P-wave velocity with hydrate saturation in different bentonite content
sediments.
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formation, while in 15% (mass) bentonite containing sediments,
only a small amount of free water is involved in hydrate formation
due to the effect of bentonite water absorption. However, the
addition of bentonite provides more nucleation sites for hydrate
formation, which results in an initial hydrate formation rate similar
to that in 0% (mass) bentonite containing sediments. In bentonite-
containing sediments, the swelling of the bentonite as it absorbs
water leads to a reduction in the amount of free water that can be
used to form hydrates directly with CH4, whereas capillary water
and gravitational water can continue to form hydrates with CH4
only when the water saturation is high (Zhang et al., 2022). This
means that in bentonite-bearing sediments, free water first forms
hydrates with CH4, followed by capillary water and gravitational
water then forms hydrates with CH4. For this reason, compared to
sediments containing 0% (mass) of bentonite, the hydrate forma-
tion rate in sediments containing 5% and 10% of bentonite is lower.
Hydrate saturation is about 27% (volume) in the sediments with 0%
(mass) and 5% (mass) bentonite content, while the hydrate satu-
ration is 15% (volume) and 14% (volume) in the sediments with 10%
(mass) and 15% (mass) bentonite content, respectively, because of
less water available for the hydrate formation.

Fig. 2(c) illustrates the variation of P-wave velocity and ampli-
tude with time. As hydrate continues to form, hydrate fills and
cements the sediments, and P-wave velocity increases with hydrate
saturation (Li et al., 2016; Ren et al., 2010). The hydrate saturation
decreases with increasing clay content, and the P-wave velocity
values of sediments with 0%, 5%, 10% and 15% (mass) bentonite
content are 3551, 3226, 2855, and 1532 m/s, respectively. From
Fig. 2(b) and (c), it can be seen that sediments with 0% (mass) and
5% (mass) bentonite content, sediments with 10% (mass) and 15%
(mass) bentonite content, have approximately the same saturation
but quite different P-wave velocity. This may be because hydrates
first form on the surface of the bentonite particles and cement to
each other with the bentonite particles as the bentonite content of
the sediment increases. This causes a quick increase in amplitude in
sediments with high bentonite content. Hydrates in sediments
without bentonite first form in the pores and then gradually
cement to the sediments as hydrate saturation increases, which
results in a slower increase in amplitude. Different sediments have
varying degrees of ultrasonic signal attenuation. As shown in
Fig. 2(d), the hydrate saturation points at which the P-wave initially
emerged varies amongst bentonite deposits with varying contents.
Hydrate saturation is 14.1%, 5%, 0%, and 0% in 0%, 5%, 10%, and 15%
bentonite content of the sediments, respectively, when the P-wave
is first detected. That is, the attenuation of acoustic energy by the
sediments diminishes as the bentonite content in the sediments
rises. In Fig. 2(d), the hydrate saturation and P-wave velocity are
approximately positively correlated linearly. As the bentonite
content increases, the growth rate of P-wave velocity slows down
with increasing hydrate saturation. This can be attributed to more
hydrate cement with bentonite in the higher bentonite content
sediments, which made the stiffness of the whole reservoir weak.

3.1.2. Effect of water saturation
As illustrated in Fig. 3(a) and (b), more water is involved in

hydratewith thewater saturation increased. The hydrate saturation
of 30%, 40%, and 50% (volume) water saturation are 15.4%, 29.6%,
and 44.6% (volume) respectively. In bentonite-containing sedi-
ments, elevated water saturation contributes to the formation of
hydrates by utilizing more capillary and gravitational water.

As the water saturation rises, the rate of growth in P-wave ve-
locity and amplitude decreases, as presented in Fig. 3(c). We
speculate that this might be due to the fact that excess water slows
down the mutual cementation between bentonite-hydrate-sand,
while the enhancement of the overall stiffness of the reservoir
2833
depends on the cementation between hydrate and sand. P-wave
velocity has similar rising rates with hydrate saturation at different
water saturation, but large differences in P-wave velocity at the
same hydrate saturation, as shown in Fig. 3(d). The P-wave velocity
is 2817 m/s for the initial 30% (volume) water saturation, while the
P-wave velocity is 2084 m/s for the initial 40% (volume) water
saturation, and the P-wave velocity is only 1308 m/s for the initial
50% (volume) water saturation when hydrate saturation is about
15% (volume). This result implies that hydrate acts as a “binder” to
rapidly bind bentonite particles to sand in low water-saturated
bentonite-containing sediments. Besides, the P-wave velocity in-
creases quickly in lower water-saturated sediments due to the fast
cementing of deposits, which permits ultrasonic high-frequency
energy to pass through. Hydrates may initially cement with
bentonite or remain suspended independently in the pore when
water saturation rises in bentonite containing sediments, which
makes it difficult for high-frequency ultrasound energy to pass
through the deposit. This results in much larger P-wave velocity
and amplitudes in bentonite-bearing sediments with low water
saturation than in those with high water saturation at the same
hydrate saturation.

3.1.3. Effect of sediments
The different rates of pressure reduction indicate that the hy-

drate formation rate in quartz sand is faster than that in clay-
bearing sediments, as shown in Fig. 4(a). This can be attributed to
the fact that pure quartz sand has large pores with enough space to
form hydrates, and the presence of clay makes the pore space
smaller in clay-bearing sediments. Although the increase in specific
surface area in clay-bearing sediments increases the number of
hydrate nucleation sites, and the instantaneous hydrate formation
rate is greater than that of the pure quartz sand systemwhen CH4 is
first injected into the reactor, the smaller pore space makes the
pore channels easily to be blocked. The subsequent formation of
hydrate in clay-bearing sediments is affected by the mass transfer
resistance, and thus the hydrate formation rate is slower than that
of the pure quartz sand system. As displayed in Fig. 4(b), the hy-
drate saturation in bentonite-bearing sediments is lower than that
in quartz sand and illite-bearing sediments at the end of hydrate
formation. That is, part of the water combines with bentonite and
changes into bound water which cannot form hydrates. This is
because some of thewater combines with bentonite and prevents it
from forming hydrates. The free water content is unaffected by the
presence of illite, in contrast to bentonite-bearing sediments, which
merely enhance the specific surface area to speed up the initial
hydrate formation rate. Higher hydrate saturation is the result of
more complete water-gas contact in illite-bearing sediments as
opposed to quartz sand sediments.

The P-wave velocity and amplitude growth rates during hydrate
formation are seen to be the fastest in sediments containing
bentonite, second in quartz sands, and slowest in sediments con-
taining illite, as illustrated in Fig. 4(c). The results demonstrate that
a small amount of water distributes in the larger surface area of
bentonite-containing sediments so that the hydrate formation
process is rapidly complete, bentonite-hydrate-quartz sand quickly
completes cementation due to the smaller pores caused by the
swelling of bentonite, while free water does not affect by the illite-
containing sediments in which the hydrate is first formed on the
surface of the illite, and then gradually cement quartz sand
resulting in a slower rise of the P-wave velocity and amplitude. In
the end, the magnitude of P-wave velocity and amplitude in
different sediments after hydrate formation is finished are arranged
in order of hydrate saturation. The speculation in Fig. 4(c) is further
supported by the relationship between P-wave velocity and hy-
drate saturation. Because hydrate mostly forms on the surface of



Fig. 3. Variation of (a) pressure; (b) hydrate saturation; (c) P-wave velocity and amplitude with time and (d) P-wave velocity with hydrate saturation in different water saturation
with 10% bentonite content sediments.

Fig. 4. Variation of (a) pressure; (b) hydrate saturation; (c) P-wave velocity and amplitude with time and (d) P-wave velocity with hydrate saturation in different sediments with
30% water saturation.
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illite in the pore space, the increase in P-wave velocity with hydrate
growth is not substantial for hydrate saturations below 15% (vol-
ume). A fast increase in the P-wave velocity occurs once hydrate
saturation in illite-bearing sediments surpasses 15% (volume) due
to the progressive cementation of illite-hydrate-quartz sand, as
shown in Fig. 4(d).

3.2. CH4 hydrate decomposition

The excess free CH4 gas was released and the pressure was
adjusted to about 0.5 MPa above the equilibrium pressure of CH4
hydrate once the hydrate formation process was finished. However,
the decrease in P-wave velocity and amplitude during the excess
free CH4 gas release might be caused by the hydrate decomposition
at the ultrasonic probe, which results in poor contact between the
probe and sediment. Similar phenomena have also been reported in
the literature (Li et al., 2011). This is the main reason for the
inconsistency in P-wave velocity and amplitude before hydrate
depressurization mining and after hydrate formation is finished. In
this work, all hydrate mining experiments are conducted at 2 MPa
and 275.15 K.

3.2.1. Effect of bentonite content
The variation of P-wave velocity and amplitude with time dur-

ing hydratemining in sediments with different bentonite content is
shown in Fig. 5. It can be seen that the value of VP decreases by
370m/s (from 3551 to 3181m/s) and amplitude decreases by 0.32 V
(from 1.28 to 0.96 V) for sediments with 0% (mass) bentonite
content within 8 min. Compared to sediments containing
bentonite, this is considerably different. The value of VP decreases
by 896 m/s (from 3099 to 2203 m/s) and amplitude decreases by
0.72 V (from 0.96 to 0.24 V) for sediments with 5% (mass) bentonite
content within 11 min, while the value of VP decreases by 545 m/s
(from 2726 to 2181 m/s) and amplitude decreases by 0.64 V (from
0.96 to 0.32 V) for sediments with 10% (mass) bentonite content
within 9 min, and the value of VP decreases by 66m/s (from 1336 to
1270 m/s) and amplitude decreases by 0.08 V (from 0.16 to 0.08 V)
for 15% (mass) bentonite content sediments within 7 min. These
results, independent of the bentonite content and hydrate satura-
tion, provide strong evidence for the weak cementation between
hydrate and sediment in bentonite-bearing sediments. What's
more, it is important to note that the P-wave velocity and ampli-
tude in bentonite-bearing sediments strata decline steeply, within
about 30 min of the depressurization. On the one hand, the weak
cementation of the hydrate with the bentonite-bearing sediments
makes the cementation disappear rapidly when the hydrate begins
to decompose. On the other hand, the hydratemay be distributed as
smaller particles in the bentonite-bearing sediments, which results
in a faster hydrate decomposition rate. In addition, despite the
Fig. 5. Variation of (a) P-wave velocity and (b) amplitude with time durin
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various amounts of bentonite and hydrate saturation in the sedi-
ments, the overall trend of P-wave velocity and amplitude
decreasing during hydrate decomposition is identical, and themain
difference lies in the initial stage of hydrate decomposition. It can
be found that the higher the initial hydrate saturation is, the more
hydrate decomposes in the initial stage after depressurization,
resulting in a greater decrease in P-wave velocity and amplitude.

3.2.2. Effect of water saturation
As Fig. 6(a) and (b) illustrate, the P-wave velocity and amplitude

show a vertical downward trend in the initial stage after hydrate
depressurization. The value of VP decreases by 856 m/s (from 2727
to 1871 m/s) and amplitude decreases by 0.72 V (from 0.96 to
0.24 V) for 30% (volume) water saturation bentonite-bearing hy-
drate deposits within 21 min, while the value of VP decreases by
1027m/s (from 3037 to 2010m/s) and amplitude decreases by 0.4 V
(from 0.64 to 0.24 V) for 40% (volume) water saturation bentonite-
bearing hydrate within 18 min, and the value of VP decreases by
1239m/s (from 2963 to 1724m/s) and amplitude decreases by 0.8 V
(from 0.88 to 0.08 V) for 50% (volume) water saturation bentonite-
bearing hydrate deposits within 17 min. The results demonstrate
that the cementation between hydrate and sediments rapidly dis-
appears in bentonite-bearing sediments when hydrate begins to
decompose, and the higher hydrate saturation caused by the higher
water saturation, the more the P-wave velocity and amplitude
decreases, caused by the more hydrate decomposes in the sedi-
ments. As shown in Fig. 6(a), the decreasing trend of P-wave ve-
locity slows down following approximately 50 min after
depressurization. That is, in sediments with varying initial hydrate
saturations, the rapid hydrate decomposition stage terminates.
Subsequently, as the hydrate slowly decomposes, the P-wave ve-
locity decreases slowly. Combined with Fig. 6(b), the amplitude is
almost minimized within 50 min after depressurization. This in-
dicates that the cementation of the hydrate with the sediments has
completely disappeared and the remaining hydrate fills the pores of
the sediment.

The trends of P-wave velocity and amplitude in Fig. 6 illustrate
that the presence of bentonite leads to weak cementation between
hydrate and quartz sand so that the hydrate is the first to decom-
pose at the surface of the quartz sand, and the cementation dis-
appears rapidly, which makes the mechanical strength of the
sediments weak instantly. Therefore, the mining of hydrates in
bentonite-bearing sediments is highly susceptible to geohazards,
regardless of the hydrate saturation investigated in this study.

3.2.3. Effect of sediments
In order to make hydrate mining safer and more efficient, it is

necessary to know the hydrate decomposition characteristics and
characterization of acoustic properties in different sediments. As
g hydrate decomposition in different bentonite containing sediments.



Fig. 6. Variation of (a) P-wave velocity and (b) amplitude with time during hydrate decomposition in different water saturation with 10% bentonite-bearing sediments.

Fig. 7. Variation of (a) P-wave velocity and (b) amplitude with time during hydrate decomposition in different sediments with 30% water saturation.
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can be seen from Fig. 4, hydrate saturation and acoustic properties
at the end of hydrate formation are similar for illite-bearing sedi-
ments and quartz sand sediments, and the illite-bearing sediments
have a greater impact on hydrate partitioning than quartz sand
sediments. Although the presence of illite in sediments does not
affect the amount of free water involved in hydrate formation, their
decomposition characteristics differ significantly. Fig. 7(a) and (b)
display that the value of P-wave velocity decreases by 170 m/s
(from 3551 to 3381 m/s) and amplitude decreases by 0.32 V (from
1.28 to 0.96 V) for quartz sand within 8 min, while the value of P-
wave velocity decreases by 546 m/s (from 2727 to 2181 m/s) and
amplitude decreases by 0.64 V (from 0.96 to 0.32 V) for 10% (mass)
bentonite containing sediments within 9 min, and the P-wave ve-
locity decreases by 714m/s (from 3756 to 3042 m/s) and amplitude
decreases by 0.88 V (from 1.28 to 0.4 V) for 10% illite containing
Fig. 8. Schematic diagram of hydrate formation and decomp

2836
sediments within 8 min. The results illustrate the presence of clays
in the sediments causes the hydrate to be weakly cemented to the
sediments, and the cementation rapidly disappears after the
depressurization starts, regardless of the type of clay and the de-
gree of hydrate saturation. In addition, the capillary effect gener-
ated by the fine-grained clay filling the pores increases the hydrate
phase equilibrium pressure, and the hydrate decomposition rate in
the clay-bearing sediments is significantly larger than that in the
quartz sand sediments. The P-wave velocity and amplitude of hy-
drate decomposition in clay-bearing sediments change with time,
indicating that the risk of geologic hazards increases with hydrate
mining in clay-bearing sediments, particularly in the early stage of
the process. More importantly, the geologic hazard risks increase
with increasing hydrate saturation in the clay-bearing reservoir.

The schematic diagram of hydrate formation and decomposition
osition in quartz sand and bentonite-bearing sediments.
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in quartz sand and clay-bearing sediments (bentonite as an
example) is shown in Fig. 8. From the above experimental results, it
can be seen that P-wave velocity and amplitude of both hydrate
formation and decomposition in bentonite-bearing sediments
change rapidly. The reasons for the rapid change in P-wave velocity
and amplitude are well explained in Fig. 8, where the bentonite
particles absorb water and swell (Fig. 8(a)e(b)), then the hydrate
first forms on the surface of bentonite particles and quickly cement
with the quartz sand in the smaller pore space (Fig. 8(b)e(c)), and
the hydrate first decomposes at the surface contact of the quartz
sand (Fig. 8(c)e(d)) is the main reason for the rapid decrease of P-
wave velocity and amplitude during hydrate depressurization
mining. Unlike bentonite-bearing sediments, hydrates first form in
quartz sand pores and gradually aggregate (Fig. 8(e)e(f)). Hydrates
begin to cement the quartz sand when the saturation reaches a
certain level (Fig. 8(f)e(g)), at this time, the P-wave velocity and
amplitude increase rapidly. However, during hydrate depressur-
ization mining, the hydrates preferentially decompose in the pore
space (Fig. 8(g)e(h)), gradually becoming smaller and thinner until
the cementation of the hydrate with quartz sand disappears. As a
result, the P-wave velocity and amplitude decrease more slowly.
4. Conclusions

In this work, in order to better understand the state of hydrate in
clay-bearing sediments and tomake hydratemining safer andmore
efficient, the characteristics of P-wave velocity and amplitude were
studied in different bentonite contents sediments, different water
saturations with 10% (mass) bentonite containing sediments, and
different sediments during hydrate formation and decomposition.
The conclusions can be drawn as follows:

(1) During hydrate formation, P-wave velocity and amplitude
have similar trends. As the amount of bentonite in the
sediment increases, the attenuation of the acoustic signal
reduces. The increase in bentonite content accelerates the
mutual cementation of hydrate and sediment leading to a
faster increase in P-wave velocity and amplitude, and higher
bentonite content (10%) at the same hydrate saturation has a
faster P-wave velocity. However, toomuch bentonite reduces
the hydrate saturation by affecting the free water content
and weakens the cementation between hydrate and sedi-
ment. The hydrate first forms on the surface of the bentonite/
quartz sand or suspended in its pores as the water saturation
increases. As the hydrate saturation rises, they are gradually
cemented to one another. Thus, the P-wave velocity is greater
at low hydrate saturation when water saturation is low. A
comparison of different sediment types shows that neither
illite nor quartz sand absorbs water and swells. When hy-
drate saturation exceeds 15%, sediment and hydrate start to
cement one another, and P-wave velocity increases as hy-
drate saturation increases. It is worth noting that hydrate
saturation is approximately positively and linearly correlated
with P-wave velocity under different conditions in this work.

(2) During hydrate depressurization, P-wave velocity decreases
gradually with hydrate decomposition. The hydrate in clay-
bearing sediments shows a faster decomposition rate, and
the P-wave velocity decreases faster. In particular, the
amplitude drops linearly at the instant of depressurization
which can be attributed to the weak cementation of hydrates
to sediments in clay-bearing sediments. As a result, hydrate
mining in clay-bearing sediments is especially prone to strata
destabilization, which can lead to geohazards.
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