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a b s t r a c t

Clay-rich sediments are common in natural gas hydrate reservoirs and pose significant  technical 
challenges in past field  production tests. Among these, Na-montmorillonite significantly  affects 
methane hydrate (MH) formation and dissociation due to its swelling and water absorption properties. 
However, the role of swelling clay layers on fluid production by depressurization remains unclear, thus 
limiting CH4 recovery efficiency. This study aims to elucidate the role of swelling clay on fluid  pro
duction from natural gas hydrate deposits under depressurization. We synthesized MH-bearing sedi
ments in the presence of sand, clay, and clay-sand alternating layers to examine fluid production and 
water-gas ratios under different bottom-hole pressures of 6.0 and 10.0 MPa. Results suggest that MH 
formation rates and final saturation are significantly lower in clay layers (14%) compared to sand layers 
(29%). During depressurization, MH in clay layers decomposed earlier due to the thermodynamic 
inhibitory effects of Na-montmorillonite. Swelling clay reduced water recovery (4.3%) and increased gas 
recovery (88.4%) in clay-sand layers at 6.0 MPa. Lowering pressure enhanced CH4 recovery to 88.4% in 
clay, 71.8% in clay-sand, and 68.3% in sand layers. Depressurization created persistent low-temperature 
region in clay layers (ΔT = 2.0 ◦C), potentially promoting MH reformation. Heat conduction was more 
dominant in sand layers than clay layers, indicating imbalance interlayer heat transfer characteristics. 
These findings  offer critical insights for optimizing depressurization strategies in clay-rich hydrate 
reservoirs, enabling secure and efficient energy recovery from clay-rich NGH deposits.
© 2026 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

The global transition towards natural gas as a cleaner energy 
source is primarily driven by its relatively lower CO2 emissions, 
which are approximately half those of other fossil fuels (Gürsan 
and de Gooyert, 2021; Kotchen and Mansur, 2016; Li et al., 
2025). According to the World Energy Outlook 2023, global natu
ral gas demand is projected to exceed 4200 billion cubic meters by 

2030, posing significant supply challenges, particularly for rapidly 
developing nations like China. To meet this rising demand, alter
native gas resources such as natural gas hydrates (NGH) have 
gained ever-increasing attention.

NGH deposits contain nearly twice the amount of organic car
bon found in all conventional fossil fuels combined (Cheng et al., 
2026), making them a promising energy source. Successful pro
duction tests in the Nankai Trough (Japan) and the South China Sea 
(China) have demonstrated their technical feasibility (Li et al., 
2018; Qin et al., 2020; Yamamoto et al., 2019). However, over 
90% of NGH reserves are located in deep-sea clay-rich sediments 
(water depths >1000 m), where commercial production faces 
major technical and economic challenges. Offshore NGH produc
tion tests in both the Nankai Trough and the Shenhua area 
encounter similar difficulties  (see Fig. 1). These field  tests 
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underscore the complex role of clay in gas recovery from clay-rich 
methane hydrate-bearing sediments (MHBS). In the Nankai 
Trough, MHBS is characterized by alternating clay and sand layers, 
with sheet-like sequences containing more than 20 layers ranging 
from 30 to 70 cm in thickness (see Fig. 1(c)). Logging data indicate 
that MH saturation (SH) in clay layers (SH = 0%–10%) is significantly 
lower than that in adjacent sand layers (SH = 50%–80%) (Fujii et al., 
2015), suggesting that clay exerts a substantial influence on water 
and gas accumulation as well as recovery pathways in NGH 
reservoirs.

A key challenge lies in understanding the fluid  production 
behavior of clay-rich NGH reservoirs. Sediments in major hydrate- 
bearing regions—including the Nankai Trough (Japan), Krishna- 
Godavari Basin (India), and Shenhu area (South China Sea)—are 
dominated by montmorillonite, illite, kaolinite, and chlorite (Fujii 
et al., 2015; Yadav et al., 2019; Yoneda et al., 2015; Yu et al., 2019). 
These clay minerals possess fine particle sizes (<4 μm), high spe
cific surface areas (up to 800 m2/g), pronounced swelling behavior, 

and inherently low permeability, all of which contribute to com
plex multiphase flow during production (Liu et al., 2023a; 
Yamamoto et al., 2019). Critically, clay minerals also thermody
namically inhibit MH formation. For example, Sodium 
montmorillonite (Na-MMT) reduces the phase equilibrium tem
perature (Teq) by ~4 K (Ren et al., 2024). Moreover, during MH 
dissociation, the absorbed water causes Na-MMT to swell, forming 
a low-permeability layer that effectively traps the dissociated 
water (Ren et al., 2022b). Despite these clear implications, the 
influence  of clay presence on gas recovery from clay-rich MHBS 
remains insufficiently  understood. Most existing studies have 
primarily focused on sandy hydrate-bearing sediments, leaving 
the role of clay in governing production behavior largely unex
plored and often speculative.

Depressurization remains the most viable method for NGH 
production, as demonstrated in multiple offshore production tests 
(Yamamoto et al., 2019; Ye et al., 2020). However, clay-rich sedi
ments introduce several unique complications that hinder fluid 

Nomenclature

nG Number of moles of gas phase, mol
nH Number of moles of CH4 hydrate phase, mol
nW Number of moles of water, mol
Peq Phase equilibrium pressure of CH4 hydrate, MPa
PGR Pressure of gas reservoir, MPa
Ptop Pressure of reactor, MPa
Pwell Pressure of well, MPa
RG Recovery ratio of CH4 gas, %
RW Recovery ratio of water, %
SG Gas saturation, %
SH CH4 hydrate saturation, %
SW Water saturation, %
t90 Time required for 90% CH4 conversion during MH 

formation, h
Tavg Average temperature of the reactor, K

Tbath Temperature of water in the circulating chiller, K
tD90 Time required for 90% CH4 gas recovery, h
VG Volume of gas phase, mL
VGLS Volume of gas-liquid separator, mL
VGR Volume of gas reservoir, mL
VMH Volume of CH4 hydrate phase, mL
VR Volume of reactor, mL
VW Volume of water, mL
XCH4

Conversion of CH4 to CH4 hydrate, %
Z Compressibility factor
ρG Molar volume of gas phase, cm3/mol
ρMH Molar volume of CH4 hydrate phase, cm3/mol
ρW Molar volume of water, cm3/mol
Φ Porosity of sediments, %
CBW Clay-bound water
Na-MMT Sodium montmorillonite
WGR Water-to-gas ratio, mol/mol
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Fig. 1. (a) Map of survey locations in the eastern Nankai Trough, Japan (reproduced with permission from Shiraishi et al. (2019)); (b) location of the 2013 and 2017 offshore 
production test sites, including the production and monitoring wells (reproduced from Yamamoto et al. (2019)); (c) logging data from the AT1-MC well compared with core 
analyses from the AT1-C well (reproduced with permission from Fujii et al. (2015)).

J. Ren, H. Lu, C. Xu et al. Petroleum Science 23 (2026) 2188–2204

2189



production efficiency. Field observations from the 2013 Nankai 
Trough production test revealed unstable pressure control, during 
which the bottom-hole pressure (BHP) dropped abruptly to 
5.0 MPa and remained stalled for 98 h (Konno et al., 2017). In 
addition, the inherently low permeability of clay-rich layers 
severely restricts fluid flow, resulting in limited water production 
and reduced well productivity (Yamamoto et al., 2019). These 
operational challenges are further compounded by technical lim
itations in reservoir characterization. Conventional imaging and 
diagnostic techniques, such as X-ray CT and NMR cannot 
adequately resolve clay micropores or detect signals from clay- 
bound water (Sun et al., 2021; Yang et al., 2017).

Despite these significant  challenges, current research lacks 
systematic comparisons of fluid  production behavior between 
clay-rich and sandy hydrate-bearing sediments. This study ad
dresses this critical knowledge gap through three main objectives: 
(1) to analyze MH formation and dissociation behavior in alter
nating clay-sand layered systems; (2) to compare fluid production 
behavior and water-gas ratios under bottom-hole pressures (BHPs) 
of 6.0 and 10.0 MPa; and (3) to investigate the spatiotemporal 
evolution of temperature and pressure during MH dissociation. 
These experiments provide comprehensive insights into the in
fluence of clay-rich sediments on depressurization-based gas re
covery, offering practical guidance for optimizing production 
strategies in clay-rich NGH reservoirs.

2. Experimental section

2.1. Experimental materials

Sodium montmorillonite (Na-MMT, purity >85%) and quartz 
sand (analytical grade) were purchased from Shanlinshiyu Mineral 
Products Co., Ltd. and Shanghai Macklin Biochemical Co., Ltd., 
respectively. The median diameters (D50) of the quartz sand and 
Na-MMT were approximately 113.8 and 2.4 μm, respectively (see 
Fig. S1 in the Supporting Information), with corresponding den
sities of 2.68 and 2.65 g/cm3. Lithological analyses indicate that 
sand-clay alternating layers typically exhibit particle sizes ranging 
from 4.0 to 146.4 μm, with coarser fractions predominantly falling 
within the 70–130 μm range (Ito et al., 2015). Based on these 
characteristics, quartz sand with a D50 of 113.8 μm was selected for 
the experiments, as it closely reflects the particle size distribution 
of natural sand layers in the eastern Nankai Trough, Japan. The 
morphology of dry and pre-wetted Na-MMT, as well as its swelling 
behavior, is shown in Figs. S2 and S3 in the Supporting 
Information. Deionized water was prepared in the laboratory.

2.2. Experimental apparatus

The experimental setup consisted of a reactor with a capacity of 
approximately 3.3 L, designed to withstand a maximum pressure 
of up to 16.0 MPa (Fig. 2(a)). Temperature control was achieved 
using an external circulating chiller. Three multi-point thermo
couples (Ta, Tb, Tc; precision ±0.1 K) were installed inside the 
reactor to monitor temperature evolution during MH formation 
and dissociation. Water was injected at 275.2 K using a high- 
pressure syringe pump equipped with an integrated cooling sys
tem. The reactor was connected to a vertical production well in
tegrated with a pressure-regulation system, which included a 
proportional-integral-derivative (PID) controller to precisely 
regulate the depressurization process and maintain a constant 
BHP. A 2.2 L gas-liquid separator (GLS) and a 3.8 L gas reservoir 
(GR) were used to collect the produced CH4 gas and water. Data 
acquisition was performed at 20-s intervals through a dedicated 
monitoring system.

Three sediment-packing configurations were adopted (Fig. 3), 
based on the sand-clay alternation characteristic of the Nankai 
Trough (Fig. 1(c)): (1) clay layers (Cases-C1 and C2), (2) sand-clay 
alternating layers (Cases-CS1 and CS2), and (3) sand layers 
(Cases-S1 and S2). Na-MMT was pre-moistened by adding 40 g of 
water per 100 g of dried clay, yielding a gravimetric water content 
(GWC) of 40%. This pre-treatment step was necessary because dry 
Na-MMT did not allow uniform distribution of injected water, as 
confirmed  through preliminary tests. Pre-moistening ensured 
effective water absorption and conversion into clay-bound water 
(CBW), allowing for a comparative analysis of MH formation be
tween CBW and sand pore water in moistened sand.

2.3. Experimental procedure

To prepare the clay samples, dry clay was first  weighed and 
placed in a container. Deionized water was then gradually added 
using a spray bottle to achieve a gravimetric water content (GWC) 
of 40%, while the mixture was continuously homogenized with an 
electric mixer to ensure uniform wetting and prevent localized 
water accumulation (see Fig. S2 in the Supporting Information). 
The moistened clay was then sealed in airtight bags and stored for 
over 24 h to allow sufficient water redistribution before use.

MHBS with a target methane hydrate saturation (SH) of ~30% 
was prepared, followed by depressurization at bottom-hole pres
sures (BHPs) of 6.0 and 10.0 MPa to induce MH dissociation. MHBS 
with sand-clay alternating layers was created, and depressuriza
tion at 3.0 MPa/h was performed according to the procedure 
summarized in Figs. 4 and S6:

a) The reactor was thoroughly cleaned and dried.
b) Dried quartz sand was packed into the lower half of the 

reactor and compacted to a porosity of approximately 43%.
c) The upper half of the reactor was filled with pre-moistened 

Na-MMT (GWC = 40%) and compacted to a porosity of 
approximately 70%. The production well was then inserted, 
and the reactor was sealed.

d) CH4 flushing  at 1.0 MPa was carried out three times to 
remove residual air.

e) CH4 was injected up to 10.3 MPa, and the chiller was set to 
T = 293.2 K. After 4 h stabilization, the temperature was 
lowered to T = 275.2 K to initiate MH formation.

f) Once pressure and temperature stabilized (ΔP < 20 kPa/h), 
indicating completion of premixed-water conversion, the 
moles of MH (nH), hydrate saturation (SH), and CH4 uptake in 
the clay layer were calculated.

g) Multiple water injections were performed to further pro
mote MH formation until the target SH (~30%) was reached.

h) The reactor temperature was then raised to T = 285.2 K to 
simulate natural reservoir conditions.

i) After stabilization, well pressure (Pwell) was reduced to 
6.0 MPa at a controlled rate of 3.0 MPa/h, maintaining 
constant BHP to induce MH dissociation.

j) The experiment was concluded when temperature, reactor 
pressure, gas storage tank pressure, and balance readings 
had stabilized. Data was recorded every 20 s throughout the 
process.

The choice of the two bottom-hole pressures (6.0 and 10.0 MPa) 
and the depressurization rate (3.0 MPa/h) are based on past 
offshore NGH production tests and the limitations of the experi
mental apparatus, as described in Section 2 of the Supporting In
formation. A piston cover was employed to compact the moist Na- 
MMT pack using external force (see Fig. S7 in the Supporting 
Information). Due to the expansive nature of Na-MMT, packing 
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additional clay particles into the reactor was challenging. The 
porosity of the Na-MMT layer after packing was ~70%, which 
remained representative of real clay-rich sediment conditions. 
According to Brown and Ransom (1996) and Tudge and Tobin 
(2013), the presence of abundant smectite (primarily montmoril
lonite) can lead to high porosity values. Indeed, the porosity of 
clay-rich sediments at the C0011 and C0012 sites in the Shikoku 
Basin (subducted in the Kumano region of the Nankai Trough) was 
found to reach up to ~70% (Tudge and Tobin, 2013).

The temporal evolution of phase saturations was calculated 
using the pore volume balance method developed in our previous 
work, with detailed principles and MATLAB code examples pro
vided (Yin et al., 2020). Detailed calculation steps are provided in 
the Supporting Information.

3. Results and discussion

3.1. Synthesis of MHBS in clay and sand sediments

3.1.1. Evolution of P and T during MHBS synthesis
Fig. 5 illustrates the evolution of P and T during the synthesis of 

MHBS in Case-CS1 (clay-sand alternating layers). As shown in 
Fig. 5(a), after gas injection, P and T gradually stabilized at 
10.3 MPa and 293.2 K, respectively. At the initial stage, the gas 
saturation in the reactor was approximately SG0 = ~74%, and the 
initial water saturation was SW0 = ~26%. The temperature was then 
lowered to 275.2 K to induce MH formation, consuming pre-mixed 
CBW. The SH in the clay layer reached SH = ~13%, corresponding to 
an average reactor SH = ~9% in stage A.

Once P and T stabilized, four rounds of water injection were 
conducted during stages B-E, with volumes of 489.09, 296.88, 
132.07, and 67.11 mL, respectively. Including the pre-mixed water 
volume of 476.72 mL, a total of 1461.87 mL (~81.22 mol) of water 
was introduced during MH formation, along with an initial CH4 
amount of 6.6 mol. Therefore, the MHBS preparation followed the 
excess-water method. Ultimately, SH reached ~31%, with a CH4 
conversion rate of ~60% (see Fig. 5(b)).

The evolution of phase saturations (Si) and the distribution of 
three-phase saturations before MHBS depressurization were 
calculated using the experimental and calculation methods 
described in Section 2.3. The results are presented in Fig. 5(c) and 

summarized in Table 1. Across the experimental cases, SH ranged 
from 25% to 34%. In Cases-CS2 and C2, SH was slightly lower than in 
the other cases, mainly due to partial MH dissociation in the clay 
during the heating process, causing a small reduction in SH (see 
Fig. S8 in the Supporting Information) (see Table 2).

3.1.2. MH formation characteristics from clay-bound water in clay 
and pore water in sand

In this study, water was pre-mixed with clay to achieve a 
gravimetric water content (GWC) of 40%. At this water content, all 
water within the clay was classified as CBW, with no free-flowing 
water present (see Fig. S2(b) in the Supporting Information). For 
comparison, a specific amount of water was added to sand samples 
(Case-S1) based on the gas-liquid ratio (R) observed in Case-C1. 
This approach ensured identical conditions of pressure, tempera
ture, and liquid-gas ratio (R = ~7.5) in both Case-C1 and Case-S1, 
enabling a direct comparison of MH growth kinetics between 
CBW (Case-C1) and sand pore water (Case-S1).

As shown in Fig. 6, the P-T profiles  and CH4 uptake curves 
during MH formation in clay and sand with pre-mixed water were 
compared. The results indicate that the pressure in pure clay 
(Case-C1) decreased to 6.80 MPa, which was higher than the 
3.40 MPa observed in pure sand (Case-S1), suggesting a lower 
conversion rate of CBW to MH compared to sand pore water. 
Furthermore, the SH in the clay (SH = 14%) was lower than that in 
sand (SH = 29%).

In addition, the normalized CH4 consumption rate during the 
rapid MH growth phase (denoted as t90, representing the time 
required to complete approximately 90% of the final CH4 conver
sion in this stage) was calculated. The results showed that in Case- 
S1 (sand layer), t90 was 175 min, whereas in Case-C1 (clay), t90 
extended to 664 min, an increase of 2.8 times. The normalized CH4 
uptake rate in Case-S1 was 29.45 mmol/(mol⋅h), while in Case-C1, 
it was only 3.68 mmol/(mol⋅h), representing ~12.5% of the gas 
consumption rate in sand. These findings  indicated that CBW is 
less conducive to MH formation compared to sand pore water 
(Chen et al., 2024), with both the conversion ratio and rate 
significantly lower.

Fig. 7 compares the spatial T distributions over time during MH 
formation in Case-C1 (clay layer) and Case-S1 (sand layer) at 
selected time points in formation stage A. Despite identical cooling 
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rates (ΔT/Δt = 19.7 K/h), the temperature evolution in clay and 
sand differed. At any given time t after cooling commenced, the 
average temperature (Tavg) in sand was consistently lower than in 
clay. This discrepancy is attributed to two main factors: (a) the 
thermal conductivity of clay (λclay = ~1.52 W/(m⋅K)) is lower than 
that of sandy sediments (λsand = ~2.75 W/(m⋅K)), resulting in 
slower heat transfer from the cooled reactor walls to the interior, 
and (b) the slower rate of MH formation in clay prolongs 
exothermic activity, maintaining a higher Tavg than in sand. MH 
formation in sand was largely completed within 300 min after 
cooling commenced, whereas in clay, the process extended beyond 
1200 min.

3.2. Fluid production at BHP = 6.0 MPa in layered clay and sand 
MHBS

Fig. 8 shows the P-T trajectories and cumulative CH4 and 
water production over time during depressurization in Case- 
CS1 (clay-sand alternating layers). As shown in Fig. 8(a), MH 
initially dissociated in the upper clay layer, causing a temper
ature drop due to the endothermic nature of MH dissociation. 

This effect is evidenced by a reduction in average temperatures 
on the A-A (TA-A) and B-B (TB-B) planes, manifested as an earlier 
inflection  in the P-T trajectory compared to the sand layer (C-C 
plane).

The significant leftward shift of approximately 1.6 K in the P-T 
trajectories relative to the MH phase equilibrium curve indicates 
that Na-MMT thermodynamically inhibits MH formation. Conse
quently, under constant bottom-hole pressure (BHP) conditions, 
the driving force for MH dissociation represented by the pressure 
differential, is enhanced, consistent with previous studies (Liu 
et al., 2022, 2023b) and our earlier work (Ren et al., 2024). In 
contrast, the sand used in our experiments (particle size >100 μm) 
exerted minimal influence  on the MH phase equilibrium (Wang 
et al., 2019). As a result, TC-C during MH dissociation remained 
close to the MH phase equilibrium curve, as shown in Fig. 8(a).

Due to the presence of clay, water production was limited, with 
RW reaching only 6.0%, whereas RG attained 71.8% (see Fig. 8(b)). 
During the early stage of MH dissociation, SG initially decreased 
and then increased (see Fig. 8(c)), primarily attributed to the 
swelling of Na-MMT upon water absorption. Previous research 
indicates that during MH formation, Na-MMT shrinks as a portion 
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of CBW converts to MH. Ren et al. (2022a) employed low-field 
nuclear magnetic resonance (LF-NMR) to show that during MH 
dissociation, water produced was absorbed by the clay and 
transformed into CBW. Consequently, Na-MMT absorbs the pro
duced water during MH dissociation, resulting in secondary 
swelling. This swelling trap water within the reactor, causing a 
rapid increase in SW, as observed in Fig. 8(c). Simultaneously, 
swelling reduces pore space, expelling gas and decreasing SG (see 
Fig. 8(c1)).

Fig. 8(d) presents the evolution of the water-to-gas ratio (WGR) 
over time. Initially, water production was relatively high, with 
WGR reaching approximately 1.4, resulting from the rapid expul
sion of residual water during depressurization. As MH dissociation 
proceeded, water was absorbed by Na-MMT, leading to a gradual 
decrease in WGR until the end of the depressurization phase. Later, 
as the water absorption capacity of Na-MMT became saturated, 
water production gradually increased, causing WGR to rise and 
stabilize around 1.0 until the end of gas production.

3.3. Comparison of fluid production between sand, clay and 
layered clay and sand MHBS

3.3.1. Effects of BHP on gas and water recovery
The pressure variations within the reactor during depressur

ization are shown in Fig. 9(a) and (e). The shorter depressurization 
time observed in the sand layers (Cases-S1 and S2) was primarily 
due to the rapid initial pressure drop caused by the expulsion of 
water at the onset of depressurization. As shown in Fig. 9(b), when 
the BHP was set at 6.0 MPa, gas recovery was completed within 
approximately 9–10 h, with Case-S1 requiring the shortest time for 
MH dissociation. The time required to recover 90% of the total gas 
denoted as tD90, was 5.3, 5.3, and 3.0 h for Case-C1, Case-CS1, and 
Case-S1, respectively. The differences in tD90 are attributed to two 
primary factors: (a) MH quantity in the reactor. At similar SH levels, 
the clay layers and clay-sand alternating layers exhibited higher 
porosity (57.5%–72.8%) compared to 43.7% in the sand layer, 
resulting in a greater molar quantity of MH in Case-C1 and Case- 
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CS1, which prolonged dissociation time. (b) Thermal conductivity 
differences between clay and sand. The thermal conductivity of 
water-saturated sand is higher than that of water-saturated clay. 
According to heat transfer principles, temperature propagation via 
conduction occurs faster in the sand layer, enabling more efficient 
utilization of the sensible heat of the reservoir. Additionally, 
faster water production and enhanced gas–liquid flow  in sand 
further promote convective heat transfer, accelerating MH 
dissociation.

Variations in gas recovery rates were also observed. During the 
depressurization phase, approximately 50% of the gas was 
recovered in all three experiments (see Fig. 9(b)), with recovery 
rates of 50.2%, 53.2%, and 51.6%, respectively. The highest gas 
recovery rate occurred in Case-C1 (clay layer), reaching 88.4%, 
followed by Case-CS1 (clay-sand alternating layers) at 71.8%, 
while the lowest recovery rate was recorded in Case-S1 (sand 
layer) at only 68.3%. These differences in gas recovery were pri
marily attributed to the water absorption and swelling 

Fig. 5. (a) Temporal evolution of P and T over time during MHBS synthesis in Case-CS1 using pre-mixed water and multiple water injection methods; (b) calculated phase 
saturations of MH (SH), CH4 gas (SG), and water (SW), along with CH4 conversion at the end of each MH formation stage; (c) summary of phase saturations in six experimental cases 
before depressurization.

Table 1 
Summary of experimental conditions during MH formation in pack of clay layers (C1 and C2), clay-sand alternating layers (CS1 and CS2) and sand layers (S1 and S2).

Exp. No T0, K P0, MPa msand, g mclay, g Φ, % nG,init, mol nW,init, mol Pend, MPa Tend, K SH, % SW, % SG, %

Case-C1 293.1 10.3 0.0 2383.8 43.7 7.39 52.97 12.1 284.9 34 58 8
Case-CS1 293.4 10.0 2497.6 1191.8 57.5 6.92 26.48 11.2 284.6 31 57 12
Case-S1 293.2 10.3 4870.0 0.0 72.8 4.42 32.48 9.3 284.9 32 54 14
Case-C2 292.9 10.3 0.0 2383.8 43.7 7.38 52.97 15.2 286.4 25 60 15
Case-CS2 293.2 10.3 2497.5 1191.8 57.5 7.37 26.48 15.2 286.9 26 51 23
Case-S2 293.3 10.4 4870.0 0.0 72.8 4.43 32.59 14.2 286.8 33 61 6
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characteristics of Na-MMT. As shown in Fig. 9(c), the water re
covery rate exhibited an inverse relationship with the gas re
covery rate. The strong water absorption capacity of Na-MMT 
allowed it to retain water and occupy a larger fraction of pore 
space within the reactor. This absorption and the resulting 
swelling reduced gas saturation, thereby enhancing gas recovery. 
Consequently, the water recovery rate in the clay system was 
extremely low, with only 4.3% recovered, compared with 21.2% in 
the pure sand system. These differences also account for the 
distinct WGR trends observed in Fig. 9(d).

The gas production curves in Fig. 9(f) show that during the 
depressurization phase, the pure clay layer (Case-C2) achieved the 
highest CH4 recovery at 61.6%, followed by the sand-clay alter
nating layers (Case-CS2) with a recovery of 56.9%, while the pure 
sand system (Case-S2) exhibited the lowest CH4 recovery at 43.1%. 
Substantial differences in water production were also observed, as 
shown in Fig. 9(g). During depressurization, Case-S2 (pure sand) 
exhibited a water recovery rate of 34.4%, compared with 5.4% in 
Case-CS2 (sand–clay alternating layers) and only 2.0% in Case-C2 
(clay layer).

Table 2 
Summary of experimental conditions during MH dissociation at BHP = 6.0 MPa (C1, S1, and CS1) and 10.0 MPa (C2, S2, and CS2).

Exp. No Pressure 
drawdown 
rate, MPa/h

BHP, 
MPa

TD, K Tmin, K Peq at TD 

(DIW), MPa
Teq at BHP 
(MH), K

tD90, h RG, % RW, % WGR, mol/mol

Case-C1 3.0 6.0 284.9 279.2 8.8 281.4 5.4 88.4 4.3 0.76
Case- 

CS1
3.0 6.0 284.6 280.4 8.5 281.4 5.4 71.8 6.0 1.04

Case-S1 3.0 6.0 284.9 281.0 8.8 281.4 3.0 68.3 21.2 4.44
Case-C2 3.0 10.0 286.4 283.1 10.4 286.1 5.0 61.6 2.0 0.49
Case- 

CS2
3.0 10.0 286.9 283.6 11.1 286.1 6.5 56.9 5.4 1.04

Case-S2 3.0 10.0 286.8 285.3 10.9 286.1 8.6 43.1 23.3 8.67
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In summary, the RG was highest in the pure clay layers (Cases- 
C1 and C2), and lowest in the pure sand cases (S1 and S2). How
ever, increasing the BHP led to a reduction in RG, decreasing from 
88.4% to 61.6%. In contrast, RW exhibited the opposite trend. Owing 
to the strong water absorption capacity of Na-MMT, RW in the clay 
layers was only 4.3% at a BHP of 6 MPa and decreased further to 
2.0% at 10.0 MPa. By comparison, water recovery in the sand sys
tems was significantly higher, reaching 21.2% at 6.0 MPa and 23.3% 
at 10.0 MPa. The variation in WGR was primarily controlled by RG 
and RW (see Fig. 10). In the pure clay layers (Cases-C1 and C2), WGR 
was extremely low—0.76 at 6.0 MPa—and decreased further to 
0.49 at 10.0 MPa, indicating that gas production far exceeded water 
production, with a large proportion of water absorbed and 
retained in the sediments by Na-MMT. When comparing RG and 
RW, the key difference under higher BHP was the reduction in RG, 
whereas RW remained nearly unchanged across the two pressures.

3.3.2. Effects of BHP on MH dissociation rate
Fig. 11(a) and (b) show that the MH dissociation rate at 

BHP = 6.0 MPa was higher than that at BHP = 10 MPa during both 
the depressurization (DP) and constant pressure (CP) stages. This 
difference is primarily attributed to the stronger thermodynamic 
driving force under the lower BHP condition. Fig. 11(b) distin
guishes two stages: (a) the depressurization stage, which spans 
from the onset of MH dissociation until the target BHP is reached, 
and (b) the constant pressure stage, which begins once the target 
BHP is stabilized and continues until 90% of the MH has dissoci
ated. Previous studies by Pang et al. (2009) and Zhang et al. (2024)
have examined MH dissociation kinetics, identifying heat transfer 
and thermodynamic driving force as the dominant factors gov
erning the dissociation process.

As shown in Fig. S9 (in the Supporting Information), the phase 
equilibrium curve of MH in pure clay is shifted leftward by 
approximately 2.0 K. This shift increases the MH dissociation 
driving force (represented by the temperature differential) by 
around 2.0 K compared with pure sand, reaching ~5.8 K—nearly 
twice that in sand. Consequently, a higher MH dissociation rate in 
clay relative to sand during both stages is expected. Interestingly, 
during the CP stage at BHP = 10.0 MPa, the dissociation rate in pure 
clay (Case-C2) was lower than that in pure sand (Case-S2), which is 
opposite to the trend observed at 6.0 MPa. This indicates that MH 

dissociation is governed not only by the dissociation driving force 
but also by heat transfer. Table S1 (in the Supporting Information) 
summarizes the dry density, thermal conductivity, and specific 
heat capacity of clay and sand. Calculations show that the thermal 
diffusivity of sand (αsand) is approximately twice that of clay (αclay), 
enabling more efficient heat transfer. As a result, sand facilitates 
faster temperature recovery in the reservoir, thereby accelerating 
MH dissociation. These observations highlight the coupled effects 
of dissociation driving force and heat transfer. Under a higher BHP 
of 10.0 MPa, the reduced driving force amplifies the influence of 
thermal transport properties in controlling the MH dissociation 
rate.

Fig. 11(c) and (d) show that a pressure differential between the 
reactor interior and the wellbore developed during depressuriza
tion in both Case-C1 (clay layer) and Case-CS2 (clay-sand alter
nating layers). This indicates that MH may partially reform around 
the production well, impeding pressure transmission. In Case-CS2, 
this pressure differential reached ~2.3 MPa and persisted 
throughout the depressurization process.

Additionally, we compared the real-time evolution of SH, SW, 
and SG during MH dissociation across the different cases. Fig. 12
highlights a notable phenomenon at BHP = 6.0 MPa in the clay- 
containing cases (C1 and CS1). Specifically, during the initial 
stages of MH dissociation, SG initially decreased and then 
increased. As discussed in Section 3.2, this behavior is attributed to 
the rapid water absorption and swelling of Na-MMT during the 
early dissociation phase. The swelling retains water within the 
reactor, leading to a rapid increase in SW. Simultaneously, the 
expansion of Na-MMT occupies additional pore space, causing a 
sharp decline in SG. During the CP phase, water absorption by clay 
(Na-MMT) stabilizes, allowing more water to be expelled from the 
reactor, which in turn results in a recovery of SG.

In contrast, in Case-S1 (sand layer), water was immediately 
expelled at the onset of depressurization because sand lacks water 
absorption and swelling properties. This led to an initial rapid 
pressure drop (Fig. 9(a) and (e)) and a sharp decrease in SW 
(Fig. 12(c) and (f)). As MH decomposed into CH4 and water, both SG 
and SW increased, which differs from the behavior observed in the 
clay-containing cases. However, at BHP = 10.0 MPa, this initial 
decrease followed by an increase in SG was not observed. We 
attribute this to the slower MH dissociation rate at 10.0 MPa, 

Fig. 7. Comparison of spatial T distributions over time during MH formation in the clay layer (Case-C1) and sand layer (Case-S1) at selected time points in formation stage A.
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which reduced the gas and water production rates. As a result, the 
water absorption and swelling of clay (Na-MMT) became less 
significant,  leading to a more moderate initial increase in SG 
compared with the 6.0 MPa cases (Fig. 12(d) and (e)).

3.3.3. Effects of BHP on temperature evolution
Fig. 13 presents the evolution of minimum, average, and 

maximum temperatures (Tmin, Tavg, and Tmax) for Cases-C1 (clay 
layer), CS1 (clay-sand alternating layers) and S1 (sand layer). The 
evolution of pressure and temperature at six specific  measure
ment locations (Tb1–Tb6) in Case-C1 is also presented. The pressure 
values corresponding to the temperature spikes during depres
surization phase are annotated together with the phase equilib
rium temperature (Teq) and the associated temperature differences 

(ΔT). The minimum temperatures reached in Case-C1 and Case- 
CS1 were 280.4 K and 279.2 K, respectively—both markedly 
lower than the 281.1 K observed in Case-S1. Given that the equi
librium temperature of MH at a BHP of 6.0 MPa is 281.4 K, the 
degree of subcooling (ΔT) was approximately 0.3 K for Case-S1, 
whereas ΔT ranged from 1.0 to 1.8 K in Case-CS1 and Case-C1 
relative to that of pure MH. These observations are consistent 
with recent numerical simulations of Japan's second offshore 
production test at the Nankai Trough, performed using T + H v1.5 
with history matching. The study identified  pronounced low- 
temperature zones in sand-dominated layers and elevated- 
temperature zones in clay-dominated regions during MH disso
ciation. The relatively low MH concentration and low thermal 
diffusivity of clay-rich MHBS allow the clay-rich regions to act as a 
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Fig. 9. Comparison of the evolution of P, cumulative production of gas (ngas) and water (nwater), and water-to-gas ratio (WGR) during depressurization in clay layer (Case-C1 and 
C2), clay-sand alternating layers (Case-CS1 and CS2), and sand layer (Case-S1 and S2) at a BHP of 6.0 MPa ((a)–(d)) and 10.0 MPa ((e)–(h)).
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thermal insulation layer during CH4 recovery at field  scale, sup
plying sensible heat to adjacent hydrate-bearing sand layers and 
thereby enhancing MH dissociation (Li et al., 2025).

MH reformation was observed in clay-containing cases (Cases- 
C1 and CS1). Fig. 13(b) presents the evolution of P and T (measured 
by the Tb sensors) in Case-C1 (clay layer). At t = 0.9 h, the 
connection between the reactor and the production well was 
established, resulting in rapid pressure equalization. During this 
process, gas in the reactor swiftly toward the well, causing an 
immediate temperature drop due to the Joule-Thomson effect. 
This was followed by a distinct temperature spike, indicating rapid 
MH reformation. The spike was recorded simultaneously by all six 
temperature sensors (Tb1–Tb6), confirming  that MH reformation 
occurred quickly throughout the reactor. The corresponding de
gree of subcooling at this moment was approximately 2.5 K (see 

Fig. 13(b)). Beyond thermodynamic conditions, the enhanced MH 
reformation observed in clay-containing systems can also be 
attributed to kinetic effects. Clay minerals such as montmorillonite 
generate strong surface electric fields  that promote MH nucle
ation. Furthermore, the delamination of Na-MMT particles in 
water produces numerous nucleation sites, thereby facilitating 
rapid MH reformation.

The interactions between heat transfer and MH decomposition 
are strongly coupled (Kou et al., 2022). Fig. 14 depicts the evolution 
of the spatial temperature distribution at t = 0, 30, 60, 90, 120, 190, 
and 500 min during depressurization, along with the corre
sponding average temperature (Tavg) and MH saturation (SH) 
indicated in Case-C1 (clay layer), Case-CS1 (clay-sand alternating 
layers) and Case-S1 (sand layer) at BHP = 6.0 MPa. A pronounced 
low-temperature phenomenon was observed in Case-C1, where 
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Tavg at t = 120 min reached 280.2 K, approximately 1.6–2.2 K lower 
than in Case-CS1 and Case S1. In Case-CS1, MH dissociation within 
the upper Na-MMT layer was clearly evident. At t = 60 min, a T- 
drop appeared in the upper part of the reactor, and by t = 120 min, 
the temperature in the Na-MMT layer had decreased to ~281.0 K, 
whereas the lower sand layer exhibited temperatures between 
282.0 and 283.0 K. In Case-S1 (sand layer), MH dissociation pro
ceeded relatively rapidly, followed by prompt temperature re
covery. Throughout the dissociation process, Tavg Case-S1 
remained consistently higher than that in both Case-C1 and 
Case-CS1.

Significant differences in thermal physical properties between 
clay and sand are likely the primary factors responsible for the 
distinct heat-transfer behavior and the temporal evolution of 
temperature distributions between the clay and sand layers. 

Table S1 in the Supporting Information summarizes the thermal 
conductivity and volumetric heat capacity of water-saturated clay 
and sand, together with their calculated thermal diffusivity (α). 
Here, α denotes the thermal diffusivity (m2/s) defined in Eq. S(10), 
which characterizes the rate at which heat is transferred within 
the clay and sand layers. Because thermal diffusivity appears as a 
positive coefficient  in the heat Eq. S(11), it physically represents 
the ratio between the temporal rate of temperature change and 
the spatial curvature of the temperature field.

The results show that the thermal diffusivity of water-saturated 
clay is less than half that of water-saturated sand, indicating that 
the heat diffusion capacity of the clay layer is significantly lower 
than that of the sand layer. This difference explains the pro
nounced delay in temperature recovery following endothermic 
MH dissociation in the clay layer compared with the sand layer, as 

Fig. 12. Evolution of phase saturations (SH, SW, and SG) in the six experimental cases: clay layers (Cases-C1 and C2), clay-sand alternating layers (Cases-CS1 and CS2), and sand 
layers (Cases-S1 and S2) at BHPs of 6.0 and 10.0 MPa.
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shown in Figs. 7 and 14. Fig. S11 (in the Supporting Information)
the spatial temperature evolution in Case-C2 (clay layer), Case-CS2 
(clay-sand alternating layers), and Case-S2 (sand layer) at a BHP of 
10.0 MPa. A similar low-temperature region was observed within 
the clay layer (see Fig. 14(d1)–(f1) and (d2)–(f2)). Compared with 
BHP = 6.0 MPa, MH dissociation at 10.0 MPa proceeded more 
slowly, requiring a longer period for complete dissociation. The 

temperature in the sand layer remained relatively stable, around 
286 K, further confirming  that the thermal diffusivity of sand 
(αsand) is higher than that of the clay layer (Muraoka et al., 2019; 
Wei et al., 2022). As a result, the sand layer maintained a more 
uniform temperature distribution, approximately 1–2 K lower than 
that of the clay layer, and no significant  MH reformation was 
observed.
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Fig. 14. Evolution of the temperature spatial distribution at t = 0, 30, 60, 90, 120, 190, and 500 min during depressurization, with the average temperature (Tavg) and MH saturation 
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3.4. Implications

3.4.1. Implications on NGH occurrence in layered clay and sand 
sediments

First, the thermodynamic inhibition imposed by Na-MMT shifts 
the MH phase equilibrium curve toward lower temperatures. 
Under a typical geothermal gradient, this shift reduces the area 
enclosed by the seafloor, the geothermal gradient curve, and the 
phase equilibrium curve, thereby leading to a shallower methane 
hydrate stability zone (MHSZ) (see Fig. S12). Such a reduction can 
introduce substantial uncertainties in the estimation of NGH re
sources. Second, hydrate saturation in clay layers is generally 
lower than that in sand layers. Experimental results indicate that, 
under identical temperature, pressure, and gas–water ratio con
ditions, the conversion rate of clay-bound water (CBW) is mark
edly lower than that of pore water in sand. Consequently, hydrate 
saturation in clay is reduced because a portion of CBW is difficult 
to convert into MH (see Fig. 15(a)–(c)). This phenomenon is 
consistent with field  observations from the sand–silt alternating 
layers during the production test in the Nankai Trough, Japan, 
where MH saturation in clay layers (SH = 0%–10%) is significantly 
lower than in sand layers (SH = 50%–70%) (Fujii et al., 2015).

Additionally, MH formed in Na-MMT is thermodynamically less 
stable and therefore prone to dissociation under minor tempera
ture perturbations. In our experiments, MH dissociation was 
detected during the heating stage (see Fig. S8 in the Supporting 
Information). Although the heating process was completed 
within approximately 3 h, the system pressure continued to in
crease for nearly 18 h, indicating that the subsequent pressure rise 
resulted from MH dissociation rather than further temperature 
elevation. This behavior confirms that a portion of the MH formed 
in Na-MMT exists in a metastable state. It also explains the 

relatively low SH observed in Case-CS2 and Case-C2, as part of the 
hydrates likely dissociated during the heating process.

3.4.2. Implications on CH4 recovery from layered clay and sand 
MHBS

The phase equilibrium alteration induced by Na-MMT has 
direct implications for the fundamental driving force governing 
MH dissociation. A downward shift of 1–2 K in the phase equilib
rium temperature requires corresponding adjustments to disso
ciation strategies. Considering a typical geothermal gradient of 
approximately 3.0–4.0 K per 100 m (Matsumoto et al., 2024), such 
a shift would translate to a reduction of tens of meters in the depth 
of the methane hydrate stability zone (MHSZ), which may sub
stantially influence reservoir evaluation and production planning.

A significant  presence of Na-MMT was found to enhance gas 
recovery while markedly suppressing water production (see 
Fig. 10). Our previous work demonstrated that MH formation 
within clay is accompanied by clay shrinkage due to the loss of 
clay-bound water. During subsequent MH dissociation, the 
released water is preferentially absorbed by Na-MMT, inducing 
secondary clay expansion. This expansion limits the release of free 
water and simultaneously displaces additional CH4, thereby 
increasing gas recovery (see Fig. 15(d)–(f)). As evidenced in 
Figs. S10 and S11 (in the Supporting Information), Na-MMT 
maintains its water-absorption and expansion capacity even af
ter MH dissociation. Upon opening the reactor following the ex
periments, no free water was observed, confirming that the water 
remained bound within Na-MMT rather than being produced as 
mobile liquid.

The low thermal conductivity of Na-MMT leads to the forma
tion of low-temperature zones during MH dissociation. Coupled 
with the strong surface electric fields  and the abundance of 
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nucleation sites provided by Na-MMT, these conditions promote 
MH reformation. Such reformation not only reduces CH4 produc
tion efficiency but also introduces potential safety hazards during 
reservoir exploitation.

4. Conclusions

Clay-rich host sediments are commonly present in NGH res
ervoirs and have been encountered in past field production tests 
worldwide. However, the effects of swelling clay layers on fluid 
production from hydrate-bearing sediments during depressur
ization remains poorly understood, complicating the design of 
optimal CH4 recovery strategies. In this study, we developed a 
method to synthesize hydrate-bearing sediments in clay, sand and 
clay-sand alternating layers, systematically investigated the fluid 
production and water–gas ratio under bottom-hole pressures 
(BHP) of 6.0 and 10.0 MPa. Temperature evolution was analyzed in 
detail to assess heat-transfer characteristics. The key conclusions 
are summarized as follows:

1) Both the MH formation rate and hydrate saturation in swelling 
clay layers (SH = 14%) were significantly  lower than those in 
sand layers (SH = 29%) under identical pre-mixed water 
conditions.

2) During depressurization, MH in clay layers decomposed earlier 
than in sand layers, due to the thermodynamic inhibitory ef
fects of Na-montmorillonite (ΔT = ~2.0 K).

3) Reducing BHP from 10.0 to 6.0 MPa enhanced the final  CH4 
recovery for all sediment types, with clay layers reaching 88.4%, 
clay-sand alternating layers 71.8%, and sand layers 68.3%.

4) Swelling of clay layers through water absorption decreased 
water recovery to 4.3% while increasing gas recovery to 88.4%, 
resulting in a notably low water–gas ratio (WGR = 0.76) in clay- 
sand alternating layers at a BHP of 6.0 MPa.

5) Depressurization induced persistent lower-temperature zones 
in clay layers relative to sand layers (ΔT = 2.0 ◦C), promoting 
potential MH reformation. Additionally, higher thermal con
ductivity in sand layers facilitated interlayer heat transfer from 
sand to clay, further affecting dissociation behavior.

This study provides valuable insights into fluid production from 
clay-rich hydrate-bearing sediments and offers guidance for the 
design and optimization of effective depressurization strategies in 
natural gas hydrate reservoirs. Future research will aim to eluci
date the coupled effects of hydrate saturation, clay content, and 
the presence of different clay minerals on fluid  production 
behavior under depressurization.
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