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ABSTRACT

We have developed the first experimental acoustic proper-

ties measurement during gas-hydrate formation and dissoci-

ation in crushed bituminous coal samples. We also compare

the results with acoustic properties measurements during

freezing and thawing water in the same samples. The results

show a more complicated behavior that differs from similar

experiments with sand. For the samples with adsorbed water,

it does not freeze at anticipated temperatures, but acoustic

velocities gradually increase with the decreasing negative

temperatures. It is caused by complicated pore surface struc-

tures causing partial formation of ice/hydrate from bound

water at different temperatures. We also observe that, for the

same samples, the acoustic properties change significantly,

becoming stronger during gas-hydrate formation than during

freezing. We explain it by competitive sorption of methane

and water in the coal pore space; methane under pressure

replaces part of the adsorbed water from micropores so that

this water can easily form hydrate. The difference in the

acoustic properties of frozen and hydrate-bearing coal sam-

ples is important for developing seismic methods for geo-

physical characterization of coal seams.

INTRODUCTION

Natural gas hydrates are formed at high pressure and low temper-

ature in the presence of free water and a hydrate-forming gas (e.g.,

methane). Suitable pressures and temperatures exist within the

hydrate stability zone, which is widespread in oceanic sediments

and permafrost regions. Usually, natural gas-hydrate accumulations

appear close to the sources of natural gas. Makogon (1974) first

introduces the idea that gas hydrates may form in coal bodies be-

cause water and methane are usually abundant there due to coal

metamorphism. In particular, Smirnov et al. (2016, 2018) argue that

several coal basins have thermobaric conditions suitable for gas-hy-

drate formation. This is especially true for coal basins in northern

regions where the hydrate stability zone usually has a thickness of

100–800 m starting from the depth of 250 m (Collett, 2002). In

particular, the Pechora Basin is located in the permafrost region

and its gas component is a mixture of methane and heavy hydro-

carbons, which can form hydrate at a lower pressure or a higher

temperature than pure methane.

Laboratory studies confirmed the possibility of hydrate formation

from water in natural coals (Bustin et al., 2016; Smirnov et al., 2016,

2018). But the physical properties of hydrate-bearing coal samples

have not been studied yet. Previously, we used a specialized labora-

tory setup to formmethane gas-hydrates in sand samples and to study

their acoustic properties (Duchkov et al., 2018, 2019; Dugarov et al.,

2019). Specialized laboratory setups are commonly used to form gas

hydrates in rock samples (Winters et al., 2000; Kulenkampff and

Spangenberg, 2005; Priegnitz et al., 2013). They allow studying

physical properties of hydrate-bearing samples depending on various

factors including the rock-matrix material, type of pore fluid, and the

amount and morphology of hydrate in pores. The rock-matrix

material and gas-hydrate morphology (how hydrate interacts with

sediment grain) appear to be dominant factors determining the result-

ant acoustic macroproperties. For sand samples, different morphol-

ogies of hydrate in the pore space are mostly the result of different

scenarios of hydrate formation (Priest et al., 2009; Waite et al., 2009;

Dugarov et al., 2019), but coal, unlike sand, has a complex multiscale

porosity structure (Cai et al., 2018; Pan et al., 2019).

Coal commonly contains matrix, clay minerals, numerous pores,

and small fractures. The size of pores and fractures ranges from nm
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to mm scale. Because of the porous nature and diverse chemical

decoration of the surface, coal is an excellent sorbent, which should

have a prevailing influence on the morphology of gas-hydrate for-

mation. In this work, we formed methane gas-hydrates in samples

from natural bituminous coal and presented the first experimental

acoustic property measurement during hydrate formation and dis-

sociation in samples with different initial water saturations.

METHODS

Samples preparation

Coal for the samples was taken from an operating mine of the

Kuznetsk coal basin in Russia (the Kemerovo region). We used

low-volatility bituminous coal from bed XXIV of the Pervomay-

skaya coalmine, which is an outburst mine (Jones, 2005). The re-

sults of the technical analysis of this coal are presented in Table 1.

The density of the coal frame is 1.31 g/cm3 as measured by the

pycnometric method. The original porosity of the coal was 0.18

as measured by the mercury intrusion test.

For acoustic experiments, we wanted to guarantee homogeneous

samples with homogeneous water saturation. Accordingly, we first

crushed the coal into a powder with a particle size between 0.2 and

1 mm. Then, we saturated the coal powder with water and put it into

a Caprolon cell. Finally, we compacted this sample with a hydraulic

press (at 10 MPa). The resultant sample was 26 mm in diameter and

40–50 mm long. The effective density of the samples varies from

1.1 to 1.2 g/cm3.

We used three types of water saturation: dry coal, coal with only

adsorbed water, and coal with adsorbed and free water in pores,

because of the complex multiscale porosity structure. For this,

we first dried the coal material at 110°C under vacuum conditions.

Then, for some samples we added adsorbed water by placing coal

into a desiccator with water at the bottom. Finally, for some samples

we added water so that they contained adsorbed and capillary water,

which we will further call free water. Only distilled water was used

in the experiments.

Further, we will discuss experimental results of studying acoustic

properties of three samples. The samples differ only by the type of

water saturation; see Table 2. The experimental procedure was the

same for each sample.

Experimental procedure

The cell with the sample was loaded into a high-pressure chamber

(Figure 1). Two plungers with piezoceramic acoustic sensors were

attached to the top and the bottom of the sample under axial pres-

sure; see Duchkov et al. (2017) for details. Constant axial and lateral

pressure of 30 MPa was maintained during the experiments. We

could vary the pore pressure and temperature in the chamber with

time while measuring the acoustic properties every 5 min: the veloc-

ities of the compressional (P) and shear (S) waves in the sample.

We first froze all of the samples and measured the acoustic prop-

erties of the coal with ice. Then, we injected methane into the pores

of the sample at an initial pressure of 10 MPa.We performed experi-

ments of hydrate formation under the “excess-gas” condition. After

methane injection, we increased the temperature to the values out-

side the methane-hydrate stability zone and kept it constant for ap-

proximately 24 h. Methane adsorption was taking place during this

period, which was indicated by the slow pore-pressure decrease.

For initiation of the hydrate formation, we lowered the temper-

ature so that methane gas hydrate may form; see stage A-B in

Figure 2. During the stage of hydrate formation (stage B-C), we

observed a gas pressure decrease due to the combined impact of

hydrate formation, methane adsorption by coal, and possible small

leakages from the gas line. In some cases, we used temperature

cycles (going from negative to positive temperatures without going

above the methane hydrate phase boundary) to speed up the hydrate

formation due to freezing-thawing of the remaining water (Chuvilin

Table 1. Results of the technical analysis of the coal from the
Pervomayskaya coal mine: Ad, ash content on a dry basis;
Vdaf , volatile compounds content on a dry ash-free basis;
and Cdaf and Hdaf , carbon and hydrogen content,
respectively, on a dry ash-free basis.

Ad

(%)
Vdaf

(%)
Сdaf

(%)
Нdaf

(%)

Functional group
concentration, mg–eq/g (daf)

СООН СО СООН + ОН

5.1 20.5 89.66 5.08 < 0.01 0.101 0.036

Figure 1. Schematic view of the high-pressure chamber consisting
of a steel vessel (gray), rubber collar maintaining lateral pressure
(green), and two plungers maintaining axial pressure (mint) with
piezoceramic acoustic sensors.

Table 2. Parameters of the coal samples. All mass values are
given for 100 g of dry coal: Sh, hydrate saturation after
finishing the hydrate formation (the volume fraction of the
pore space occupied by hydrate); Mw,trans, the mass of water
transformed to hydrate; Mw,free, the mass of free water; and
Mw,ads, the mass of adsorbed water.

Sample ID Water state Sh Porosity
Mw,trans,

g
Mw,free,
g

Mw,ads,
g

Cdry No 0 0.15 0 0 0

Cads Adsorbed 0.18 0.13 1.7 0 2.7

Cboth Adsorbed and free 0.59 0.11 3.6 3.3 2.7

U32 Dugarov et al.
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and Guryeva, 2009; Li et al., 2011). The changes of the P- and

S-wave velocities in time during hydrate formation (and water

freezing) were similar to the case of using sand samples (Duchkov

et al., 2019; Dugarov et al., 2019).

In the case of water, the freezing velocities stayed constant (see

Figure 3a), but it should be mentioned that time-limited data are

available for this case (approximately 3 h). In the case of hydrate

formation, we observed slow velocities increase (within a 3 h in-

terval), which continued for 10–20 days, see Figure 3b. The increas-

ing velocities indicated the increasing amount of methane hydrate in

the sample. Stabilization of the P- and S-wave velocities at high

values during temperature cycles is an indicator that the maximum

gas-hydrate formation is complete. A distinctive feature of the

experiments with coal was their duration as compared to similar

experiments with sand (approximately five times faster).

After finishing the hydrate formation, we studied acoustic proper-

ties of hydrate-bearing samples at different temperatures. For this, we

froze samples, stage C-D in Figure 2, and slowly increased the tem-

perature from a negative value to the value above the methane hydrate

phase boundary, stage D-E in Figure 2. Changes in the P-wave veloc-

ity during stages C-D and D-E are shown in Figure 4a. The temper-

ature increase rate was 0.5°C per hour as shown by the green line in

the figure (the right axis). In Figure 4a, one can clearly see the P-wave

velocity variations due to the changes in temperature. One can rear-

range these data showing the dependence of acoustic velocities on the

sample temperature; see Figure 4b. The blue curve for the interval

from −10°C to +11°C shows the clear dependence of the P-wave

velocity from the sample temperature.

The final experiment stage included hydrate dissociation as one

can see in Figure 4a (interval 295–300 h) and Figure 4b (interval

11°C–15°C). The hydrate dissociation results in the release of meth-

ane gas, which leads to quick pore-pressure increase and acoustic

velocity drop (Figure 4b). For each experiment, we used this quick

pore-pressure increase estimating the gas volume released during

hydrate dissociation, which then was used for estimation of the final

hydrate saturation (the volume fraction of the pore space occupied

by the hydrate) in the sample. Thus, we can obtain data from one

experiment about acoustic properties at only one hydrate saturation.

RESULTS AND DISCUSSION

Here, we present experimental results for three

coal samples with different types of water satura-

tion: dry coal (Cdry), coal with only adsorbed

water (Cads), and coal with adsorbed and free

water (Cboth); see Table 2. The samples were

made of pressed fractionated coal. For this reason,

the measured velocities were lower than the veloc-

ities in undeformed coal (Morcote et al., 2010;

Chen et al., 2017).

The initial acoustic properties of the samples

are within the range of 1.6–2.0 km/s for the P-

wave and 0.85–0.95 km/s for the S-wave. These

values are slightly lower than the acoustic prop-

erties of undeformed coal (Morcote et al., 2010;

Chen et al., 2017). They appear to be similar to

samples from the shear and plastic deformation

environment in Chen et al. (2017) and higher

than the properties of the powder samples in

Morcote et al. (2010). Note that the ratio of the

Figure 2. Changes of gas pressure versus temperature during: (A-B)
temperature lowering for the initiation of hydrate formation, (B-C)
methane hydrate formation, (C-D) sample freezing, and (D-E) tem-
perature raising with hydrate dissociation in the end. The colored
lines are phase boundaries of ice-water (blue) and methane hydrate
(green).

a) b)

Figure 3. The changes in the P- (the blue lines) and S-wave (the red
lines) velocities during (a) water freezing and (b) hydrate formation
with temperature decrease (the green line).

a) b)

Figure 4. Example of experimental data representations: (a) variations in P-wave veloc-
ity (the blue line) during temperature variations (the green line) and (b) dependence of
P-wave velocity from the temperature (the blue line) and pore pressure in the sample (the
orange line).

Velocities in coal samples with hydrate U33
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P- to S-wave velocity is < 1.9 for the dry sample and the sample

with adsorbed water; for the sample with adsorbed and free water,

this ratio is ≥2.0.

From Table 2, we see that not all of the water is transformed into

the hydrate form. The mass of water transformed to hydrate is less

than the total mass of free and adsorbed water. For both samples

containing water (Cads and Cboth), only approximately 60% of

the water is transformed into the hydrate form despite the very long

duration of the experiment — more than 10 days. We explain it by

the presence of considerable amounts of the adsorbed water trapped

in tiny pores of coal. This is different from the sand samples con-

taining mostly free water surrounding grains (in the case of using

the excess-gas method). In sand samples, almost all of the water

transforms into the hydrate form in a couple of days (Duchkov et al.,

2017). For the coal samples containing water (Cads and Cboth), we

see that the mass of free water is less than the mass of water trans-

formed to hydrate (Table 2). Thus, we assume that almost all of the

free water in the sample Cboth was transformed into the hydrate.

But we also see that part of the adsorbed water was also transformed

into the hydrate.

For better insight into the behavior of the adsorbed water, we

show changes in the acoustic velocities with temperature in Figure 5

for all samples from Table 2 (Cdry, Cads, and Cboth). The repre-

sentation of the results is similar to Figure 4b. The P-wave velocities

are shown in blue (Figure 5a and 5b), the S-wave velocities are in

red (Figure 5c and 5d). In all panels, we show the acoustic velocities

for the dry sample (Cdry) by a dashed-dotted line. For Cdry, we see

a constant descending trend (−1.5 m/s/°C) — the acoustic veloc-

ities decrease with the increasing temperature. In the left column,

we add the acoustic properties for the sample with only adsorbed

water (Cads); in the right column — for the sample with adsorbed

and free water (Cboth). For both cases, we first freeze/thaw the sam-

ples (pore pressure of 0.1 MPa, no methane) as shown by the dashed

lines. Then, we form and decompose the gas hydrates (methane in

pores at pressure of approximately 10 MPa) as shown by the solid

lines. In the temperature range corresponding to the stability of hy-

drate or ice, a gradual decrease in the velocities is observed, accel-

erating as the phase transition temperature approaches. We expect to

see velocity drops at the phase transition temperatures: 0°C for

thawing, approximately 13°C for the hydrate dissociation. An esti-

mate of the velocity change during phase transitions — ice melting

or methane hydrate dissociation — is shown in Table 3. First, we

will discuss the differences in the velocity drops, and then the con-

tinuous trend of the velocity decreases with the increasing temper-

atures.

The most interesting results concerning the velocity drop were

obtained for the Cads sample containing only adsorbed water. Note

that there is no sharp freezing/thawing increase in velocities for the

sample with adsorbed water; see the dashed lines in Figure 5a and

5c. There is no visible velocity drop at the formal

temperature of the phase transition, that is, 0°C.

This corresponds to the available literature data,

according to which all of the water in such sam-

ples (with adsorbed water) is in thin pores and

does not show freeze-thaw phase transitions at

a certain temperature (Charrière and Behra,

2010; Smirnov et al., 2016, 2018). There is also

some difference in the slope of the temperature

dependence for negative and positive tempera-

tures that we will discuss in more detail later

in this section.

But for the hydrate dissociation in the sample

Cads, we clearly see the velocity drops due to the

hydrate dissociation (the solid lines in Figure 5a

and 5c): 0.18 km/s (10%) and 0.09 km/s (10%)

for the P- and S-waves, respectively. We relate

this phenomenon to the change of the water state

in the coal sample. It can be explained by the

a) b)

c) d)

Figure 5. The changes in (a and b) P- and (c and d) S-wave veloc-
ities with the temperature increase for the samples made of dry coal
(the dashed-dotted lines): (a and c) coal containing only adsorbed
water, (b and d) coal containing adsorbed and free water during
phase transitions — ice melting (the dashed lines) or methane hy-
drate dissociation (the solid lines). Velocity drops are marked by
gray arrows.

Table 3. Velocity drop for the P- and S-waves during phase transitions — ice
melting or methane hydrate dissociation. The ΔVP and ΔVS for samples with
ice are the differences in the P- and S-wave velocities at temperatures −5 and
5°C, for samples with methane hydrate — at temperatures 10°C and 20°C.

Sample ID Phase transition
ΔVP

(km/s)
ΔVS

(km/s)
ΔVP

(%)
ΔVS

(%)

Dry coal

Cdry No — — — —

Adsorbed water

Cads Ice — water — — — —

Cads Hydrate — water + gas 0.18 0.09 10 10

Adsorbed and free water

Cboth Ice — water 0.39 0.19 19 19

Cboth Hydrate — water + gas 0.60 0.24 29 24

U34 Dugarov et al.
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competitive sorption of methane and water in the coal pores

(Ceglarska-Stefańska and Zarębska, 2002; Merkel et al., 2015;

Zeng et al., 2017; Smirnov et al., 2018, 2020). The model proposed

by Smirnov et al. (2020) supposes water displacement from thin

pores by the adsorbed gas and hydrate formation from this water.

Part of the weakly bound water localized in the form of microdrops

on sufficiently hydrophilic regions of the surface of coal micropores

is displaced by methane into the pore space between coal grains due

to the effect of competitive sorption. This water then behaves like

free water: it forms hydrate easier affecting acoustic properties

more, similarly to hydrate formation in sand samples. This effect

could explain the drastic difference between the behavior of the

acoustic properties in the experiments with freezing and hydrate

formation.

For the Cboth sample containing adsorbed and free water, we

observe the velocity drop in both types of experiments; see Figure 5b

and 5d. But these velocity drops are smaller for ice melting —

0.39 km/s (19%) for the P-wave and 0.19 km/s (19%) for the S-

wave; and larger for the hydrate formation — 0.60 km/s (29%)

and 0.24 km/s (24%). Note that in sand we do not see considerable

differences in the acoustic properties between freezing or hydrate

formation in the same sample. Thus, we conclude that in the case

with coal samples some of the adsorbed water is removed from

micropores as well. We suggest that the process of competitive sorp-

tion also takes place in the case in which some free water is already

present in the sample pore space.

In the preceding discussion, we have discussed the velocity de-

creases that happen around temperatures of the phase transition (ice

and hydrate formation/dissociation). For the curves in Figure 5, we

also see that a descending trend of acoustic properties decreases

with the increasing temperature. For the dry sample (Cdry), the

slope is constant for the negative and positive temperatures at ap-

proximately −1.5 m/s/°C. We will ignore this linear trend because it

could be caused (at least in part) by small deformations in the labo-

ratory setup at different temperatures. However, we see that the

dependence of acoustic properties on temperature becomes stronger

for the sample with adsorbed water (Cabs); see the dashed lines in

Figure 5a and 5c. There is no visible velocity drop at 0°C, but ap-

parently the adsorbed water causes some additional hardening of the

sample with the decreasing negative temperature. One can see a

similar hardening trend for other samples in the case of ice and hy-

drate formation. Considering the linear part at negative tempera-

tures, the linear trend is approximately −3 m/s/°C to −4.5 m/s/°C.

This consistent decrease of the acoustic velocities in the sample

with the increasing temperature can be explained using the existing

model of moisture freezing and hydrate formation in rocks (Chu-

vilin et al., 2011). Due to the interaction with the surface of the rock

particles, the water in the rock has a spectrum of energy states.

Bound water freezes (or forms a hydrate) at a lower temperature

than bulk water. With the decreasing temperature, more and more

water is transformed into ice/hydrate (Dash et al., 1995). But the

most strongly bound part of the water may not freeze at all or

may not transform to hydrate. For experiments with sand, Chaoua-

chi et al. (2015), Sell et al. (2016), Yang et al. (2016), and Sahoo

et al. (2018) use high-resolution X-ray computed tomography

imaging to study the microstructure of hydrate in the pore space.

Sahoo et al. (2018) form methane gas hydrate, whereas Chaouachi

et al. (2015), Sell et al. (2016), and Yang et al. (2016) form xenon

gas hydrate. But all authors claim that a thin water film remains

between the sand particles and the gas hydrate. This can be a rough

analogy to what is taking place in our coal samples for which there

is no high-resolution tomography imaging available.

The surface of the coal used in our experiments (Smirnov et al.,

2020) contains polar functional groups; see Table 1. In addition, the

coal contains ash, which is a complex mixture of minerals with a

complicated surface geometry. Such complex surfaces can bind sig-

nificant quantities of water. At a given pressure, the freezing (or

hydrate formation) of such water is taking place within the range

of temperatures. This leads to a gradual formation/dissociation of

ice or hydrate at decreasing/increasing temperatures. We assume

that the decrease of the velocities observed with the temperature

increasing is associated with the partial dissociation of the hydrate

in the sample leading to the weakening of the bonds between the

coal particles.

We also performed a similar set of experiments for the same type

of coal from another coal mine: low-volatile bituminous coal from

bed XXVII of the Berezovskaya coal mine, the Kemerovo region of

the Kuznetsk coal basin. In the experiments with this coal, we also

observed similar features as discussed above: the velocity decreases

that we associate with the competitive sorption of methane replac-

ing adsorbed water and the temperature dependence of the acoustic

velocities. The obtained P- and S-wave velocities on this set of sam-

ples in comparison with the previously discussed samples from the

Pervomayskaya coal mine are shown in Figure 6. Note that the

porosity of the sample set from the Berezovskaya coal mine was

0.21 and we used a higher initial gas pressure of 15 MPa. Despite

this fact, the estimated velocities in the samples formed from coal

from different coal mines are in good accordance. The acoustic P-

and S-wave velocities increase modestly for the studied range of

hydrate saturation (less than 0.6).

Velocities estimated from contact-cementing, envelope-cement-

ing, and load-bearing (noncementing) effective models for describ-

ing acoustic properties of hydrate-bearing samples (Dvorkin and

Nur, 1996; Ecker et al., 1998) are also shown in Figure 6. We can

conclude that the load-bearing model is better for fitting experimen-

tal P- and S-wave velocity values for coal samples with methane gas

hydrates. This result differs from the result for methane-hydrate-

Figure 6. The P- and S-wave velocities (at 10°C) in samples formed
from coal from the Pervomayskaya (the circles) and Berezovskaya
(the crosses) coal mines in comparison with estimation by contact-
cementing (the solid lines), envelope-cementing (the dashed lines),
and load-bearing (the dotted lines) effective models.
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bearing sand samples (Dugarov et al., 2019), as expected. In the

case of sand samples, the envelope-cementing model is the best

for fitting the velocity values. However, more experiments on meth-

ane gas-hydrate formation in coal samples are needed for more de-

tailed analysis of velocity dependencies from hydrate saturation.

CONCLUSION

In this paper, we have demonstrated the results of experiments on

studying acoustic properties (P- and S-wave velocities) of samples

from low-volatile bituminous coal during freezing and methane-hy-

drate formation. Typically, for sand samples we see a rapid velocity

drop during ice/hydrate dissociation. For coal samples, this effect

strongly depends on the type of initial water saturation. For the sam-

ples with free water, we observed a clear velocity increase/decrease

similar to experiments with sand. For the samples with only ad-

sorbed water, there is no velocity change during freezing/thawing.

There is also a continuous trend of hardening (velocity increase)

with decreasing negative temperatures. We interpret these results

as a manifestation of the complicated pore structure of coal. A

complex geometry of coal pore surfaces significantly changes

the energy state of bound water, leading to a partial formation of

ice/hydrate at different temperatures.

Another experimental observation is that, for the same samples,

changes in acoustic properties were significantly stronger during

gas-hydrate formation than during freezing. For the sample with

only adsorbed water, there was no velocity change during freez-

ing/thawing but there was a noticeable velocity increase/decrease

during the hydrate formation/dissociation. This result is different

from experiments with sand where freezing or hydrate formation

results in a very similar increase of acoustic velocities. A possible

explanation of this effect in the coal samples could be that the pres-

ence of methane under pressure in the pore space results in replac-

ing part of the adsorbed water from the micropores. This replaced

water starts behaving like free water easily forming hydrate, causing

changes in the acoustic properties. Thus, we interpret these results

as an experimental confirmation of the competitive sorption of

methane and water in thin coal pores.

From a geophysical point of view, the presented results are sig-

nificant because they show different acoustic properties for the same

sample containing ice or hydrate (note that in most cases frozen and

hydrate-bearing samples show similar physical properties). This

paves the way to develop seismic methods for coal seam characteri-

zation and monitoring. To better understand the addressed processes,

we need high-resolution tomographic imaging of the hydrate forma-

tion in coal samples. This will give hard evidence for supporting our

interpretation of the variation in acoustic properties.
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