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Abstract

Laboratory visual detection on the hydrate accumulation process provides an effective and low-cost method to
uncover hydrate accumulation mechanisms in nature. However, the spatial hydrate distribution and its dynamic
evolutionary behaviors are still  not fully understood due to the lack of  methods and experimental  systems.
Toward this  goal,  we built  a  two-dimensional  electrical  resistivity  tomography (ERT) apparatus capable of
measuring spatial and temporal characteristics of hydrate-bearing porous media. Beach sand (0.05–0.85 mm) was
used to form artificial methane hydrate-bearing sediment. The experiments were conducted at 1°C under excess
water conditions and the ERT data were acquired and analyzed. This study demonstrates the utility of the ERT
method for hydrate mapping in laboratory-scale. The results indicate that the average electrical conductivity
decreases nonlinearly with the formation of the hydrate. At some special time-intervals, the average conductivity
fluctuates within a certain scope. The plane conductivity fields evolve heterogeneously and the local preferential
hydrate-forming positions alternate throughout the experimental duration. We speculate that the combination of
hydrate formation itself  and salt-removal  effect  plays  a  dominant  role  in the spatial  and temporal  hydrate
distribution, as well as geophysical parameters changing behaviors during hydrate accumulation.
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1  Introduction
Natural gas hydrate attracted tremendous attentions in the

last few decades due to its promising energy potential (Chong et
al., 2016; Koh et al., 2012; Wu et al., 2021). Considerable efforts
have been directed to explore submarine accumulations of nat-
ural gas hydrate using geophysical methods, drilling, and coring
(Li et al., 2019a; McConnell et al., 2012; Permyakov et al., 2017).
The occurrence of hydrate in marine sediment is normally char-
acterized as high sonic velocity and electrical resistivity in the
geophysical aspect (Cui et al., 2018; Fu et al., 2019; Li et al., 2021;
Liu et al., 2020b). Both field interpretations and laboratory stud-
ies show discrepancies among hydrate saturations derived from
different geophysical methods (Attias et al., 2020; Jana et al.,
2017; Shankar and Riedel, 2014; Wang et al., 2011), which is
mainly caused by uncertainties in the relationships between
these parameters and hydrate content (Pan et al., 2020). There-
fore, quantitatively predicting hydrate accumulating morpholo-

gies and saturations within the sediment requires verification
from visualized experiments (Wu et al., 2018).

Laboratory-scale monitoring of hydrate formation processes
is an effective and low-cost method to investigate the hydrate ac-
cumulation mechanisms (Liu et al., 2017). Hydrate is highly res-
istive compared to the host sediments, the anomalous increase of
resistivity is used as a proxy for the delineation of gas hydrates
(Jana et al., 2017; Liu et al., 2020c). Abundant experimental work
has been devoted to evaluate hydrate formation-dissociation
processes and to calibrate the electrical resistivity models (Chen
et al., 2013; Santamarina and Ruppel, 2008; Ye et al., 2020). Based
on the analogies between hydrate-bearing sediments and perma-
frost, Pearson et al. (1983) firstly suggested the use of Archie’s law
to quantitatively evaluate hydrate content in the sediment.

The prediction of the hydrate saturation using Archie equa-
tion requires knowledge of the saturation exponent (Cook and
Waite, 2018). The value n≈2, as a constant, is widely used within  

Foundation item: The Taishan Scholar Special Experts Project of Shandong Province under contract No. ts201712079; the National
Natural Science Foundation of China under contract No. 41976074; the National Key Research and Development Program of China
under contract No. 2018YFE0126400.
*Corresponding author, E-mail: wuny@ms.giec.ac.cn; gaodeli@cast.org.cn
 

Acta Oceanol. Sin., 2022, Vol. 41, No. 9, P. 127–136

https://doi.org/10.1007/s13131-021-1972-2

http://www.aosocean.com

E-mail: ocean2@hyxb.org.cn



the gas hydrate community (Pandey et al., 2019; Waite et al.,
2009), although it was originated from ice-bearing sediment
(Pearson et al., 1983). In hydrate geophysical community, satura-
tion exponent is usually calibrated by chlorinity measurement
(Harinarayana et al., 2012; Malinverno et al., 2008), compression-
al-wave velocity (Cook and Waite, 2018; Shankar and Riedel,
2014), and pressure core (Jana et al., 2017; Konno et al., 2019). At
the laboratory-scale, formulated (Spangenberg, 2001) and exper-
imentally verified (Spangenberg and Kulenkampff, 2006; Span-
genberg et al., 2005) the saturation exponent as a function of hy-
drate saturation and host-sediment contacting behavior.

In the last decade, a variety of experimental technologies
were developed to calibrate the relationship between resistivity
and hydrate formation-dissociation processes. The sizes of the
experimental devices vary from micro-CT scale (Dong et al.,
2019) to pilot scale (Lim et al., 2017; Liu et al., 2020a). The test
results covered both single-phase hydrate (Du Frane et al., 2011)
and hydrate-sediment-water multi-component systems (Chen et
al., 2016; Lu et al., 2019). These experimental technologies
provide point measurements of gas hydrate concentration versus
resistivity (Du Frane et al., 2015), without mapping hydrate spa-
tial and temporal distributions. Nonetheless, the relevant mech-
anisms of gas migration and gas hydrate formation are still not
fully understood. Some micro-sized technologies such as X-CT
(Chaouachi et al., 2015; Li et al., 2019b; Yang et al., 2016) and
SEM (Sun et al., 2020) were widely used to obtain tomographic
hydrate distribution behaviors in the host sediments. The re-
search results from micro-sized observation provide significant
reference for unveiling hydrate mechanisms. However, the
sample sizes for X-CT and SEM are usually in millimeter-scale,
which is not sufficient to quantify hydrate dissociation and/or
formation behaviors in a larger scale. Some optically visualized
experimental devices were also developed (Li et al., 2020a), but
the optical results could be used to determine hydrate process
quantitatively.

Electrical resistivity tomography (ERT) provides a favorable
way of visualizing hydrate formation processes both at the core-
scale and pilot-scale, owing to its non-invasion and high measur-
ing efficiency characteristics (Li et al., 2020c; Priegnitz et al.,
2014). ERT-based hydrate lab-monitoring method was firstly re-
ported by Priegnitz et al. (2013). Previous application of ERT in
monitoring hydrate forming process covered both gas-water flow
loop (free of sediment) (Heeschen et al., 2014) and high-pressure
vessels containing saline solution and sediment (Priegnitz et al.,
2015; Sun et al., 2019; Walsh, 2014). Sahoo et al. (2018) high-

lighted the potential usage of ERT in explaining the con-
sequences of coexisting methane gas with hydrate under two-
phase water-hydrate stability conditions. However, little com-
munity consensus on the relationship between hydrate accumu-
lation mechanism and ERT conductivity field was developed so
far.

It is worth noting that all the reported ERT data were collec-
ted through circular two-dimensional (2D) measurements. Then
the 2D results can be extended with additional 3D cross meas-
urements to provide supplemental data (Priegnitz et al., 2013).
Therefore, a 2D measurement is the base for spatial hydrate dis-
tribution detection. Aimed at investigating hydrate accumula-
tion mechanisms under the existence of various geological struc-
tures, we developed a 2D ERT high-pressure vessel (Li et al.,
2019c, 2020d). This paper provides a preliminary ERT-responses
analysis of hydrate formation under excess water conditions.
Both the plane-average resistivity and local resistivity field chan-
ging behaviors during hydrate synthesizing would be compre-
hensively studied.

2  Experimental section

2.1  Experimental setup and materials
The 2D ERT hydrate monitoring device consists of a high-

pressure vessel, a gas supply module, a temperature control
module, a data acquisition module, and a PC (Fig. 1). The high-
pressure vessel has an inner diameter of 50 mm and a height of
360 mm, and the maximum working pressure is 150×105 Pa (Li et
al., 2020d). The gas injection inlet is located at the center of the
bottom flange. There is a fluid outlet at the center of the top
flange. Both the diameters of the fluid inlet and outlet are 2 mm.

To provide relatively low and stable temperature conditions,
the high-pressure vessel is placed in a temperature chamber. The
gas supply module, data acquisition and processing module are
connected with the high-pressure vessel through pressure-resist-
ing pipe and wire, respectively. A methane pump controls the
pressure of the system. The data acquisition module collects the
real-time pressure, temperature within the vessel. The ERT de-
tection is also initiated and monitored by the data acquisition
module.

An epoxy tube fitted with connecting electrical cable serves as
the insulating backbone of the electrical probes. Totally 16 cop-
per electrodes are embedded in the epoxy tube at the same
height (120 mm from the bottom of the vessel, “a-a” in Fig. 1b).
Hereafter, the “a-a” plane is called the ERT monitoring plane.
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Fig. 1.   The two-dimensional (2D) electrical resistivity tomography (ERT) hydrates monitoring device (a) and its diagram (b) (Li et al.,
2020d). Totally 16 stainless steel electrodes are embedded at the monitoring plane (a-a  in b) of the inner wall of the vessel and
connected to the ITS P2000.
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The epoxy tube is enclosed and sealed into a titanium alloy jack-
et to form a high-pressure vessel (Fig. 2a). The width and length
of each electrode are 5 mm and 20 mm, respectively, and the dis-
tance between the electrodes is 5 mm (Li et al., 2020d). A ground
electrode is installed to provide a ground reference to the sixteen
measuring electrodes. These electrodes are connected to the data
acquisition module (ITS P2000; Industrial Tomography Systems
Ltd, UK), which is controlled by software provided by the manu-
facturer. The temperature and pressure are acquired by a self-de-
veloped code.

In this experiment, medium–coarse sand from Qingdao
beach was used as host sediment. Grain size of the beach sand
ranges from 0.05 mm to 0.85 mm, with a medium grain size of
0.31 mm. A detailed discussion about the particle size distribu-
tion characteristics, as well as the determination of total porosity
and permeability, could be found in our previous work (Dong et
al., 2020; Li et al., 2018). Sodium chloride solution with a salinity
of 3.5 wt.% was used to simulate the pore water. The purity of the
methane gas is 99.99%.

2.2  ERT data acquisition and processing method
To visually observe and monitor the real-time reaction pro-

cesses inside the high-pressure vessel, different multi-electrode
driving patterns have been documented by previous studies (Cui
et al., 2016). In this work, a four-electrode initiating and measur-
ing method is involved and connected with the ITS P2000.

The actuation current, which remains constant throughout
the process, is injected and exported from each of two of the
neighboring electrodes by turns, and then the dynamic voltages
between each two of the other fourteen neighboring electrodes
are obtained and transformed into conductivities (Fig. 2b).
Therefore, 104 conductivity (the inverse of electrical resistivity)
values are obtained within one measuring circle. The average of
the 104 conductivities reflects the overall transient state of the
ERT monitoring plane, which is defined as the average plane
conductivity in this manuscript.

A variety of algorithms were reported in reconstructing the
dynamic electrical conductivity field. The non-linear method was
supposed to be more accurate and tends to reduce artifacts (As-
garifar et al., 2010; Kotzé et al., 2019). However, it will consume
many computational resources and therefore may not be suit-
able for high-speed and real-time industrial applications.

The linear back projection (LBP) methodology is considered
to be the most robust methodology due to its fast-computational
speed and algorithm simplicity (Bolton et al., 2007; Smyl, 2020).
The LBP method is used in our study to reconstruct the dynamic

real-time electrical conductivity field during hydrate formation.
The average hydrate saturation in the sediment is determ-

ined independently from pore pressure and temperature.

Sh =

(
P

T
− P

T

)
·
VgMh

RρhVp
, (1)

where P1 (MPa) represents the pressure in the vessel at initial
state; T1 (K) represents the temperature at initial state; P2 and T2

represent the real-time pressure-temperature conditions in the
vessel; Mh is the molar mass of natural gas hydrate, Mh=122.02
g/mol; R is universal gas constant, R=8.314 J/(mol·K); ρh is the
density of the methane hydrate, ρh =0.91 g/cm3; Vp is the pore
volume of the sediment pressed into the vessel, Vp= 249.56 mL;
whereas the Vg is the real-time gas volume contained in the sys-
tem, Vg =153.5 mL.

It should be noted that the volume occupied by fluid in the
sediment decreases with the increase in hydrate saturation, lead-
ing to a decrease in Vg. However, the pore volume in this experi-
ment is much smaller than the volume of gas supply pipe. There-
fore, the influence of Vp on Vg is neglected in this paper.

The Archie equation is an empirical relation to calculate hy-
drate saturation from electrical resistivity. The electrical resistiv-
ity index is introduced to describe the increase in electrical res-
istivity caused by hydrate formation within the sediment. Hence
the Archie equation for hydrate saturation prediction could be
written as Eq. (2).


F =

R0

Rw
=

σw

σ0
=

a
φm

,

I =
Rt

R0
=

σ0

σt
=



(− Sh)
n ,

(2)

Iwhere F is the formation factor;  represents the electrical res-
istivity index; Rw, R0, and Rt are electrical resistivity of the con-
nate water, hydrate-free water-saturated sediments, and hydrate-
bearing sediment in Ω·m, respectively; σw, σ0, and σt are electrical
conductivity of the connate water, hydrate-free water-saturated
sediments, and hydrate-bearing sediment in S/m, respectively; φ
is the total porosity of the sediment, φ=41%; a and m are Archie
constant; Sh is the hydrate saturation; n is the saturation expo-
nent, which is mainly determined by hydrate saturation itself
providing the host sediment is definite (Cook and Waite, 2018).

φIn field geophysical application,  is normally derived from
bulk density logging, whereas a and m are derived based on the
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Fig. 2.   Top-view diagram of the high-pressure chamber containing ITS spool (a), and four-electrode probe adjacent measurement
strategy (b). In b, the No. 1 and No. 2 electrodes act as source electrodes, while the other 14 probes act as receiver electrodes.
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cross plot between the porosity and formation factor. There are
great discrepancies among hydrate saturation prediction results
from different literatures because of the value of a and m.
However, in this experiment, the formation factor and the res-
istivity of hydrate-bearing sediment could be obtained directly
from the experiment. The hydrate saturation could be derived
from Eq. (3).

Sh = − Sw = −
(
F · σt

σw

)/n

. (3)

Providing that hydrate is uniformly distributed in the sedi-
ment, Eq. (3) could be modified as

S̄h = − Sw = −
(
F · σ̄t

σw

)/n

, (4)

σ̄t

S̄h
where  represents the average plane conductivity obtained
from ERT module. The average hydrate saturation  could be
derived from Eq. (1). Therefore, we obtain an equation for satura-
tion exponent by the combination of Eqs (4) and (1).

{
n = /logδ

(
− S̄h

)
,

δ = F · σ̄t/σw.
(5)

Finally, we could predict hydrate distribution within the sedi-
ment from the real-time electrical conductivity distribution field
through Eq. (3). It is worthy noting that the above equations are
based on the assumptions that no free gas exist in the system.
Once we inject free gas directly into the vessel, the ERT results
might underestimate the absolute hydrate saturation due to ex-
istence of free gas. However, this would have little influence for
relative accumulation state in an enclosed system.

2.3  Experimental procedures
To clarify the comparability of this study to field conditions,

we firstly tested the conductivity change behaviors of both brine
and brine-saturated sediment with temperature using the 2D
ERT hydrate monitoring device. This process also helps to de-
termine the formation factor, which was defined as the ratio of
the resistivity of fully brine-saturated sediment (R0) to the res-

istivity of the connate water (Rw) in Eq. (2).
Firstly, the vessel was filled with the brine at room temperat-

ure (20°C). Then we started the temperature control module to
cool the vessel at a rate of 1°C/min and initiated the ERT monit-
oring process simultaneously. The average plane conductivity
was recorded during cooling. The beach sand was washed care-
fully with distilled water and dried. Then the sand was poured in-
to the brine gradually to avoid the formation of gas bubbles in the
sediment. Then constant axial stress of 0.5 MPa was applied to
the sample for 2 h. Excessive water located above the saturated-
sediment was pumped out. This process ensures that the sedi-
ment was saturated homogeneously. Finally, the vessel was
warmed-up at a rate of 1°C/min and the ERT values were ac-
quired simultaneously.

The relationships between temperature and conductivity of
pore-water and saturated sediment could be obtained from the
above procedures. Figure 3 shows a comparison of pore water,
brine-saturated sediment, and typical marine field conditions.
The correlation data are from the GMGS-W18 in the Shenhu
area, northern South China Sea (Li et al., 2019a; Li et al., 2019b; Li
et al., 2020b; Li et al., 2020e; Zhang et al., 2019; Zhao et al., 2020)
and the AT1 and GC955-H, Gulf of Mexico, USA (Merey, 2019). It
is obvious that the laboratory brine-saturated sediment system is
very close to the marine sediment. Therefore, the experiment in
this manuscript is comparable to field conditions.

Figure 3 also depicts the relationship between temperature
and formation factor. It is clear to see that both the electrical con-
ductivity of the brine and brine-saturated sediment decrease lin-
early with the decrease in temperature. The formation factor of
the sediment fluctuates between 4.76 and 4.94, with an average
value of 4.85. The best-fit empirical function for the conductivity
of the pore-water, the conductivity of the brine-saturated sedi-
ment, and the formation factor are shown in Eqs (6)–(8), respect-
ively.

σw = .T+ ., r = ., (◦C ⩽ T ⩽ ◦C), (6)

σ = .T+ ., r = ., (◦C ⩽ T ⩽ ◦C), (7)

F = .× T., r = ., (◦C ⩽ T ⩽ ◦C). (8)
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Fig. 3.   Conductivity clarifications for pore water (sodium chloride solution with a salinity of 3.5 wt.%) and brine-saturated sediment.
The temperature for AT1 and GC955-H in the Gulf of Mexico, USA are obtained from the drilling operation. The temperature for
GMGS-W18 is predicted according to the seafloor temperature (3.76°C) and geothermal gradient (63°C/km) (Liao et al., 2016; Zhang et
al., 2019). JIP: Joint Industrial Program.
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could be obtained by combining Eqs (3)–(8).
The hydrate forming processes were carried out following the

procedures described below. Two parallel experiments were con-
ducted in this study. The duplicated test showed good agree-
ment with the tested one. One of the experiments is discussed.

The vessel is fully filled with brine-saturated sediment and
placed into the cold-chamber (1°C). The temperature of the sedi-
ment was maintained at 1°C for more than 5 h before gas injec-
tion. Conductivity distribution at 1°C was taken as reference (Fig.
4a). Figure 4a indicates that conductivity at the ERT monitoring
plane is evenly distributed before gas injection. The average
plane conductivity is 5.22 mS/cm at 1°C, which is consistent with
that observed in Fig. 4. Then methane was injected into the ves-
sel from the gas injection inlet. The gas injection rate was con-
trolled at 10 standard cubic centimeters per minute (SCCM) by a
mass flow controller. The targeted pore pressure of the experi-
ment is controlled around 80×105 Pa.

We observed that gas injection process broke-up the uni-
formly distributed conductivity field. Conductivity at the center
of the ERT monitoring plane decreased greatly while the peri-
pheral part remains unchanged. As a result, concentric-zonal
conductivity distribution characteristics were observed and ex-

panded gradually from the center to the periphery, which is
shown in Fig. 4b.

Concentric-zonal conductivity distribution implies a concent-
ric-zonal distribution of gas and water within the sediment. Gas
diffusion is markedly strong at the center while weak at the peri-
pheral part. Figure 4b could be viewed as the initial conductivity
distribution state for the hydrate-forming simulation. The tem-
perature of the sediment now remained at 1°C. The pressure in
the vessel would drop due to the formation of hydrate. When the
pressure in the vessel remains unchanged for more than 5 h, the
vessel was reloaded with methane to about 80×105 Pa.

3  Results and discussion

3.1  Average conductivity and saturation exponent
During the entire hydrate formation process, the temperat-

ure in the sediment was kept stable at 1°C (±0.5°C). The pore
pressure of the sediment, the average conductivity at the ERT
monitoring plane, and the average hydrate saturation from Eq.
(1) are shown in Fig. 5. The pore pressure decreases with the
formation of the hydrate. When the pressure decreased to a cer-
tain value and kept constant for more than 5 h, gas was injected
at a rate of less than 10 SCCM until the pore pressure reached
80×105 Pa. Three gas injection cycles were applied in this experi-
ment (t1, t2, and t3 in Fig. 5).

It could be seen from Fig. 5 that the pore pressure rises con-
tinuously to 80×105 Pa within each pressure loading cycle.
However, each gas injection operation causes a plummet in the
average conductivity (Δσ1 and Δσ2 in Fig. 5). In the early stages of
the experiment (≤155 h) when hydrate saturation is less than
11%, we could see little change in the average conductivity. After
that, the average conductivity decreases nonlinearly with the
formation of the hydrate. The average conductivity fluctuates
within certain scopes at some special time-intervals. Further-
more, the magnitude of the average conductivity fluctuation be-
comes larger with the increase in average hydrate saturation.

To further investigate the fluctuation behaviors in the aver-
age conductivity, we made a comparison between the pore pres-
sure and average conductivity at the early stage of t2 (time inter-
val of 179–217 h) in Fig. 6. According to the changes in the aver-
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Fig. 5.     Measured pore pressure (black solid line) (Li et al.,  2020d), average conductivity (blue solid line), and average hydrate
saturation from Eq. (1) (red solid line) versus experimental time. Δσ1 is the decrease in the average conductivity caused by the second
gas injection or loading; Δσ2 is the decrease in the average conductivity caused by the third gas injection.
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age conductivity, the experimental duration from 179 h to 217 h
is divided into four sub-intervals, noted as a–d in Fig. 6. The pore
pressure declines rapidly during sub-interval a, and then de-
creases gradually and smoothly during sub-intervals b–d. Never-
theless, the average conductivity showed four-stages behavior,
which is characterized by constant (a) → decline (b) → rebound
(c) →constant (d).

dρh
dρs

dρh dρs

dρh ≈ dρs

Hydrate formation itself tends to reduce the conductivity,
while salt-removing tends to enhance the conductivity of the sed-
iment. Therefore, the average conductivity of the hydrate-bear-
ing sediment is determined by the combination of hydrate form-
ation and associated salt-removing effect. Providing that hydrate
formation induced conductivity decline rate is , while the salt-
removing induced conductivity rise rate is . The difference
between the  and  determines the change in average con-
ductivity. The fluctuation of the average conductivity disappears
when . When the hydrate formation process becomes
dominant (with a high synthesizing rate), the average plane con-
ductivity tends to decline, and vice versa.

As mentioned above, the fluctuation magnitude of the aver-
age conductivity becomes stronger with the increase in average
hydrate saturation, which could be attributed to the re-distribu-
tion of salt concentration. Motivated by the local salinity differ-
ences, salt ions would disperse and migrate once the salt-remov-
ing effect happens. Thereby low hydrate saturation indicates
enough pore space for ions transformation, which may also en-
hance the moderating effect of pore water on ions concentration.
However, with the increase in hydrate saturation, part of the salt
ion transformation pathways might be blocked by hydrate (Chen
et al., 2018). The moderating effect of pore water on ions concen-
tration becomes weaker. Consequently, there is a severe fluctu-
ation in average conductivity.

We evaluated the hydrate saturation exponent based on the
average hydrate saturation and average conductivity showed in
Fig. 6. The result is shown in Fig. 7, the saturation exponent
ranges between 0.25 and 4.85, with an average of 0.92 and a
mathematical median value of 2.30. The saturation exponent de-
creases rapidly below 7% hydrate saturation. When average hy-
drate saturation exceeds 16%, the predicted saturation exponent
remains stable at 1±0.2, which is much lower than the value n=2)
suggested by Pearson et al. (1983). The result in Fig. 7 would be
coupled with Eq. (4) to estimate spatial and temporal distribu-
tions of hydrate.

3.2  Hydrate distribution characteristics
Although the average conductivity fluctuates because of the

influence of the salt-removing effect, the final conductivity value

is determined by the amount of hydrate in the sediment. There-
fore, the deviation of real-time ERT monitoring results to the ini-
tial state (shown in Fig. 4b) could be used as an indicator for hy-
drate saturation distribution. To identify local preferential hy-
drate-forming positions and their alteration with time, real-time
ERT data were acquired and imaged via ITS P2000. Some of the
real-time conductivity fields at the ERT monitoring plane are im-
aged in Fig. 8.

The conductivity fields evolve heterogeneously throughout
the experiment. In Fig. 8, the conductivity distribution seems to
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Fig. 6.   Evolution of pore pressure and average conductivity from 179 h to 217 h.
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Fig. 7.   Relationship between average hydrate saturation and sat-
uration exponent in this experiment.
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Fig. 8.   Conductivity fields at typical time nodes. The conductiv-
ity distribution after gas injection (Fig. 5b) was taken as refer-
ence.
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be scattered within the first few hours (Fig. 8, t=6 h). We attribute
this to the randomness of hydrate nucleation. The magnitude of
the conductivity field decreases with time. Finally, a concentric-
zonal structure of conductivity field forms (Fig. 8, t=310 h). The
conductivity intensity within the same concentric-zonal area be-
comes evenly distributed.

The discrete plane conductivity distribution could be ex-
pressed via a continuous survey line in each sectional conductiv-
ity field. Herein, the 45° line in the 2D conductivity field was
taken as the survey line (see Fig. 8, t=6 h). The ERT measuring
results on the survey line were taken at two minutes interval and
then stacked based on time series. The dynamic evolutionary be-
havior of the conductivity along the 45° line is shown in Fig. 9.

The middle of the Y-axis in Fig. 9 represents the original gas
injection tunnel. Concentric-zonal conductivity distribution
characteristics could be observed throughout the experiment. At
the early stage of the experiment, the lateral diffusion of meth-
ane gas controlled the concentric-zonal conductivity distribu-
tion. The conductivity rises laterally with the increase of the dis-
tance to the center. At the late stages of the experiment, the con-
centric-zonal conductivity distribution is mainly controlled by
the distribution of hydrate. The “phase inverse” in the concent-
ric-zonal conductivity distribution was observed during the
middle stage of the experiment (170–200 h). The minimum con-
ductivity zonal area distributed at a specific radius ranges to the
center part since phase inverse.

Heterogeneous conductivity distribution could be observed
during sub-interval a1 and a2 in Fig. 9. The local conductivity
around the center decreased with time, followed by a slight in-
clination before becoming stable. This is consistent with the fluc-
tuation of average conductivity (Fig. 6). Therefore, the combina-
tion of hydrate formation and salt-removing effect is confirmed
to be the main controlling factor for fluctuation of the conductiv-
ities at the ERT monitoring plane.

The heterogeneous conductivity decreasing process indic-
ates heterogeneous hydrate synthesizing process. We calculate
hydrate spatial and temporal distribution at the ERT monitoring
plane by a combination of Eqs (4)–(8). Since the temperature is
controlled at 1°C, the conductivity of the brine and the brine-sat-
urated sediment are 2.415 S/m and 0.518 S/m, respectively. The
formation factor is 4.76. Hydrate saturation distributions at the
ERT monitoring plane are shown in Fig. 10.

Figure 10 shows real-time preferential hydrate-forming posi-
tions. Alteration in preferential hydrate-forming positions tends
to improve the homogeneity within the same concentric zonal
area, while enhances anisotropy among different concentric zon-

al areas. At the end of the experiment (t=310 h in Fig. 10), we
could see an obvious radial saturation gradient at the ERT monit-
oring plane. The maximum hydrate saturation within the sedi-
ment is 49.5%, with an average hydrate saturation of 38.5%. The
alteration in local preferential hydrate-forming positions could
also be attributed to the combination of hydrate formation and
salt-removing effect.

This study demonstrates the utility of the ERT method for hy-
drate mapping in lab-scale. The results indicate that the average
electrical conductivity decreases nonlinearly with the formation
of the hydrate. At some special time-intervals, the average con-
ductivity fluctuates within a certain scope. The plane conductiv-
ity fields evolve heterogeneously and the local preferential hy-
drate-forming positions alternate throughout the experiment.

Current study implies the utility of the ERT method for hy-
drate mapping in lab-scale. We attempted to match hydrological
regimes and geological conditions of those of a real submarine
environment. However, some factors involved in real submarine
sediments were not taken into consideration due to experiment-
al scale limitations. To meet the need of complicated simulation
conditions requires an upgrade of the experimental scale or the
installation of special structures into the vessel.

4  Conclusions
This study developed a remote hydrate detecting experiment-

al device based on ERT technology. Methane gas was injected
from the center of the bottom flange with several cycles to simu-
late hydrate formation process at gas-water-sediment multi-
phase scenarios. Hydrate formation was conducted at 1°C. Both
the average conductivity and the conductivity field were compre-
hensively studied. The Archie equation is introduced to derive
spatial and temporal distributions of hydrate within the sedi-
ment. The experiment yielded the following results.

(1) Generally, the average electrical conductivity decreased
nonlinearly with the increase of average hydrate saturation.
However, we still observed certain fluctuations of the average
conductivity at some special time-intervals, namely, the average
electrical conductivity increased slightly with the gas consump-
tion (i.e. hydrate formation). This phenomenon was unlikely to
occur if the average electrical conductivity is dominated solely by
hydrate formation. As a result, we speculate that the hydrate
formation process was accompanied by a certain remarkable
mass-transfer, either three-dimensional or two-dimensional.
And the salt-removal effect was responsible for such a remark-
able mass-transfer.

(2) The conductivity field changed non-homogeneously
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Fig. 9.   Dynamic evolutionary behavior of conductivity value along the 45° line of the monitoring section in Fig. 8. The gas injection
tunnel locates at the middle of the vessel, where Y=0.0 cm.
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throughout the experimental duration, indicating that the prefer-
ential hydrate-forming positions alternated throughout the ex-
periment. Under the condition that gas was injected at the center
of bottom flange, the hydrate distribution at the ERT monitoring
plane showed obvious concentric-zonal characteristics with a ra-
dial saturation gradient. This was quite important since it in-
spired us the importance of water activity (seepage dominated by
salinity difference) in hydrate accumulation processes in nature.

(3) The current study indicates anisotropic and heterogen-
eous hydrate formation processes under the condition of gas-wa-
ter two-phase conditions. We speculate that salt-removal effect
and hydrate formation itself are the main determinants of spatial
and temporal hydrate distribution characteristics. Owing to the
limitation of the experimental scale, the current experiment
doesn’t take the influences of geochemical and geophysical char-
acteristics into consideration, although they might play crucial
roles in hydrate accumulation mechanisms in nature. Updating
the experimental scale or installing some special structures into
the vessel are needed to simulate more complicated situations.
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