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Natural gas hydrates, solid crystalline structures formed by the combination
of natural gas and water molecules under high-pressure and low-temperature
conditions, are regarded as a promising clean energy source. Electrical resistivity
serves as a fundamental petrophysical parameter for quantifying natural gas
hydrate saturation in sand-dominated sediments, with its sensitivity to pore-
filling hydrate morphology and distribution patterns. An integrated experimental
system combining in-situ CT scanning and resistivity measurement was
developed to investigate tetrahydrofuran (THF) hydrate formation dynamics in
quartz sand sediments. We prepared four distinct THF solutions to represent
different hydrate formation regimes, lowered the temperature within a reactor
containing quartz grains, and continuously monitored the electrical resistivity
of the sediments during the hydrate formation. Additionally, CT scanning
was used to acquire three-dimensional grayscale images at varying hydrate
saturation. The experimental resistivity data revealed pronounced deviations
from classical Archie’s equation, demonstrating complex behavior between
the resistivity index and water saturation. The CT scan images demonstrate
a pronounced salting-out effect during the hydrate formation process. The
precipitation of dissolved salts significantly increased the salinity of formation
water, resulting in a corresponding decrease in resistivity due to enhanced ionic
conductivity. The phenomenon significantly impedes hydrate formation kinetics,
causing a substantial divergence between the measured hydrate saturation and
the thermodynamic equilibrium prediction. When temperature effects and salt
precipitation phenomena are properly accounted for, the resistivity index-water
saturation relationship exhibits excellent agreement with Archie’s law, enabling
reliable estimation of hydrate saturation in quartz-dominated sediments.

KEYWORDS

tetrahydrofuran hydrate, electrical resistivity, sand sediments, salting-out effect, non-
archie behavior

1 Introduction

Natural gas hydrates produce almost no residual waste after combustion and result in
minimal pollution, making them a clean and viable alternative to oil as an energy source
(Zhou et al., 2019). Sufficient reserves of natural gas hydrates hold vast energy potential
and economic value (Chong et al., 2016; Yu et al., 2021). As gas hydrate drilling technology
advances (Wei et al., 2022), successful global test mining offers hope for the development

Frontiers in Earth Science 01 frontiersin.org

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2025.1569706
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2025.1569706&domain=pdf&date_stamp=2025-03-13
mailto:liuxf@upc.edu.cn
mailto:liuxf@upc.edu.cn
https://doi.org/10.3389/feart.2025.1569706
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/feart.2025.1569706/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1569706/full
https://www.frontiersin.org/articles/10.3389/feart.2025.1569706/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Xian et al. 10.3389/feart.2025.1569706

of this potential new energy source. Natural gas hydrates form under
low-temperature and high-pressure conditions (Wilcox et al., 1941).
They exhibit an ice-like crystalline solid structure characterized
by a cage-like framework composed of water molecules that
encapsulate guestmolecules.Most natural gas hydrates are primarily
distributed in deep-sea regions, with only approximately 3% located
in permafrost layers on land. The technology for extracting and
developing combustible ice both domestically and internationally
is still in its early stages (Tan et al., 2016; Du et al., 2024). There is
an urgent need to advance research on extraction methodologies,
formation mechanisms, and material properties, (Lijith et al., 2019),
a while critical technological challenges remain at a pivotal stage
requiring focused breakthroughs (Konno et al., 2016). However, the
extraction and utilization of natural gas hydrates face significant
technical and economic challenges, necessitating in-depth research
into their physical properties andbehavior under various conditions.

Hydrate reservoirs display distinct characteristics such as
high resistivity, rapid sonic propagation speeds, and elevated
capillary pore pressures (Guerin et al., 1999; Collett and Lee,
2012; Sahu et al., 2020). The electrical properties of hydrate
reservoirs serve as a foundation for evaluating porosity and
hydrate saturation (Xing et al., 2022). Spangenberg investigated
the electrical properties of glass bead sediments in relation to
methane hydrate saturation, establishing a logarithmic relationship
between resistivity indices and water saturation (Spangenberg and
Kulenkampff, 2006). Chen designed and developed a CT-based
resistivity measurement system for hydrate-containing sediments,
which included the gas hydrate experimental simulation part, the
resistivity measurement part and the CT scan part (Chen et al.,
2018). The resistivity and CT images during hydrate formation
in situ were simultaneous monitored. However, the influence of
hydrate micro-distribution on resistivity has not been thoroughly
investigated to provide supportive data. This oversight has led to
the revelation of significant non-uniformities in conductivity shifts
across various regions, which are indicative of non-homogeneous
hydrate formation. The spatial heterogeneity of methane hydrate
distribution results in significant discrepancies between calculated
and actual reservoir saturation levels. To address this challenge and
achieve reliable gas hydrate saturation estimates, they proposed a
dual-parameter computational model that integrates resistivity and
acoustic time difference measurements derived from logging data
(Li H. et al., 2022).

The formation of methane hydrates requires high-pressure,
low-temperature conditions, necessitating specialized high-pressure
equipment for experimental studies. This makes experiments with
methane hydrates more challenging and expensive (Hirai et al.,
2001; Hassanpouryouzband et al., 2020). Tetrahydrofuran (THF)
can form Type II hydrates with water at atmospheric pressure and
temperatures of 4°C or lower (Lee et al., 2007; Li et al., 2019),
which facilitates experimental manipulation and control. Besides,
THF hydrates have similar physical properties to methane hydrates
in terms of mechanical, acoustic, and electrical characteristics
(Nagashima et al., 2005; Spangenberg and Kulenkampff, 2006;
Yun et al., 2007; Fang et al., 2017). THF molecules are completely
miscible with water, allowing for precise control over the hydrate
volume fraction. Although there are differences in formation
conditions and decomposition, THF hydrates are frequently used as
a substitute for methane hydrates in laboratory experiments.

The Archie equation establishes a quantitative relationship
between reservoir hydrocarbon saturation and resistivity logging
data. According to Archie’s equation, in a log-log coordinate system,
the resistivity index and water saturation are linearly related.
Research on the electrical properties of THF hydrates has shown
that calculating hydrate saturation using electrical models requires
consideration of multiple factors. During hydrate formation, the
resistivity index (RI) and water saturation (Sw) do not follow a linear
relationship in the log-log coordinate system, a phenomenon known
as the “non-Archie effect” (Shankar and Riedel, 2011; Zhang et al.,
2021). Under such circumstances, applying the Archie equation to
calculate hydrate saturation from resistivity may result in significant
errors. Li et al. investigated the resistivity variations of THF hydrates
in different soil types with varying hydrate saturations, revealing
that the resistivity of THF hydrate-bearing soils correlates with their
SiO2 content; higher hydrate saturation leads to lower resistivity.
However, due to limitations in the precision of the constant-
temperature system, the resistivity change curve for THF hydrates
with different saturation levels was not obtained (Li et al., 2020).
The resistivity of hydrate spikes during formation, and the presence
of saline water in hydrates reduces resistivity (Shankar and Riedel,
2011). The evolution of resistivity process in different systems are
different, and the salting-out effect reduces sediment resistivity
during the nucleation phase (Chen et al., 2022). Electrical resistivity
was measured on samples of Berea Sandstone and Austin Chalk that
were saturated with a stoichiometric mixture of THF and water.
The electrical resistivity increased nearly 2 orders of magnitude
upon hydrate formation and continued to increase slowly as the
temperature was decreased. Resistivities were strongly a function of
the dissolved salt content of the pore water (Pearson et al., 1986).It is
evident that hydrate reservoir resistivity is closely related to factors
such as temperature, hydrate saturation, and the salting-out effect
(Ren et al., 2010; Wang et al., 2011; Li et al., 2012; Dong et al.,
2019). However, there are still challenges in THF hydrate electrical
experiments regarding formation water salinity, temperature, and
saturation calculations.

To address these challenges, this study will conduct rock
electrical experiments using THF hydrates. By analyzing the salting-
out effect during hydrate formation and its relationship with
formation water salinity and resistivity, the study will identify
deviations between theoretical and measured hydrate saturations.
After corrections for temperature, salinity, and saturation, the
calculated hydrate saturation in sediments and increased resistivity
can be used to determine parameters for the saturation evaluation
model. This model will facilitate hydrate saturation, laying the
groundwork for subsequent research on weakly cemented natural
gas hydrates in the South China Sea.

2 Experimental method

2.1 Experimental device

The in-situ CT scanning and resistivity measurement device
for hydrate-bearing sediments primarily consists of a THF hydrate
reactor, a low-temperature chamber, an electrical measurement
system, and a CT scanning device, as shown in Figure 1. To
ensure the penetration of X-rays, the THF hydrate reactor is
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FIGURE 1
Schematic diagram of the X-CT experimental setup.

fabricated from PEEK. Given the trade-off between CT scanning
resolution and sample size, the sample chamber diameter is
designed to be 10 mm, ensuring sufficiently high resolution. Quartz
grains can be placed inside the sample chamber to form a
quartz sediment model. Compared to the formation conditions of
methane hydrates, the formation of THF hydrates requires only
a low-temperature environment. This apparatus uses forced-air
cooling to lower the temperature inside the insulated chamber to
meet the temperature requirements for THF hydrate formation.
The resistivity measurement is conducted using a two-electrode
method, with electrodes connected to a digital bridge that measures
resistance across the reactor in real-time and converts it to electrical
resistivity.The CT scanner used in this study is the nano Voxel 3,000
micro-CT scanner from Sanying Precision Company The reactor,
low-temperature chamber, and measurement electrodes are placed
inside the X-ray CT scanner and connected to external control
devices via pipelines and cables.The hydrate formation experiments
are conducted entirely within the CT scanner to ensure that the
scanned region remains consistent throughout different stages of
hydrate formation, thereby providing a basis for analyzing the spatial
distribution of hydrates.

2.2 Experimental sample

For weakly cemented and compacted pure sandstone, the size
of the pore space is directly proportional to the grain size of quartz
particles. Differences in sediment type, pore structure, and pore
water salinity can influence the relationship between pore fluid
resistivity and hydrate saturation in experiments (Jin et al., 2020).
To achieve higher accuracy in pore space identification from CT
images, natural sea sand with a mesh size of 20–40 (grain diameter
of 0.425–0.85 mm) is employed as a sediment analog.The saturation
of THF hydrates inmixtures with water depends on themass ratio of
the two substances, meaning that the saturation can be controlled by
adjusting the ratio of pure tetrahydrofuran to deionized water. The
amount of the substance nTHF after the complete formation of the
hydrate can be expressed Equation 1.

nTHF =
ρTHFVTHF

MTHF
(1)

where, VTHF and MTHF represent the volume and mass of THF,
respectively, and ρTHF is the density of THF, which is taken as a
constant value 0.89 g/cm3.Themolecular formula of THF hydrate is
CH4H8O·17H2O. The formation of THF hydrate requires 17 times
as many H2O molecules as THF molecules. Therefore, the residual
water volume Vresidual−H2O can be expressed by Equation 2.

Vresidual−H2O = (
ρwVw

Mw
− 17×

ρTHFVTHF

MTHF
)×

Mw

ρw
(2)

where the ρw, Vw andMw represent the density, volume and mass of
the solution, respectively. And the saturation of the residual water
can be expressed as:

Sw =
Vresidual−H2O

VTHF +Vw
(3)

So the THF hydrate saturation Sh is calculated.

Sh =
4.7673MTHF

MwρTHF +MTHF
× 100% (4)

According to Equation 4, the hydrate saturations in the sediment
pores, following the complete formation of THF hydrates from
solutionswithweight fractions of 6.35%, 8.33%, 12.12%, and 19.05%,
are 30%, 40%, 60%, and 100%, respectively.

CT scanning can be used to obtain three-dimensional grayscale
images of the sediments. The grayscale values in the images
depend on the density of the components at the corresponding
positions, and thus can be used to distinguish between the rock
matrix and pore fluids. After hydrate formation, the pores contain
two components: THF hydrate and formation water. Since the
densities of the hydrate and formation water are similar, they
are difficult to distinguish in the grayscale images obtained by
CT scanning. To enhance the contrast between the hydrate and
formation water, this study uses a sodium iodide (NaI) solution
instead of a sodium chloride (NaCl) solution.The presence of iodide
ions in the NaI solution significantly increases the X-ray absorption
coefficient, resulting in a marked increase in the brightness of the
grayscale images in regions where the NaI solution occupies the
pores. Previous studies have shown that under low-concentration
conditions, the effects of halide ions on hydrate phase equilibrium
are approximately comparable (Yang et al., 2012; Asadi et al., 2019).
Therefore, in this study, a 5% NaI solution is added to the THF
solution to match the salinity of seawater.

2.3 Resistivity measurement

Initially, sand grains with 20–40 mesh was packed into the
reactor. Subsequently, the sediment pores were saturated with the
prepared THF solution. The reactor was then placed into the
low-temperature chamber, which was placed on the sample stage
of the CT scanner. Finally, the low-temperature chamber lines,
resistivity and temperature measurement circuits were connected.
In the experiment, a low-temperature chamber and a digital bridge
measurement system were utilized to monitor real-time changes
in pore fluid resistivity as a function of temperature. By gradually
lowering the reactor temperature and recording resistivity at various
points, we quantitatively analyzed the temperature effect on the
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FIGURE 2
Variation curves of resistivity and temperature during the formation of
THF hydrate solution.

resistivity at both ends of the sediment. As hydrate formation is an
exothermic process, the increase in the temperature curve indicates
the initiation of hydrate formation.

The changes in temperature within the reactor and the electrical
resistivity of the sediments over time during the formation of THF
hydrates are shown in Figure 2, with the results corresponding to
a THF mass fraction of 19.05%. The results indicate that as the
temperature inside the reactor decreases, the electrical resistivity
gradually increases. When the temperature drops to around 3°C,
the resistivity tends to stabilize. A slight temperature rebound
indicates that an exothermic reaction occurring within the reactor,
accompanied by an increase in resistivity, which signifies the
initiation of hydrate formation. Once the hydrate is fully formed, the
electrical resistivity gradually approaches a stable value, representing
the resistivity of the sediments at the corresponding hydrate
saturation level. In Figure 2, R01 represents the resistivity of the
fully water-saturated sediments at room temperature before the
temperature decrease, while R02 denotes the resistivity of the fully
water-saturated sediments before hydrate formation at a lowered
temperature.

2.4 In-situ CT scanning and image
processing

X-ray CT, known as X-ray computed tomography, is an
advanced X-ray imaging technique that uses a computer to
reconstruct cross-sectional images from X-ray tomographic scans,
enabling non-destructive detection of the composition and structure
of opaque objects (Kalender, 2006). After the THF solution in
the sediment pores has fully converted into hydrates, X-ray CT
scanning can be employed to generate three-dimensional grayscale
images of the sediments, as shown in Figure 3a. The scanning
parameters are: voltage 80.0 kV, current 180.0 µA, exposure time
0.82 s, number of image averages 2, and resolution 8.1 µm. In this
study, X-CT scanning was performed in situ. The resolution of X-
CT scans is at the micrometer level, and even slight vibrations
can cause shifts in the obtained X-CT images. To ensure the

accuracy of image processing and analysis, image registration
algorithms were used to correct image shifts after acquiring X-CT
images at different time points, ensuring the accuracy of the data
(Li B. et al., 2022; Li et al., 2023).

Figure 3b shows a two-dimensional grayscale cross-section
of the hydrate-bearing sediments, with varying grayscale values
represent different components. Due to the replacement of NaCl
with NaI, the NaI solution exhibits higher brightness, while the
slightly dimmer regions correspond to quartz grains. The presence
of minor high-density minerals in the natural sea sand is manifested
as bright spots in the grayscale image. The darkest areas in the
image represent hydrates and bubbles, with bubbles resulting from
incomplete saturation of the sediments. As bubbles exhibit lower
brightness than hydrates, they can be distinguished from hydrates
by their grayscale values.

By applying filtering, noise reduction, registration and threshold
segmentation to the scanned grayscale images, the bubbles, hydrates,
aqueous solutions, and quartz grains in the sediments after hydrate
formation can be distinguished. The number of pixels occupied by
each component in the image is then counted.Thehydrate saturation
is calculated by dividing the number of hydrate pixels by the total
number of pore pixels (including those for hydrates, formation
water, and bubbles).

3 Experimental results resistivity
measurement results

3.1 Resistivity measurement result

The resistivity of the sediments after complete hydrate formation
was recorded. The formation factor F and the resistivity increase
ratio RI can be calculated using Equations 5, 6:

F =
R0

Rw
= a
ϕm

(5)

RI =
Rt

R0
= b
Sw

n (6)

where R0 and Rw are the resistivities of the rock saturated with
formation water and the formation water itself, respectively, in units
of Ω ·m; a and b are lithological coefficients; m and n are the
cementation and saturation exponents, respectively; ϕ is the rock
porosity; and Sw is the water saturation.

The hydrate saturation was calculated based on the THF
solution concentration, allowing for the determination of the water
saturation Sw under different concentration conditions. Compared
to conventional oil and gas reservoir rock-electric experiments,
in the rock-electric experiments of hydrate-bearing sediments,
both temperature and formation water salinity change, causing
variations in the resistivity of the fully saturated formation water,
as shown in Figure 2.

Figure 4 shows the relationship between the resistivity increase
ratio RI and water saturation Sw. The blue line represents the RI−
Sw curve using R01 as the reference resistivity, while the red line
represents theRI− Sw curve usingR02 as the reference resistivity.The
curve fitting results indicate that the saturation exponentn = 0.95 for
the R02 curve, which is significantly lower than the empirical value
for water-wet sandstone reservoirs (n = 2).
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FIGURE 3
X-CT device and hydrate gray scale image: (a) shows the 3D grayscale image of hydrate; (b) shows the 2D gray profile of hydrate.

FIGURE 4
The RI− Sw curve with different R0.

3.2 Spatial distribution characteristics of
hydrates

The resistivity increase ratio of hydrate-bearing sediments
depends not only on hydrate saturation but also on the spatial
distribution of hydrates. Based on the in-situ CT scanning images
during the hydrate formation process and subsequent digital image
processing, the distribution patterns of hydrates within the pore
space can be analyzed, as shown in Figure 5, the gray areas
represent sea sand grains, the light green areas represent hydrates,
the blue areas represent aqueous solutions, and the black areas
represent bubbles.

Since THF is completely miscible with water, the mixed solution
is uniformly distributed within the pores prior to hydrate formation.
X-CT scanning was conducted to observe the saturation state,

FIGURE 5
THF hydrate threshold segmentation images.

ensuring that all pores were nearly fully saturated. Using threshold
segmentation, we extracted the pore space before hydrate formation
and the THF hydrate phase at different time points, enabling the
calculation of hydrate saturation over time. Further, the quantitative
relationship between pore fluid resistivity and hydrate saturation
is established. While this relationship may vary with different
experimental conditions, the methodology for its determination
remains universally applicable.

After quantitatively analyzing the spatial distribution of hydrates
at different saturation levels, it was found that during the initial stage
of hydrate formation, hydrates form in the center of the pores and
are distributed in a dispersed manner. If a gas-liquid interface exists
within the pore, hydrates preferentially form at this interface, with
gas still occupying the central part of the pore. As the hydrate content
increases, the distribution of hydrates gradually transitions from a
dispersed to a suspended state, while the aqueous phase remains
interconnected. As the hydrate content increases, the distribution
gradually transitions from a dispersed to a suspended state, with the
water phasemaintaining connectivity.Within the pore network, this

Frontiers in Earth Science 05 frontiersin.org

https://doi.org/10.3389/feart.2025.1569706
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Xian et al. 10.3389/feart.2025.1569706

continuous water phase forms a complete conductive path, leading
to a slow increase in the resistivity index.

The distribution patterns of THF hydrates in the pore space are
similar to the distribution of oil phases in the pores of purewater-wet
samples in conventional oil and gas reservoirs. Since hydrates and
oil phases exhibit similar resistivity characteristics, it can be inferred
that the rock-electrical properties of sediments containing THF
hydrates are expected to follow the Archie model (Archie, 1942).

4 Factors affecting the resistivity of
sediments containing THF hydrates

Compared with the rock-electrical experiments on pure
sandstone samples, the most significant differences in the rock-
electrical experiments on hydrate-bearing sediments are as follows:
(1) During hydrate formation, the salting-out effect increases the
salinity of the formation water, altering its resistivity.This effect also
inhibits hydrate formation, resulting in discrepancies between the
actual hydrate saturation in the sediment pores and the theoretical
saturation calculated based on mass ratios (Lu et al., 2019) (2)
In hydrate formation experiments, the temperature decrease also
affects the electrical conductivity of the formation water.

4.1 Influence of salting-out effect on the
resistivity of hydrate-bearing sediments

In-situ CT scanning during hydrate formation provides a novel
method for quantitatively characterizing the salting-out effect in
formationwater. As THFhydrates form, the salinity of the formation
water increases, leading to a higher concentration of iodide ions per
unit volume of formation water solution. This enhances the X-ray
absorption coefficient of the formation water solution. According to
the principles of CT imaging, the grayscale values of the formation
water regions in the images increase with the salting-out effect.

Figures 6a–c show the two-dimensional grayscale images from
CT scans at different stages of hydrate formation, with hydrate
saturations of 0%, 13%, and 23%, respectively. The images were
processed using image calibration and grayscale correction to ensure
consistent grayscale values for quartz grains across all three images.
This facilitates a quantitative comparison of grayscale changes at
the same locations. The average grayscale values of the formation
water solution at different hydrate saturations were analyzed, and
the results are shown in Figure 7. The scanning results indicate
that as the hydrate saturation increases, the brightness of the
formationwater solution regions gradually increases, demonstrating
an elevated iodide ion concentration and confirming the salting-out
effect during hydrate formation.

Sodium iodide (NaI) solutions with weight fractions of 7.3%,
8.1%, 12.5%, and 25% were prepared, and their resistivities were
measured. The salinity of the formation water increases, the ionic
conductivity of the formation water also enhances. Therefore, the
formation water resistivity Rw in Equation 2 should correspond to
the salinity of the formation water when the hydrate is fully formed.

Additionally, the THF hydrate lattice is a cage-like structure
formed by water molecules through hydrogen bonds. Its cavities
are sized and shaped to accommodate guest molecules that match

both volume and geometry. Salt ions, however, are unable to
enter the lattice due to size and charge repulsion (Sloan and
Koh, 2007). In low salinity environments, hydrates form rapidly,
consuming a large number of water molecules, which increases
the mineralization of formation water. As the salinity of the
formation water increases, it hinders the formation of hydrates
(Ismail and Koh, 2022), resulting in discrepancies between the
hydrate saturation calculated from the concentration of the THF
solution and the actual hydrate saturation. When the salt ion
concentration exceeds its solubility in water, the dissolved salts
precipitate as solids, resulting in the salting-out effect. Before the
salting-out effect occurs, the ion concentration in the pore fluids
continues to rise, with a large number of freely mobile ions present
in the formation water, enhancing the fluid’s electrical conductivity
and lowering the resistivity of the pore fluids (Devarakonda et al.,
1999). After the onset of the salting-out effect, the precipitated salt
crystals (NaI) no longer participate in electrical conduction but
instead occupy pore space, blocking pores and throats or attaching to
mineral surfaces, which affects the connectivity of the pore structure.
The increased tortuosity of the pores alters the original conductive
pathways, forcing the electric current to take longer routes and
thereby increasing the resistivity of the pore fluids. X-ray CT
scanning provides a novel method for quantitatively calculating the
saturation of fully formed hydrates. For example, using a formation
water solution with a NaI mass fraction of 5%, THF mixtures with
weight fractions of 6.35%, 8.33%, 12.12%, and 19.05% were added
to prepare the formation water solutions. According to Equation 4,
the theoretical hydrate saturations are 30%, 40%, 60%, and 100%,
respectively. By monitoring the temperature and pressure curves as
well as the resistivity curves during the hydrate formation process,
and ensuring stable temperature and pressure conditions in the
reactor, X-ray CT scanning was used to obtain three-dimensional
grayscale images of the sediments.The actual hydrate saturation was
calculated based on image processing.The results show a significant
difference between the actual hydrate saturation in the sediment
pores and the theoretical saturation, as shown in Table 1. The water
saturation Sw in Equation 6 should be based on the results calculated
from the CT scan images.

With an initial NaI concentration of 5% in the formation water
solution, the concentration of NaI in the formation water after
complete hydrate formation can be calculated for different weight
fractions of THF solutions, as shown in Table 1.

In summary, the salting-out effect during hydrate formation not
only leads to changes in the salinity of the formation water but
also inhibits hydrate formation due to high salinity, resulting in
differences between the actual and theoretical hydrate saturations.
Corrections are necessary when calculating the formation factor and
resistivity increase ratio to account for these effects.

4.2 Influence of temperature on the
resistivity of hydrate-bearing sediments

Temperature plays a crucial role in determining the electrical
properties of sediments. On one hand, it affects the solubility
of charged ions, thereby altering the ion concentration in the
pore fluid. On the other hand, it influences the migration rate of
these ions (Du Frane et al., 2015). In a saturated pore solution, a
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FIGURE 6
Scanning gray images of hydrate formation under different hydrate saturation states: (a) shows the Grayscale CT scan image of hydrate saturation at
0%; (b) shows the Grayscale CT scan image of hydrate saturation at 13%; (c) shows the Grayscale CT scan image of hydrate saturation at 23%.

FIGURE 7
Relationship curve between solution gray value and hydrate saturation.

decrease in temperature induces solute precipitation, which reduces
the concentration of charged ions and slows their migration rate,
leading to a significant increase in pore fluid resistivity.

To quantitatively analyze the influence of temperature on the
resistivity of formation water solutions, NaI solutions with different
weight fractions were placed in the reactor, and the temperature
was gradually lowered while the solution temperature and resistivity
were recorded in real-time. The changes in resistivity of solutions
with different NaI concentrations as a function of temperature
are shown in Figure 8. At the same temperature, the resistivity
decreases with increasing mass fraction of NaI; at the same mass
fraction, the resistivity of the solution increases as the temperature
decreases. The trend of resistivity changes with temperature for the
7.3% NaI solution, as shown in Figure 9, corresponds to the NaI
concentration after complete hydrate formation from a 6.35% THF
solution, as listed in Table 1.

Figure 10 shows the changes in temperature and resistivity
during the formation of hydrates from a mixture with a THF
concentration of 6.35% and a NaI concentration of 5%. The actual
saturation of the formed hydrates is 30%, and the concentration of
NaI in the solution is 7.3%. In Figure 9, when the temperature of
the NaI solution decreases to 1°C, the increase in the resistivity of

the formation water compared to room temperature is 69.5%. In
Figure 10, when the temperature of the THF solution decreases over
the same range, the increase in resistivity within the porousmedium
is 75.3%, which is close to the increase in resistivity of the formation
water. This indicates that during the initial stage of temperature
decrease (indicated by the dashed line range) in Figure 10, the
increase in resistivity of the sediments is primarily due to the
increase in resistivity of the formation water caused by the
temperature drop. Therefore, the resistivity of the formation water
used in the calculation of rock-electrical parameters for THFhydrate
formation needs to be corrected for temperature.

4.3 Resistivity variation patterns after
corrections for salting-out effect and
temperature

Considering the influence of salting-out effect and temperature
on the resistivity of hydrate-bearing sediments during THF
hydrate formation, corrections are required for hydrate saturation,
formation water temperature, and salinity.

(1) The final hydrate saturation corresponding to different THF
concentrations was calculated based on CT scan images, with
the results shown in Table 1.

(2) NaI solutions corresponding to the complete formation of
hydrates from different THF concentrations were prepared,
as shown in Table 1. These solutions were cooled to the
temperature at which hydrates form, and the formation water
resistivity Rw was measured at this temperature. For example,
for a mixture with a THF concentration of 6.35% and a NaI
concentration of 5%, the NaI concentration in the solution
after complete hydrate formation is 7.3%. According to the
experimental results, the resistivity of the 7.3% NaI solution
varies with temperature, and the formation water resistivity is
taken as Rw = 0.336 Ω ·m.

(3) The cementation indexm of the sedimentmodel wasmeasured
to be 1.6. Given the formation water resistivity, the sediment
resistivity R0 at the saturation corresponding to the formation
of hydrates can be obtained from Equation 2.
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TABLE 1 Comparison of theoretical hydrate saturation and CT actual hydrate saturation.

No. THF mass fraction/% Theoretical saturation/% CT actual saturation/% The mass fraction of NaI
after complete hydrate

formation/%

1 6.35 30 18.11 7.3

2 8.33 40 29.46 8.1

3 12.12 60 46.37 12.5

4 19.05 100 52.78 25.0

FIGURE 8
Dependence of NaI solution resistivity on temperature.

FIGURE 9
Resistivity and temperature curves of 7.3%NaI solution.

(4) The resistivity increase ratio was calculated using Equation 3,
and the RI− Sw curve was plotted. Curve fitting was used to
determine the saturation exponent n.

After corrections for hydrate saturation, temperature, and
formation water salinity, the relationship between water saturation
and resistivity increase ratio for pure sandstone sediments
is shown in Figure 11. The cementation index m = 1.61 and
the saturation exponent n = 1.73 satisfy the Archie equation.

FIGURE 10
6.35%THF hydrate formation temperature and resistivity curve.

FIGURE 11
The corrected RI− Sw curve of hydrate.

Archie established a saturation exponent of approximately 2
based on electrical measurements of well-cemented, conventional
water-wet sandstone reservoirs. In this study, considering the
weak cementation of marine hydrate reservoirs, coarse sand was
selected as the sediment medium. The larger pore size and better
connectivity of the sediment, compared to strongly cemented and
compacted oil and gas reservoirs, resulted in a lower saturation
exponent.
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5 Conclusion

In this study, we conducted a systematic investigation into
the electrical resistivity of THF hydrate-bearing sediments by
integrating in-situ CT scanning with resistivity measurements,
The spatial distribution patterns of hydrate in the pore space
were visualized through 3-D grayscale images obtained via
micro-CT scanning. A detailed analysis was performed on
the variations of electrical resistivity as functions of hydrate
saturation and temperature. Furthermore, we examined the
influence of the salt-out effect on both hydrate saturation and
sediment resistivity. A corrected methodology was developed
to account for the combined impacts of temperature and
salt-out effect.

(1) The spatial distribution of THFhydrateswithin sand sediments
is similar to that of oil phases in water-wet sandstone
reservoirs. THF hydrates predominantly form at gas-liquid
interfaces, transitioning from a dispersed to a suspended
state as saturation increases. This distribution significantly
influences both the connectivity of the pore water phase and
the sediment’s overall resistivity.

(2) The salting-out effect during THF hydrate formation
significantly increases the salinity of the formation water,
thereby enhancing ionic conductivity and decreasing
resistivity. This effect inhibits hydrate growth, resulting in
actual hydrate saturations that are lower than theoretical
predictions. The difference between actual and theoretical
saturations becomes more pronounced at higher hydrate
saturations.

(3) The electrical properties of sediments are critically affected by
temperature. Lower temperatures lead to higher resistivity in
formation water, resulting from decreased ion mobility and
solubility.

(4) After accounting for salting-out effects and temperature
variations, the relationship between water saturation
and resistivity index agrees well with Archie’s equations,
with a cementation index of 1.61 and a saturation
exponent of 1.73.

These findings enhance our understanding of THF hydrate
formation in geological settings and provide valuable insights for
optimizing oil and gas exploration and development strategies. It
is important to note that the current model is based on laboratory
conditions and may not fully account for the complexities of natural
geological environments. Further studies are needed to validate
these findings under field conditions.
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