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Abstract

The hydrate saturation is a critical parameter in the evaluation of gas hydrate reservoirs. The complex
characteristics of hydrate-bearing sediments pose challenges to the reliability of conventional geophysical
techniques for hydrate saturation evaluation. In this paper, we present a study on developing a novel approach
to characterize the electrical properties of hydrate-bearing porous media and to evaluate the hydrate saturation
quantitatively based on parameters of the complex electrical conductivity. In the laboratory experiments we
prepared samples with the tetrahydrofuran hydrate forming in sands to simulate the hydrate-bearing sediments

and for measuring the complex conductivity at frequencies from 20 Hz to 100 kHz. The frequency-dispersion
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characteristics of complex conductivity of the hydrate-bearing samples with different saturations were analyzed,

and then three types of hydrate-saturation evaluation models, denoted as the conductance-based, polarization-

based and fusion models, were developed based on the in-phase conductivity, frequency-dispersion

characteristic parameters of the phase angle and the combination of those two, respectively. A critical frequency

(fe =2 kHz) can be identified, where both the phase angle and imaginary component of the complex conductivity

reach their minima. The Archie’s formula shows its capability to model the relationship between the in-phase

conductivity and hydrate saturation (i.e., conductance-based model), but the frequency higher than f. is preferred

because stable Archie parameters can only be obtained in that frequency range. Linear correlations between the

hydrate saturation and frequency-dispersion characteristic parameters (i.e., the logarithms of FE (frequency

effect) and slope of the relation between FE and FR (frequency ratio) of the phase angle can be obtained, serving

as the polarization-based models in the frequency range higher than f.. The fusion model performs the best in

the perspective of low errors and high reliability for predicting the hydrate saturation, because more parameters

of the complex conductivity and underlying physics of the conductance and polarization have been incorporated.

In the frequency range lower than f. in contrast to that of the phase angle, the quadrature conductivity shows

remarkable frequency-dispersion characteristics with the variation of the hydrate saturation, showing the great

potential for developing new saturation-evaluation models in future.

Keywords: hydrate saturation, complex electrical conductivity, frequency dispersion, conductance, polarization,

information fusion



1 Introduction

Natural gas hydrates exist widely in marine sediments and land permafrost over the world. It has been
considered as a new type of unconventional energy source, which has a great potential for the natural gas supply
(Collet, 2002; Milkov, 2004; Moridis et al., 2009, 2011; Makogon, 2010; Koh et al., 2012). Compared with the
conventional oil and gas, the reservoirs of natural gas hydrate exhibit unique and complex characteristics as
follows: the hydrate exists in a solid state and exhibits various micro-distribution modes in formations; the
fracture type, fine-grained, unconsolidated sediments with clays are common in reservoirs; the hydrate tends to
decompose and reform due to its sensitivity to temperature and pressure variations. The solid-state hydrates
with various micro/macro-scale occurrence morphologies in the formations result in the heterogeneity of the
pore-water distribution and anisotropy of the reservoir physical properties (Kennedy and Herrick, 2004; Lee
and Collet, 2009; Cook et al., 2012; Yin et al., 2019b; Wu et al., 2020, 2021a). Additionally, the instability of
hydrates and subsequent decomposition/reformation can cause unpredictable variations in the pore-water
salinity (Ning et al., 2013ab; Santamarina et al., 2015; Yang et al., 2019). To sum up, the particularity and
complexity pose severe challenges to a quantitative evaluation of hydrate reservoirs. The degree of hydrate
saturation (i.e., the volume ratio of hydrate to pore space of the formation) is a key parameter in the evaluation
of gas hydrate reservoirs, because it directly affects the accuracy and reliability for estimating the gas resource
therein and designing the production strategies. Geophysical logging techniques play an irreplaceable role in
the identification of hydrate reservoirs and the evaluation of geophysical properties of the formations. As the
electrical resistivity and elastic-wave velocity are most affected by hydrates in the formations (higher resistivity
and velocity than gas/water-bearing formations), the resistivity and acoustic logging have become effective
techniques to evaluate the hydrate saturation (Lee et al., 1996; Riedel et al., 2005; Shankar and Riedel, 2011,

Cook and Waite, 2018). Since hydrates usually occur in sediments with a poor consolidation degree, and the



acoustic wave is more easily affected by the compaction coefficient (Priest et al., 2005; Winters et al., 2007;
Priest et al., 2009), the resistivity logging is relatively more stable and reliable (Lee and Collet, 2008). However,
the conventional resistivity logging technique is affected by various factors, such as the formation lithology and
pore-water salinity (Ning et al., 2013ab), significantly. Furthermore, the complex and particular characteristics
of hydrate reservoirs stated above seriously restrict the accuracy and reliability of hydrate-saturation evaluation

by the resistivity logging technique.

The complex electrical resistivity/conductivity approach has been used to characterize the properties of porous
materials such as soils, sandy and clayed sandstones (Revil et al., 2013, 2017ab). Based on the parameters
derived from complex-conductivity spectra, some reservoir or petrophysical parameters, such as the pore
structure, specific surface area, wettability, permeability, porosity and saturation of fluids in porous media have
been evaluated successfully. Ruffet (1991) measured the complex resistivity on saturated samples and found
that the frequency dependence of the complex resistivity in the frequency range of 1 kHz — 1 MHz presented a
clear correlation with the surface area. Denicol and Jing (1996) calculated the slope of the electrical impedance
versus the logarithm of frequency within a range of 10 — 100 kHz, and then correlated it with the permeability
and the clay volume (Denicol and Jing, 1998). Moss et al. (2002) illustrated that the wettability affected the
correlation between the degree of frequency dispersion and the saturation, and subsequently claimed that the
reservoir wettability could be evaluated by the resistivity measurements at frequencies from 10 kHz to 1 MHz.
Tong and Tao (2008) combined the porosity and the frequency dependency of the imaginary resistivity within
the range of 100 Hz — 1.5 kHz to estimate the permeability of shaly sandstones. Zisser and Nover (2009)
analyzed measurements of the complex resistivity on tight sandstones within the range of 10 kHz— 1 MHz using

the Cole-Cole model (Cole and Cole, 1941) and the model developed by Lysne (1983), however, they concluded



that it was impossible to estimate the permeability from the relaxation time or formation factor. Weller et al.

(2010) measured the complex resistivity of sandstones in the frequency range of 2.8 mHz — 750 kHz and then

developed a power-law correlation to predict the permeability by using the resistivity, chargeability and mean

relaxation time derived from the Debye decomposition (Nordsiek and Weller, 2008). Revil et al. (2015) tested

their permeability prediction model (Revil et al., 2012), which accepted the characteristic relaxation time,

intrinsic formation factor and a diffusion coefficient as inputs, using a broad collection of complex conductivity

data on pure silica, clean sands or sandstones and clayey materials. Following the modeling approach proposed

for shaly sandstones by Tong and Tao (2008), Norbisrath et al. (2017) analyzed the complex-resistivity spectra

measured on core plugs from a wide variety of carbonates in the range of 10 — 100 kHz, and predicted the pore-

geometry related petrophysical parameters such as permeability and cementation factor. Jiang et al. (2018)

conducted numerical and experimental studies on the development of a complex-resistivity-logging tool for

evaluating low-resistivity reservoirs. The water saturation was estimated from the relaxation time constant,

which was derived from a best fitting of the complex resistivity spectra (1 — 500 kHz) with the Cole-Cole model.

To investigate the application of the complex-resistivity logging method in sand-shale reservoirs, Li et al. (2019)

performed measurements of the complex resistivity on both clear and shaly sand samples in the range of 40 Hz

— 1 MHz. They established a relationship between the water saturation, porosity and time constant (derived from

a best fitting with the Cole-Cole model) based on the Archie model (Archie, 1942) and Waxman-Smith model

(Waxman and Smith, 1968). The complex-resistivity logging approach was proposed based on the application

of the induced polarization method to boreholes (Freedman, 1986; Worthington and Collar, 1984; Osterman et

al., 2016). It has been used to identify and evaluate oil, gas and water formations due to their differences in the

induced-polarization responses. The complex resistivity is mainly affected by the oil saturation, while the

lithology and pore-water salinity become secondary factors (Jiang et al., 2018; Li et al., 2019). Therefore, the



complex-resistivity logging approach has remarkable advantages in determining the oil saturation of reservoirs

and flooding degree of water-flooded reservoirs. Considering the similarity of the electrical properties between

oil and hydrate, and the varying pore-water salinity in the hydrate decomposition/reformation processes, the

complex resistivity logging method may become a preferable solution to the problem of hydrate saturation

evaluation.

In this paper, a new approach for characterizing the electrical properties of hydrate-bearing porous media as

well as evaluating the hydrate saturation was developed based on laboratory measurements and modelling

analysis of complex conductivity parameters. In the laboratory experiments we prepared tetrahydrofuran (THF)

hydrate-bearing sandy samples and then measured the complex conductivity at frequencies from 20 Hz to 100

kHz. Subsequently, the frequency-dispersion characteristics of complex conductivity were analyzed, and then

three types of hydrate-saturation evaluation models with complex-conductivity parameters as inputs were

developed based on the electrical conductance mechanism, low-frequency electrical polarization mechanism

and information fusion principle, respectively. The models were then assessed and compared based on an

analysis of prediction errors to demonstrate their strengths and drawbacks. A discussion section was then

presented on the potential for building hydrate-saturation evaluation models with the quadrature conductivity,

advances and issues related to the THF hydrate-bearing samples and issues for extending the approach proposed

in this work to gas hydrate-bearing sediments. At the end, this work is concluded and some future work is

proposed. The complex-conductivity based approach proposed in this work provides a novel and powerful tool

to evaluate the hydrate saturation in porous media as well as to obtain more understanding on the electrical

properties of hydrate-bearing sediments. The experimental data and hydrate-saturation evaluation models

provide a foundation for developing new complex-conductivity based geophysical exploration techniques for



evaluating natural gas hydrate reservoirs.
2 Methods
2.1 Complex conductivity of porous media
The effective electrical properties of porous media (e.g., the unconsolidated sediments, consolidated rocks in
formations), which describe the electrical conduction and polarization effects, can generally be represented by
the complex-valued electrical conductivity (complex conductivity ¢~ hereafter). This complex quantity can be
expressed in terms of the magnitude and phase angle or real and imaginary components (as shown in Eq. (1)).
The real and imaginary components of complex conductivity are called the in-phase and quadrature
conductivities, respectively (Tarasov and Titov, 2013).

a*(a))z‘a(a))‘ei‘”(“’) =o'(w)+ic"(o) (1)
where i is the imaginary unit, @ (in rad) denotes the angular frequency (@ = 2zf, with the unit of the frequency
fas Hz); ¢’ (in S/m) is the in-phase conductivity, i.e., the real component of 6", ¢” (in S/m) is the quadrature
conductivity, i.e., the imaginary component of ¢, | is the magnitude of ¢, and ¢ (in rad) is the phase angle of

o". The relationship between ¢’, ¢ and ¢ is given by Eq (2).

q)(w):arctan{%} @)

Generally, the complex conductivity of a porous medium with a water solution in the pores is frequency
dependent. The in-phase conductivity relates to the current flow via electromigration mechanism, while the
quadrature conductivity represents the polarization process (Vinegar and Waxman, 1984). The low-frequency
polarization (e.g., lower than 1 MHz) can be attributed to the chemical capacitance and the true dielectric effects

(Revil, 2013).

The in-phase conductivity can be described by the model of Jougnot et al. (2010) based on Revil et al. (2007)



for variably water-saturated porous media as Eq. (3).
' 1 n F-1 '
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where F (dimensionless) is the formation factor, o, (in S/m) is the conductivity of the pore water, S,
(dimensionless) is the water saturation, » is the saturation exponent and O'; is the real component of the
surface conductivity. The detailed expression for calculating O';, can be found in Leroy et al. (2008). It has

been demonstrated that this model fits the real component of the complex conductivity data well (Breede et al.,

2012).

2.2 Saturation calculation with Archie’s formula
The formation factor of a sandstone can be related to its porosity based on the first Archie’s law (Archie, 1942).
For a sandstone fully saturated with a brine, the relationship between the bulk conductivity and porosity can be

expressed as Eq (4).

F=2t=ag™ 0
9

where ¢ (dimensionless) is the porosity of the sandstone, m (dimensionless) is the cementation exponent, oy
(in S/m) is the bulk conductivity of the sandstone saturated with the brine, 6, (in S/m) is the conductivity of the
brine and a (dimensionless) is a coefficient. When the sandstone is saturated with brine and oil, the relationship

between the conductivity and the water saturation (S,,) can be obtained based on the second Archie’s law.

[=20=ps (5)
O

1
where / (dimensionless) is the conductivity index, o; (in S/m) is the conductivity of the sandstone saturated with

the brine and oil, #» (dimensionless) is the saturation exponent and b (dimensionless) is a coefficient. The

parameters a, b, m and n need to be determined based on experimental data and/or through a numerical approach.



In the case of the complex conductivity, the conductivity term in Egs. (4) and (5) may be replaced with the in-
phase or quadrature conductivity at a specific frequency (Li et al., 2019; Xing et al., 2020; Xing et al., 2021).
However, the parameters a, b, m and n have to be determined and interpreted carefully to obtain a reliable

prediction of the water saturation.

2.3 Frequency dispersion of complex conductivity

The frequency dependence of complex conductivity is also referred to as the frequency dispersion. To evaluate
the characteristics of frequency dispersion quantitatively, a parameter FE (frequency effect) was originally
defined as the fractional ratio of the resistivity change between any two frequencies as expressed by Eq. (6) by

Vinegar and Waxman (1984).

(6)

where p is the resistivity, 4 is a multiple of the frequency (w) of interest.

The parameter FE was defined based on the resistivity in its original form, but it can be modified by substituting
it with the magnitude, phase angle, real component or imaginary component of complex conductivity to

demonstrate the frequency dispersion characteristics of those electrical parameters (Revil et al., 2017b).

3 Experimentation
3.1 Experimental setup
The experimental setup is composed of two parts, i.e., the environment simulation part and measurement part.

The environment simulation part includes a reactor and an air bath incubator providing a space and low-



temperature environmental conditions for the growth of hydrates. The measurement part includes sensors, an

impedance measurement instrument, data acquisition cards and a control computer with a set of self-developed

software for the instrument control, data acquisition, signal preprocessing, information displaying and data

storage. The schematic diagram of the experimental setup is shown in Fig. 1.

Air bath incubator Transmitter and current-voltage

converter T[Tﬁl ¢
532

v

Precision LCR
: : meter GPIB
i e P i communication Control computer
cactor an o000 with software
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]

LCR: Inductance, Capacitance and Resistance; GPIB: General-Purpose Interface Bus

Fig. 1 Schematic diagram of the experimental setup

The reactor was designed as a cylinder with the inner diameter of 40 mm and the length of 100 mm as shown

in Fig. 2. The acrylic material was used due to its good performance in the heat transfer, electrical insulation,

corrosion resistance and visual observation. Two blind flanges were installed at the two ends to keep a

cylindrical shape of the tested sample. Two disk-shaped electrodes were fixed firmly on the inner sides of the

blind flanges, respectively, through the epoxide resin. The electrodes were made from copper with the thickness

of 0.1 mm and the diameter of 40 mm. A resistance temperature detector (RTD) was inserted into the reactor

through a drilled hole with the diameter of 3 mm. The reactor was placed in the air bath incubator, in which the

ambient temperature was controlled automatically with a variation less than 0.25 °C.



Blind flanges with electrodes

Fig. 2 Picture of the reactor and sensors (RTD denotes the Resistance Temperature Detector)
The electrical impedance (denoted as Z°) of the sample between the two electrodes was measured with an
Agilent precision LCR (inductance, capacitance, and resistance) meter (Model 4284A). The LCR meter
measures 22 sets of electrical impedance with the uncertainty of 0.1% in the frequency range of 20 Hz to 1 MHz
for each sample. It was controlled by the control computer through a self-developed software with Matlab® and
GPIB (General-Purpose Interface Bus) protocol. The temperature in the reactor was measured by the RTD
(Pt100 with the uncertainty of 0.15°C) and the resistance change was converted into a voltage signal through a
transmitter and current-voltage converter before sampled by the data acquisition card (model number PCI-
1747U). The card was controlled by the control computer through a self-developed software with LabVIEW®.
By utilizing the above two sets of self-developed software (Xing et al., 2020), parameters of the LCR meter and
data acquisition card were configured flexibly and then the measured data were transmitted to the control

computer in a real-time mode.

The complex conductivity ¢* can be related to Z* via the complex resistivity p* and a geometrical factor K, (in

meters) as below (Zhang et al, 2017):



O=—==—]= (7

The geometrical factor takes into account the geometry and positions of the electrodes relative to the sample

under test. The geometrical factor is calculated as 0.004m m in the experiment of this work.

3.2 Sample preparation and parameter test

Tetrahydrofuran (THF) was selected as the hydrate former (Pearson et al., 1986; Santamarina and Ruppel, 2008;
Cortes et al., 2009; Yun et al., 2007; Lee et al., 2007; 2010ab; Liu et al., 2019; Wu et al., 2021a). NaCl aqueous
solution prepared with deionized water was used as the pore water. Natural sea sand filtered with griddles was
used to simulate the unconsolidated porous medium. The size of the sand particles used in this study ranges
from 180 to 250 um in diameter. The particles of this size range fall into the category of fine sands (63 to 250
um) according to the criteria proposed by Shepard (1954). The particle size distribution of natural sediments
containing gas hydrates typically spans a broad range. For the Shenhu area (South China Sea) it is reported by
(Zhang, et al., 2007) that the gas hydrates occur homogeneously in extremely fine-grain sediments. This is
unique among known marine gas hydrate deposits such as the coarse grains from Nankai Trough offshore Japan
(Uchida and Takashi, 2004) and southern Hydrate Ridge offshore Oregon (Tréhuet al., 2004, 2003, 2006). An
analysis of the samples of hydrate-bearing sediments recovered from SH2 and SH7 has shown that the silty fine
sand and silty medium-fine sand dominate the sediments, respectively (Shepard, 1954; Liu et al., 2012; Liu et
al., 2017; Wang et al., 2011). In this work, a narrow range of particle size distribution (180 to 250 um) within
the category of fine sands was adopted in order to not only represent the fine-grained sediments to some extent,
but also alleviate the difficulty in forming hydrates in extremely fine sediments (e.g., silt, clay etc., Wu et al.,
2021b) and reduce the possibility of heterogeneity in the host skeleton. We regarded the sand particles were of

the same level of sizes due to the narrow range, thus the size distribution was assumed to follow a normal distribution.



Furthermore, the high specific surface area and strong cation exchange capacity of clays influence the low-
frequency complex-conductivity responses significantly (Revil et al., 2013). The effect of clays on the complex-

conductivity responses of hydrate-bearing sediments deserves a dedicated future work.

The hydrate saturation (denoted as S; ranging from 0 to 1) in the sample can be calculated from the quantity of
consumed THF, with the assumption that all the THF added into the sample has been transformed into hydrate
(The issues related to this assumption will be discussed in Section 5.3.). The chemical formula of THF hydrate
is C4H3O-17H,0, indicating that 1 mol THF and 17 mol H,O are required to synthesize 1 mol THF hydrate. The
saturation of THF hydrate in the sample is defined as the volume ratio of hydrate to that of the pore space in the
porous medium. In the experiment of this work, the THF hydrate saturation in the sandy sample was determined
by calculating the water saturation as expressed by Eq. (8). Then the hydrate saturation is obtained by S, =1 —

S

[mw_”mmij
_ M My !

w

S = (8)
p w‘/sand¢

where m,, (in g) and mtur (in g) are the masses of the pore water and THF in the sample under test at the initial
state (i.e. no hydrate), respectively; M,, and Mtur are the molar masses of the pore water and THF, respectively
(M,,= 18 g/mol, Mtur = 72 g/mol); p. (in g/mL) is the density of the pore water; Vg (in mL) is the bulk volume
of the sandy sample (i.e., the total volume of sand particles and pores); @ is the porosity of the sandy sample

(@ = 0.4 for the tested sandy sample in this work).

The hydrate-bearing sandy samples were prepared and tested following the procedures stated below:



(1) Preparation of the sand and THF solution. The filtered sand was rinsed, screened and dried, and then an

appropriate amount (slightly more than the volume of the reactor) of sand was taken out for use. The pore water

(i.e., NaCl solution) was prepared by mixing the denoised water with a proportional amount of NaCl. The initial

mass fraction of NaCl in the pore water is 0.24%, 0.46%, 0.66% and 0.84% for the hydrate saturation of 0.8,

0.6, 0.4 and 0.2, respectively. Different initial concentrations were used to ensure that the mass fraction of NaCl

in the final state of the pore water, i.e., in the remaining pore water at the end of the hydrate formation process,

is 1.0%. Then the THF solution was obtained by adding an appropriate amount of THF (according to Eq. (8))

to the pore water prepared above.

(2) Loading of the sand and THF solution into the reactor. The sand was loaded into the reactor layer by layer

and the THF solution was injected into the newly added layer to ensure that the sand pack in the reactor was

fully saturated with the solution. The sand pack in the reactor was compacted with a rubber rod after each

addition of the sand layer and solution. Finally, the sand pack was squeezed through the two blind flanges with

electrodes on the two ends of the reactor. An extra amount of the solution could be squeezed out from the sand

pack, indicating the sand pack was fully saturated with the THF solution. The net mass of the injected solution

and volume of the sand pack were measured, and then the porosity of the sand pack was determined.

(3) Formation of the THF hydrate in the reactor. The reactor filled with a mixture of the sand and THF solution

was placed into the air bath incubator (as shown in Fig. 1). A temperature much lower than 4.4 °C (i.e., the

equilibrium temperature) for synthesizing the THF hydrate was set to the air bath incubator (e.g., —1.0 °C). Then

the cooling mode of the air bath incubator was triggered and the formation process of the THF hydrate was

initiated. The hydrate formation process lasted for about 24 hours.



(4) Measurement of the electrical impedance of the sample. After the hydrate formation process finished, the
electrical impedance of the hydrate-bearing sample was measured at ten frequencies (20 Hz, 100 Hz, 200 Hz,
500 Hz, 1 kHz, 2 kHz, 5 kHz, 10 kHz, 50 kHz and 100 kHz) and the test was repeated for ten times. The
measurement was repeated every 30 minutes until no significant variations between the repeated measurements
could be found. Finally, the test process was terminated by stopping the cooling mode of the air bath incubator,

then the hydrate dissociation process was triggered under the condition of room temperature (e.g., 25 °C).

3.3 Processes of hydrate formation and decomposition

The variations of the complex conductivity with time at different frequencies (20 Hz, 100 Hz, and 10 kHz) are
shown in Fig. 3. The time trace of the temperature is also plotted to illustrate the evolution of the experiment,
which includes the processes of hydrate formation and decomposition. It can be seen that the quadrature
conductivity of the complex conductivity is much smaller than the in-phase conductivity. As a result, the
magnitude of the complex conductivity is quite close to the in-phase conductivity (not presented for brevity).
The experimental process of each test run can be divided into four stages (as shown in Fig. 3) according to the
variations of the temperature and complex conductivity. It needs to be mentioned that the division of the hydrate
formation and decomposition processes is not deterministic, but only used to help understand the characteristics

of the complex-conductivity responses and the evolution of the experimental process.

e Stage 1. The first stage defines itself in the time period when the temperature decreases from the ambient
temperature (e.g., around 12 °C in the experiment) to the starting point of the hydrate formation. The in-

phase conductivity decreases with the reduced mobility of ions due to the decrease of the temperature.



e Stage 2. In the second stage the THF hydrate forms at varying formation rates. A higher formation rate is
indicated by the sudden rise of the temperature. Complex variations of the in-phase conductivity with time
emerge over this stage due to the phase change from the THF solution to a mixture of the solution and THF
hydrate. The starting point of this stage is located at around 2.83 h, where the temperature is around 0.7 °C.

*  Stage 3. After all the hydrate former (i.e., THF) is consumed the process returns into peace indicated by
the steady time traces of the temperature and in-phase conductivity in the third stage. The void space of the
porous medium (i.e., the sand pack) is filled with the THF hydrate and remaining NaCl solution.

*  Stage 4. In the last stage the temperature increases gradually, but there is a section (starting around 4.4 °C)

characterized by a lower increasing rate with time indicating that the hydrate decomposes then.
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Fig. 3 Time traces of the complex conductivity and temperature in the processes of hydrate formation

and decomposition

4 Results and analysis
4.1 Effects of frequency and saturation on complex conductivity

To illustrate the frequency effect on the complex conductivity in the hydrate formation process introduced in



Section 3.3, a typical time point corresponding to a certain hydrate saturation is selected in each stage as shown

in Fig. 3. The values of the selected hydrate saturations follow a relationship of Sy < Sy < Si3. The magnitude,

phase angle, real and imaginary components of the complex conductivity corresponding to the three saturations

are plotted versus frequency in Fig. 4.
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The phase angle and quadrature conductivity exhibit significant variations with frequency and a minimum can
be found at a certain frequency. This frequency is called ‘critical frequency’ (denoted as /) hereafter according
to the references, e.g., Tong and Tao (2008) and Li et al. (2019). A consistent critical frequency around 2 kHz
can be identified for the phase angle and quadrature conductivity, thus f. = 2 kHz is adopted throughout this
work. It is postulated that different polarization mechanisms dominate in the frequency ranges lower and higher
than this critical frequency (Revil, 2013; Chelidze and Gueguen, 1999; Chelidze et al., 1999). The electrical
double layer (EDL) polarization dominates the electrical polarization process in the lower frequency range (f'<
fc), where the phase angle and quadrature conductivity decrease with the increase of the frequency as shown in
Fig. 4b and 4c. When the frequency is greater than the critical frequency (f > f¢), the interfacial polarization
(i.e., Maxwell-Wagner effect) tends to dominate the polarization process. The in-phase conductivity and phase
angle increase with an increasing frequency, which can be evidenced by the interfacial polarization mechanism
(Chen and Or, 2006ab). Compared with the phase angle of the complex conductivity and quadrature conductivity,
the in-phase conductivity exhibits minor frequency-dispersion characteristics. This is reasonable because the

frequency has minor effects on the electrical conduction process.

It can be observed in Fig. 4 that the magnitude of complex conductivity and in-phase conductivity decreases
significantly with the increase of the hydrate saturation, while the phase angle and quadrature conductivity
present inconsistent behavior in different frequency ranges separated by the critical frequency. The difference
in the frequency dispersion of the phase angle for different hydrate saturations can only be found in the
frequency range /> f (as shown in Fig. 4b), while that of the quadrature conductivity can only be identified in

the frequency range f < f. (as shown in Fig. 4d). To evaluate the frequency-dispersion characteristics



quantitatively, a parameter FE was proposed in Vinegar and Waxman (1984) as shown in Eq. (6). The parameter
FE is modified by substituting the resistivity with parameters of complex conductivity, i.e., the phase angle and

quadrature conductivity, in this work, as shown in Egs. (9) and (10).

|¢(fH)_(0(fL)|

FE = 9)
‘ ¢(fL) ‘
and
0" (fu)=0 (1))
FE = 2 (10)
‘ o (f.) ‘

where fy and f; denote higher and lower frequencies of interest, respectively.

The variations of FE for the three saturations above are plotted against frequency in Fig. 5 (with f; = 20 Hz and
f1 =2 kHz for the phase angle and quadrature conductivity, respectively). It can be seen that the parameter FE
increases with an increasing fx. This is reasonable because a larger difference in the phase angle and quadrature
conductivity can be obtained with a larger frequency difference between fy and a fixed f;. Furthermore, with the
increase of Sy, the FE at the same f;; and thus the same frequency ratio (FR = f; / f1) for both the phase angle
and quadrature conductivity increases (i.e., a higher FE corresponding to a higher S;). It is clearly shown in Fig.
5 that the difference in S, can be discriminated by the parameter FE, which implies a dependence of the FE on

S for a fixed FR.
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Fig. 5 Variations of the parameter FE with the higher frequency fx at a fixed f;
4.2 Saturation model based on electrical conductance mechanism
The complex conductivity responses of hydrate-bearing sample at different saturations, i.e., Sy = 0.2, 0.4, 0.6
and 0.8, were measured in the experiment. As described in Section 3, the hydrate saturation was obtained by
calculating the quantity of consumed THF, assuming that all the THF in the solution was transformed into THF
hydrate. The in-phase conductivity describes the conduction process (based on the Ohmic electromigration
mechanism) of the electrical current in the hydrate-bearing sample, thus the classical model, i.e., Archie formula,

has been used for evaluating the hydrate saturation based on the in-phase conductivity in this section.

The in-phase conductivity is plotted versus frequency in Fig. 6 for different hydrate saturations, i.e., Sy = 0.2,
0.4, 0.6 and 0.8. It can be observed that the in-phase conductivity varies little with the frequency. This is
expected because the in-phase conductivity is controlled by the electrical conductance mechanism of the sample
under test. Under the condition of a fixed frequency of interest, the in-phase conductivity exhibits a

monotonously decreasing trend with the increase of S;. This is reasonable because the hydrate has a very low



conductivity similar to the oil (Waite et al., 2009; Frane et al., 2011; Haukalid et al., 2017).
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The formation factor is calculated to be the ratio of the pore-water conductivity to the in-phase conductivity of
a fully saturated sample according to the Archie’s formula (Eq. (4)). The coefficient a is considered as unity for
pure sands as used in the experiments of this work. Fig. 7 shows the variation of the cementation exponent ()
with the test frequency, as well as the fitting curve and line based on the experimental data. It can be observed
that different correlations between m and f'can be obtained in the two frequency ranges separated by the critical
frequency f.. Considering the different polarization mechanisms in the lower and higher frequency ranges
separated by f., it is more sensible to deal with the relations between m and f'in different means. The relation
between m and fis fitted based on the least-square method in the frequency range f < f., and an average is
obtained in the frequency range /> f. as shown in Eq. (11). The coefficient of determination (R?) and root mean
square error (Erus) are provided in the illustrations to show the fitting performance and uncertainty. It needs to
be mentioned that the R? for the range of /> f; is not provided because no best-fitting operation was involved. Error

bars have been plotted with data points based on the Erys, However, due to the small amplitude of the Eras, some of



the error bars have been covered by the markers themselves (as can be seen in the range of /< ;).
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Fig. 7 Variations of the cementation exponent () with frequency (f) lower and higher than the critical

frequency (f. = 2 kHz)

{—0.09(lg £)*+0.581g f +0.41 f<f
m= (11)

1135 f>1.

The conductivity index [ is calculated as the ratio of the in-phase conductivity of the sample to that of the water-
saturated sample following the Archie’s formula (Eq. (5)). We can obtain Eqs. (12) and (13) through multiplying
Eq. (4) by Eq. (5). Fig. 8 shows the variations of the lithological coefficient (»), saturation exponent (n) with

the test frequency, as well as the fitting curves and lines based on the experimental data.

FI =22 =pgs (12)

o,

1g<‘;—“f> — —nlg(S,,) - mlg(0.4) +1g(b) (13)

where o, is the in-phase conductivity of the hydrate-bearing sandy sample.
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The frequency higher than f. is preferred because stable values for m, b and n are expected for a specific sandy
sample. Thus, the hydrate saturation for the sandy samples can be calculated from the in-phase conductivity and
porosity by using Eq. (16), which is valid in a wide frequency range (1> f), i.e., from 2 kHz to 100 kHz in this
work.

o1 57475 (1-8,)"" (16)

o,

An uncertainty analysis of the parameters (m, n and b) in the in-phase conductivity models (i.e., Egs. (11)-(16)) is

carried out below to enhance the confidence in the models for real applications. The first task in the process of



uncertainty analysis is to identify sources of uncertainty, and then determine how they can be characterized in the

analysis. Some typical sources of epistemic uncertainty in hydrate-saturation modeling include: measurement errors

in the complex conductivity, heterogeneity of the tested hydrate-bearing sample, errors in the reference hydrate

saturation, and errors in the besting-fitting operation.

6]

2)

3)

Measurement errors in the complex conductivity. The complex conductivity is computed from the measured

impedance and geometrical factor. The uncertainty of the impedance results from the error of the LCR meter

and effects of the connecting cables between the electrodes and the LCR meter (i.e., the calibration plane

specifically). The uncertainty of the geometrical factor comes from the measurement error of the length and

diameter of the samples. It needs to be noted that only the uncertainty of the LCR meter is labeled as 1%, but

the rest uncertainty cannot be evaluated quantified accurately. However, it is believed that those uncertainties

are of a similar magnitude with that of the LCR meter (Calibration tests on objects of known conductivities or

impedances such as NaCl solution and resistor-capacitor network have been performed before the formal hydrate

experiments.). The uncertainties may account for the scatter in the measurement results of complex conductivity.

Heterogeneity of the tested hydrate-bearing sample. The heterogeneity of the samples comes from two aspects,

i.e., heterogeneity of the skeleton and that of the hydrate. The heterogeneity of the skeleton can be ignored as

the size range of the sand particles used in the experiment is narrow (180 — 250 pum). The heterogeneity of

hydrate in the porous media has been reported in several experimental and numerical research works, such as

Bald et al. (2003), Zhao et al. (2011), Yin et al. (2018ab, 2019ab) and Liu et al. (2019) among others. The

complex-conductivity responses of THF-hydrate-bearing sandy samples would be different from that of an

ideal sample with no heterogeneity. Therefore, some uncertainties would be introduced into the resultant

complex conductivity.

Errors in the reference hydrate saturation. The hydrate saturation is defined as the volume ratio of the hydrate



“)

to pore space of the porous medium. With an assumption that all the added THF has been converted into THF

hydrate, the reference hydrate saturation can be calculated by Eq. (8). However, it has been reported that the

initial THF cannot be converted into THF hydrate completely in the formation process due to the requirement

for achieving a chemical equilibrium in the THF-hydrate-water system (Strauch et al., 2018). Furthermore,

the conversion rate is affected by some factors such as the cooling mode or temperature history and initial

THF/water ratio (Strauch et al., 2018; Yin et al., 2019a; Liu et al., 2019). Besides the incompleteness of the

conversion from the THF to hydrate, parameters in Eq. (8) such as the volume of the sand pack, porosity

and masses of the pore water and THF can result in uncertainties of the reference hydrate saturation as well.

Errors in the besting-fitting operation. The parameters (m, n and b) in the in-phase conductivity models were

derived from a best-fitting operation based on the experimental data. As a result, there are two sources of

uncertainties for the fitting parameters. One of them is the uncertainty resulting from the three sources analyzed

above, which propagates into the uncertainties of the model parameters. The other is the essential uncertainty

accompanying with the best-fitting algorithm. In this work, we used the coefficient of determination (R?) and

root mean square error (Erus) to describe the uncertainties of the fitting parameters in the models. Error bars

have been plotted with data points involved in the best-fitting operation in the figures (Figs. 7-10) based on the

Erus. However, some of the error bars have been covered by the markers due to the small amplitude of the Ers.

It needs to be mentioned that the above uncertainty analysis also applies to the model presented in Section 4.3,

because the uncertainties of the two types of models (i.e., the in-phase conductivity model and phase angle model

presented in Section 4.2 and 4.3, respectively) have the same nature (The uncertainty stems from a best-fitting

operation based on the experimental data). Moreover, the first three sources of uncertainties identified above have

only been analyzed qualitatively, and the fourth source of uncertainty has been quantified. The effects of the first



three sources have not been left out because the resultant uncertainties have already propagated into the uncertainty

due to the fourth source.

4.3 Saturation model based on electrical polarization mechanism

It has been shown in Section 4.1 that the parameter FE of the phase angle has a definite dependence on the
hydrate saturation. It is beneficial to develop the potential to evaluate S, based on the parameter FE. Fig. 9a
shows the variations of the phase angle with frequency for different hydrate saturations, i.e., from 0.2 to 0.8. It
can be observed that the phase angle for each fixed S, decreases first and then increases with the increase of the
frequency, and the minimum value can be identified around the critical frequency. However, it needs to be noted
that the change rate of the phase angle with the frequency are remarkably different for different Sy, especially
in the frequency range /> f.. The change rate can be characterized quantitatively by the parameter FE after a

designation of the higher and lower frequencies, i.e., fx and f;, respectively.

If the frequency 100 Hz is denoted as the fixed f;, for example, the parameter FE of the phase angle is calculated
and plotted against FR in Fig. 9b for the frequencies /> f.. The different FR is an indication of the different fy
for a fixed f;. It needs to be mentioned that the purpose of using the FR instead of fx is to demonstrate the
frequency difference between fz and f; more clearly. It can be observed in Fig. 9b that the characteristic
parameter FE of the phase angle follows a linear relationship with FR. Furthermore, the slope (denoted as &,
hereafter) of the best-fitting line between FE and FR increases monotonously with the increase of Sj.
Considering both the parameter FE and £, exhibit definite dependence on S;, we correlate FE at a certain FR
(corresponding to a certain fy for a fixed f;) with S, and &, with Sj, respectively. Fig. 10 demonstrates the linear

relationships between FE and S;, as well as between k, and S;. It needs to be noted that the logarithms of FE and



k, are utilized instead of the parameters themselves in order to reduce the adverse effects of the intrinsic
nonlinearity between the parameters. Finally, two linear correlations (as shown by Egs. (17) and (18) serving as
hydrate-saturation evaluation models) are derived based on the frequency-dispersion characteristics of the phase

angle of complex conductivity.

AS, - B, FR =500
log,,(FE) = (17)
AS,—B, FR =1000
log, (k,)=CS,—-D (18)
where 41 =2.687, B1 =1.074, 4, =1.952, B, =0.257, C=1.631 and D = 3.005.
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Fig. 9 Frequency dispersion of the phase angle and relationship between FE and FR for different

hydrate saturations



= N
)] (e

—
=)

o
o

Logarithm of FE of phase angle
S =
W W

-1.0

® Jog,,(FE) for FR = 500
= Jog,,(FE) for FR = 1000

= = Fitting lines m
-
-
70
- o 7
- 7
- ¥ 4
- s
»” 7
¥
7
s
'4

01 02 03 04 05 06 07 08 09

Hydrate saturation

—
~

—
o))

DN NN
o » N o

Logarithm of slope of FE-FR relation

1

—

[0 ]
L

®  log(k,) for f; = 100 Hz

|/ = = Fitting line

8 T T T T T T T 1
01 02 03 04 05 06 0.7 08 09

Hydrate saturation

(a) FE of phase angle against hydrate saturation (b) slope of FE-FR relation against hydrate saturation

10g10(FE) for FR =500: R?= 0.994, Erus =0.047;

logio(FE) for FR = 1000: R? = 0.997, Erus =0.046;

logio(kp): R?> =0.984, Erus =0.047

Fig. 10 Relationships between FE of the phase angle and hydrate saturation and between the slope of

FE-FR relation and hydrate saturation

4.4 Saturation model based on information fusion principle

Two types of hydrate-saturation evaluation models based on different parameters of the complex conductivity

have been developed in Section 4.2 and 4.3, respectively. The first type of the models is developed based on

the in-phase conductivity using the Archie’s formula, and the second makes use of the frequency-dispersion

characteristic parameters of the phase angle, i.e., FE and k,. The in-phase conductivity reflects the electrical

conductance mechanism, and the phase angle and its frequency-dispersion characteristics correspond to the

electrical polarization mechanism. Therefore, the above two types of models are called the conductance-based

model and polarization-based model, respectively, in this work.



It is of significance to integrate the two types of models based on the information fusion principle in order to
derive a comprehensive model, which takes into account both the electrical conductance and polarization
mechanisms. A fusion model based on the complex-conductivity parameters is developed in this section. The
flowchart of the model-operation process is presented in Fig. 11 and introduced below. Firstly, the in-phase
conductivity, FE of the phase angle and %, are computed from the measured complex conductivity of hydrate-
bearing samples. Secondly, the conductance-based model (as expressed by Eq. (16)) and polarization-based
models (as expressed by Eqs. (17) and (18)) established in Section 4.2 and 4.3 are used to calculate hydrate
saturations, respectively. The outputs of the above two types of models are denoted as Si. and Sj,. Thirdly, the
arithmetic mean is taken for Sj. (at different frequencies) and Sj, (for the FE and &, models), and then denoted

as S

.. and §hp , respectively. Fourthly, the fusion model with S, and Ehp as inputs is built based on a

specific weighted-average algorithm. The output of the fusion model (denoted as §h) is calculated by Eq. (19),

which is regarded as the final solution to the hydrate saturation.

S, =WS, +(1-W)S,, (19)

where W is a weighting factor.
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4.5 Assessment of hydrate-saturation models
The hydrate saturation has been calculated by the three types of models, i.e., the conductance-based model,
polarization-based model and fusion model, and then compared with the reference from the experimental data.

The absolute error (£4) and relative error (£z) of model predictions for each saturation (i.e., Sy = 0.2, 0.4, 0.6



and 0.8) are calculated with Eqgs. (20) and (21). Those error specifications are used to quantify the model
performance at a specific test point, i.e., a specific hydrate saturation of the sample. The root mean square error
(Erus) is also computed for each of the models with Eq. (23). The Erys is used to assess the model performance
for the whole test range of hydrate saturations quantitatively, showing the average deviation from the reference
saturations for all the tested samples. The model predictions for hydration saturations are compared with
experimental measurements in Fig. 12. The absolute and relative errors of model predictions are listed in Table
1 to Table 8 and the root mean square error is presented in the text below. Error bars are plotted with data points

based on the Erys in Fig. 12.

E,=S,,—S0 1)
E,= Sin =50 1 100% (22)
h0
1 & . .
Epp = \/NZ(SW (i) = S,0())’ 23)
i=1

where Sy, and Spo are hydrate saturations calculated by the models and obtained from the experimental data (the
reference values of hydrate saturations), respectively; N is the counts of the tested samples for each model and

i represents the iy, sample.

Conductance-based models. The type of conductance-based models includes five separated models, each of
which employs the in-phase conductivity at a certain frequency as the input. The frequency ranging from 2 kHz
to 100 kHz (/> f:) are taken into account for the five models (=2, 5, 10, 50, 100 kHz). It can be seen from Fig.
12a and Table 1 that the relative error £r decreases sharply with the increase of S, from 0.2 to 0.8. It changes
from 28.8% at S, = 0.2 to -0.1% at S, = 0.8. A relatively higher £ at a lower reference S, may largely result

from the smaller denominator in Eq. (22), thus it is necessary to examine the absolute error £, simultaneously.



It can be found in Table 2 that the £, varies from -0.084 to less than 0.005 at S, = 0.4 and 0.8, respectively.

Generally, a higher £4 appears at the lower saturations such as S, = 0.2 and 0.4. Both the Er and E4 show a

consistent deviation trend that the errors exhibit the same polarity for each S;. For example, the Er and E,4 at S,

= 0.2 for all the five models are positive, showing that the model predicted saturations are higher than the

reference. The root mean square errors (Erus) for the five models are all around 0.051. Through a comparison

between E4 and Erus it can be seen that the quite large £, at lower saturations, i.e., S, = 0.2 and 0.4, dominates

the whole model performance in terms of the Eruys, and the errors at higher saturations can be ignored safely.

Three reasons have been identified to account for the characteristics of errors presented above. Firstly, the

reference values have higher uncertainty at low saturations, especially for saturations lower than 0.5. A lower

conversion rate of the THF to hydrate (Strauch et al., 2018) in the tested samples results in errors of the reference

saturation. Secondly, the enhanced heterogeneity for lower hydrate saturations may distort the complex

conductivity responses to some extent. Thirdly, some uncertainty may arise from the oversimplification of the

Archie’s formula, e.g., application of the constant Archie’s parameters as indicated in Egs. (11), (14) and (15).

Polarization-based models. The type of polarization-based models includes three models with the parameters

k, and FE as inputs as shown in Egs. (17) and (18), respectively. They are denoted as the k, model, FE model

with FR = 500 and FE model with FR = 1000, respectively. It can be observed in Fig 12b and Table 3 and 4

that the absolute and relative errors for the polarization-based models exhibit different behaviors from those for

the conductance-based models. Firstly, the £, and Er for the polarization-based models is lower than that for

the conductance-based models at the same S;, except Sy = 0.8. Secondly, the £, and Er have different polarities

at the same S, except S, = 0.8, which provides an opportunity to reduce the errors by averaging the results. The

Egsu for the three models is 0.029, 0.012 and 0.017, respectively, much lower than that for the conductance-



based models. Based on a comparison of the Egrsy, we can claim that the models with FE as inputs perform
better than the &, model, and the two FE models are quite consistent with each other. Furthermore, the FE model
with FR = 1000 presents a constantly lower Er than the k, model for all the tested samples of different Sj. As
presented in Section 4.3 the characteristic parameter k, is defined as the slope of the FE-FR relation. More
uncertainties may be introduced into the &, model in the derivation process from the FE to k,. Therefore, it is

understandable that the FE models become superior than the &, model to some extent.

Fusion models. The various fusion models are obtained by adjusting the weighting factor # in Eq. (19) from
0.1 to 0.5. Theoretically, a higher W should be allocated to a more accurate input to obtain a result with more
reliability and higher accuracy. The polarization-based models perform better than the conductance-based
models in the perspective of a lower Ersy. Therefore, a weighting factor no more than 0.5 is assigned to the

input of the fusion models, i.e., the output derived from the conductance-based models. The average values of

the outputs from the conductance-based and polarization-based models are denoted as §, and §

respectively. They are used as the raw inputs of the fusion model before the multiplication by their respective
weighting factor. It can be seen in Fig. 12¢ and Table 5 and 6 that, at the same hydrate saturations, the errors
increase with an increasing W for S, = 0.2, 0.4 and 0.6. Conversely, the errors exhibit a decreasing trend with
the increase of W for S; = 0.8. This can be understandable because the polarization-based models perform better
than the conductance-based models for S, = 0.8 as indicated by the lower £, and Er. The Ersy for the five fusion
models is 0.017, 0.021, 0.024, 0.028 and 0.032, respectively. Considering the lower Er at S, < 0.8 and the lowest
Erus we select W= 0.1 as the best weighting factor for the selected fusion model (i.e., the fusion model with W

= 0.1) in the analysis below.



A comparison among the performance of the three types of models, i.e., the conductance-based model,
polarization-based model and fusion model with W = 0.1, has been made and shown in Fig. 12d. The average

of the outputs, i.e., S,

e and S ,p » from the conductance-based models and polarization models are used for

this comparison. It can be observed from Table 7 and 8 that both the E4 and Er for the fusion model with W =
0.1 are located between the bounds defined by those for the conductance-based and polarization-based models.
The Erus for the conductance-based, polarization-based and fusion models is 0.051, 0.013 and 0.017,
respectively. It is obvious that the incorporation of the conductance-based models into the fusion model results
in increased E4, Er and Erys than those for the polarization models. However, there are at least two advantages
to use the fusion model rather than the polarization model. Firstly, the selected fusion model is supposed to be
more reliable than each of the conductance-based and polarization-based models, because more underlying
physics and parameters have been taken into account. Secondly, the degradation of the model performance in
the perspective of the error specification (e.g., E4, Er and Erus) can be alleviated by adjusting the weighting

factor, which adds more flexibility to the hydrate-evaluation model.

0.9+ Archie with f=2 kHz 0971 o % model
o P
0g] T Awchiewith/=>5 kHz 0.81 ® FEmodel with FR = 500
= 4 Archie with f= 10 kHz = .
9) N S 4 FE model with FR = 1000
'2(0.7{ A Archie with f=50 kHz '=0.71 1:1 line
3 v Archie with f= 100 kHz 3 ‘
% 0.6—— 11 line %061
s k5
50.5 5 0.5
g g
=04 5.0.4-
S0s] 3
2 0.3+ 1 20.31
= ¥ = 3
0.2 0.2
0.1 - - - - - - - - 0.1 - . . . . : : .
01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09
Reference hydrate saturation Reference hydrate saturation

(a) Conductance-based models (b) Polarization-based models



0.9 W=0.1 0.91 e Conductance-based model
08l = w=02 08l ™ Pola.lrization—bas.ed model
5 e W=03 .5 * Fu519n model with W=0.1
*§07 A W=04 ‘§O.7-—l:1hne
506, ¥ W=05 5061
3 — 1:1 line 2
5 0.5 50.51
E E
50.4 5.0.4-
3 3
203 20.3
= =
0.2 0.2+
0.1 T T T T T T T 1 0'1 T T T T T T T 1
01 02 03 04 05 06 07 08 09 01 02 03 04 05 06 07 08 09
Reference hydrate saturation Reference hydrate saturation
(c) Fusion models (d) Comparison of the three models

Fig. 12 Comparison between the model calculated results and reference hydrate saturations

Table 1 Absolute error (dimensionless) of hydrate saturation predictions from the conductance-based

models
Spr=0.2 S,=0.4 S, =0.6 Sp=0.8
f=2kHz 0.057 -0.084 0.008 -0.002
f=5kHz 0.061 -0.082 0.010 -0.001
f=10kHz 0.061 -0.081 0.010 -0.001
f=50kHz 0.058 -0.084 0.008 -0.003

f=100kHz 0.071 -0.072 0.013 -0.002




Table 2 Relative error (in percent) of hydrate saturation predictions from the conductance-based

models
Si=0.2 Si=04 Sp=0.6 S$»=0.8
f=2kHz 28.7 -21.1 1.3 -0.2
f=5kHz 30.3 -20.4 1.7 -0.1
f=10kHz 30.5 -20.3 1.7 -0.1
f=50kHz 28.9 -21.1 1.3 -0.4
f=100 kHz 35.5 -18.1 2.2 -0.2

Table 3 Absolute error (dimensionless) of hydrate saturation predictions from the polarization-based

models
Sp=0.2 S»=04 Si=10.6 S$»=0.8
k, model 0.031 -0.042 -0.009 0.021
FE model with FR = 500 -0.009 0.005 0.017 0.013
FE model with FR = 1000 0.018 0.028 0.002 0.008

Table 4 Relative error (in percent) of hydrate saturation predictions from the polarization-based models

Si=02 Sr=0.4 S»=0.6 S»=0.8
k, model 15.7 -10.6 -1.6 2.6
FE model with FR = 500 -4.6 1.3 2.8 1.6

FE model with FR = 1000 9.0 7.0 0.3 1.0




Table 5 Absolute error (dimensionless) of hydrate saturation predictions from the fusion models

Sp=0.2 Sr=04 S»=0.6 S»=0.8
wW=0.1 0.018 -0.028 0.004 0.005
W=0.2 0.023 -0.034 0.004 0.004
W=0.3 0.028 -0.040 0.005 0.003
W=0.4 0.033 -0.045 0.006 0.002
W=0.5 0.037 -0.051 0.007 0.001

Table 6 Relative error (in percent) of hydrate saturation predictions from the fusion models

Sp=0.2 S»=04 S»=0.6 S$»=0.8
W=0.1 9.1 -6.9 0.6 0.6
W=02 11.5 -8.4 0.7 0.5
W=0.3 13.9 -9.9 0.9 0.4
W=0.4 16.3 -11.3 1.0 0.3

W=0.5 18.7 -12.8 1.1 0.2




Table 7 Absolute error (dimensionless) of hydrate saturation predictions from the average of the

conductance-based models, polarization-based models and selected fusion model

Sp=0.2 Syr=04 S»=0.6 Sr=0.8
Conductance-based
0.062 -0.081 0.010 -0.002
model
Polarization-based
0.013 -0.022 0.003 0.005
model
Fusion model
0.018 -0.028 0.004 0.005

with W=0.1

Table 8 Relative error (in percent) of hydrate saturation predictions from the average of the

conductance-based models, polarization-based models and selected fusion model

Sy=0.2 Sy=0.4 Sr=0.6 Sy,=10.8
Conductance-based
30.8 -20.2 1.6 -0.2
model
Polarization-based
6.7 54 0.5 0.6
model
Fusion model
9.1 -6.9 0.6 0.6

with W=0.1




5 Discussion

5.1 Potential for evaluating hydrate saturation with quadrature conductivity

It has been demonstrated that both the electrical conductance and polarization mechanisms are incorporated in
the fusion models for evaluating the hydrate saturation. The models utilize the parameters of complex
conductivity, such as the in-phase conductivity, FE and £, of the phase angle, as the inputs. However, it needs
to be mentioned that there are other complex-conductivity parameters, such as the magnitude and quadrature
conductivity, that have not been used in the modeling and analysis presented above. The two pairs of parameters
of complex conductivity (i.e., the magnitude and phase angle, in-phase and quadrature conductivities) can be
converted to each other. However, that does not necessarily mean that the related parameters are as usable as
their counterparts in the perspective of hydrate-saturation evaluation capability. Furthermore, a wide frequency
ranging from 20 Hz to 100 kHz has been tested in the experiment as introduced in Section 3, but only the
complex conductivity at frequencies higher than the critical frequency (f > f.) has been used in the actual
modelling and hydrate-saturation calculation presented above. Actually, there are more possibilities to develop
more hydrate-saturation models to make a full use of the plentiful information of complex-conductivity
responses. As a result, the fusion model will be capable of incorporating more information, parameters and
underlying physics and be expected to achieve a more reliable prediction of the hydrate saturation in the

complicated natural sediments (as demonstrated in Section 4.5).

The quadrature conductivity is a counterpart parameter of the phase angle, because both of them are responsible
for the electrical polarization mechanism. Similar characteristics and relationship with the hydrate saturation to
those of the phase angle have been identified. This shows a great potential for evaluating the hydrate saturation

with the quadrature conductivity. However, some issues come up hindering the modeling procedure.



Fig. 13a shows the variations of the quadrature conductivity with frequency at different S, i.e., from 0.2 to 0.8
(see Fig. 9 for reference). It can be observed that the quadrature conductivity at frequencies lower than the
critical frequency (f < f.) shows its capability to discriminate the different S;. However, the quadrature
conductivity in the higher frequency range is not sensitive to the variations of .S at all. The parameter FE of the
quadrature conductivity is then plotted versus FR with f; = 20 Hz for different S, in Fig. 13b. It can be seen in
Fig. 13b that the parameter FE follows a nonlinear trend with the increase of FR, which is different from the
linear relation for the phase angle as indicated in Fig. 9b. Furthermore, it needs to be noted that the FE of
quadrature conductivity varies non-monotonically with S at a fixed FR. Consequently, it is rather difficult to
correlate either the FE or the slop of FE-FR relation with Sj, as done for the phase angle. Further experimental
and theoretical investigations should be carried out to address those issues for developing new types of models

to evaluate the hydrate saturation based on the quadrature conductivity.
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5.2 Effectiveness and advances of using THF as hydrate former

The THF has been widely used as a hydrate former in laboratory studies for preparing samples to simulate gas
hydrate-bearing sediments. Various physical properties (e.g., electromagnetic, thermal and mechanical) have
been investigated to gain more insights to the gas hydrate or gas hydrate-bearing sediments (Pearson et al., 1986;
Santamarina and Ruppel, 2008; Cortes et al., 2009; Yun et al., 2007; Lee et al., 2007; 2010ab; Liu et al., 2019;
Wuetal., 2021a). There are indeed differences between the THF hydrate and gas hydrates (e.g., methane hydrate
predominantly formed in natural sediments), such as the crystal structures (i.e., Structure II for THF and
Structure I structure for methane, (Sloan, 1998)) and polarizability of the guest molecules (i.e., polar molecule
for THF and nonpolar molecule for methane). However, it has been shown that, for laboratory artificial samples,
the hydrate formation scheme (involving, e.g., chemical and thermodynamic properties of the pore water,
physical-chemical properties and stress state of the mineral particles, history of pressure and temperature
variations, relative amounts and mixing sequence/state of all the phases) and produced pore-scale spatial
distribution of hydrates play a more important role in affecting the macroscale properties (e.g., mechanical,
electrical etc.) of hydrate-bearing samples than the differences between THF and methane hydrates themselves

(Lee et al., 2007; Priest et al., 2009; Zhang et al., 2001).

The effectiveness of using the THF hydrate as an analogue to methane hydrate in the experiments in terms of
kinetic formation processes, physical properties and pore-scale spatial distributions (locations relative to the
mineral particles) are summarized as below. First, THF is completely immiscible with water, thereby the kinetic
formation process of THF hydrate resembles that in the deep sediments within the gas hydrate stability zones,

where the hydrate formed with dissolved gas (e.g., aqueous phase methane) in pore water (Buffett and Zatsepina,



2000; Spangenberg et al., 2005; Lee et al., 2007). Second, the dielectric permittivity of THF is as low as that of

nonpolar molecules due to the large size of THF molecules (Lee et al., 2007). There is no significant difference

in the electrical properties (i.e., electrical conductivity and dielectric permittivity) of THF and methane hydrates.

Third, the interfacial tension between water and either THF or methane hydrate is similar, thereby it is expected

that THF and methane hydrates have similar growth patterns in water-saturated sediments (i.e., resembling

typical gas hydrate-bearing environments). It has been indicated by acoustic wave velocities that the hydrates

formed from dissolved methane or THF solution behave as a frame-building component at a hydrate saturation

above 40% and exhibit a pore-filling behavior below 40% (Spangenberg et al., 2005; Priest et al., 2009).

There are many advantages to use the THF as a hydrate former in the laboratory investigations. First, as the

THF is completely immiscible with water, the time required by the hydrate-formation process in laboratory

studies can be shortened significantly compared with that for gas hydrate. Due to the low solubility of methane

gas into water, the kinetic formation process of methane hydrate is restricted by the slow transport of methane

via diffusional or advective processes (Lee et al., 2007). Second, the THF hydrate can form at conditions of a

moderate temperature (e.g., below 4.4 [7) and standard atmospheric pressure (i.e., 101325 Pa) (Makinoet al.,

2005; Conrad et al., 2009). Consequently, the experimental costs and risks can be suppressed significantly.

Therefore, more experimental conditions and tests can be realized conveniently. Third, the hydrate saturation

(or volume fraction) in sediments can be controlled closely to some extent, and a relatively homogeneous

hydrate-bearing samples can be obtained. This claim is a bit controversial and the related issues will be discussed

in Section 5.3.

Bearing the effectiveness and advantages of using the THF as a hydrate former discussed above in mind, we



designed and carried out our experiments on the THF hydrate-bearing sandy samples (Section 3). However, it
is of profound importance to identify and discuss some issues with regard to the characterization of THF

hydrate-bearing samples and the modelling for hydrate-saturation evaluation (Section 5.3).

5.3 Issues related to THF hydrate-bearing samples

There are two major issues related to the THF hydrate-bearing samples tested for complex-conductivity
responses in this work, i.e., assumptions of a complete conversion rate of THF and homogeneous distribution
of THF hydrate in porous media. The first assumption is that all the THF added into the pore water of the sand
sample can be transformed into THF hydrate in the experiment, based on which the reference hydrate saturation
is obtained. The second assumption is that the THF hydrate is distributed homogeneously in the sandy samples,
based on which the effects of the heterogeneity of samples on the complex conductivity are not taken into

account.

The first question is whether all the THF has been converted into THF hydrate. If there was still some THF in
the remaining water in the pores, the reference hydrate saturation calculated from the initial ratio of the THF to
water directly would be inaccurate. Furthermore, the remaining THF in the pore water at the end of the hydrate
formation process would affect the complex-conductivity responses to some extent. Some uncertainties would
be subsequently introduced into the fitting parameters of the hydrate-evaluation models (Section 4) in this work.
It has been reported by Strauch et al. (2018) that there are differences between theoretically expected (i.e.,
calculated from the initial ratio of the THF to water as did in this work) and effectively obtained volume fractions
of the THF hydrate due to the requirement for a chemical equilibrium in the system. Both THF-excess and H,O-

excess cases were investigated in their work and it was claimed that the deviations of the resultant THF-hydrate



saturation increased with a decreasing aspired saturation for the two cases. Then they proposed corrections to

calculate the actual hydrate amount after the formation process based on their results. The analysis and

correlations presented by Strauch et al. (2018) seem to provide an answer to our question, however, it has to be

noted that the system they worked on only include THF, water and THF hydrate. In our work there are sand

particles in the test system besides the THF, water and THF hydrate. Furthermore, the differences in the hydrate

formation procedure such as the cooling mode or temperature history would affect the cage occupancy as well

as the final conversion rate of the THF to hydrate (Strauch et al., 2018; Yin et al., 2019a; Liu et al., 2019).

Conversely, a complete transformation from the THF solution to hydrate was reported with the aid of magnetic

resonance imaging (MRI) visualization (Baldwin et al., 2003). To summarize, it is still an open question to

accurately quantify the conversion rate of the THF to hydrate and thus the actual hydrate saturation for the initial

THF-water-sediment system. Multiple measurement techniques such as X-ray CT and MRI, estimations from

thermal signatures and numerical simulations based on hydrate-formation kinetic models are recommended to

characterize the hydrate formation process and quantify the actual hydrate saturation.

The second question is whether the THF hydrate has been distributed in the porous medium homogeneously. If

the heterogeneity of the skeleton of the sand pack is ignored (It is reasonable due to the narrow range of the size

of sand particles used in the experiment.), but the THF hydrate is distributed inhomogeneously in the pores of

the sandy sample, the complex-conductivity responses of the THF hydrate-bearing sand sample would deviate

from those of an ideal sample with no heterogeneity. It is inevitable that some uncertainties would be introduced

into the parameters of the hydrate-evaluation models (Section 4) in this work. The heterogeneity of THF hydrate

formed in clays has been noted in the work of Liu et al. (2019), where the hydrate distribution and morphology

were visualized with X-ray CT. It has been shown that the THF hydrate formed in clays is segregated and



heterogeneous, no longer as a pore constituent as in sandy sediments. Moreover, the uniformly distributed

hydrate tends to be obtained with the samples experiencing larger subcooling temperatures. In this work we

used fine sands with a diameter range of 180-250 um to simulate the sediments, where the THF hydrate would

form as a pore constituent that results in much less heterogeneity than that in clays (Liu et al., 2019).

Experimental studies were conducted on THF hydrates in bulk solution, sandstone or quartz glass beads by Bald

et al. (2003) and Zhao et al. (2011), where direct visualizations on samples in the formation and dissociation

processes were performed by using MRI. It was shown that MRI was an effective tool for determining the spatial

distribution of the hydrate and non-hydrate phases in the samples. There are differences in the processes of

nucleation, growth, and dissociation between gas hydrates and the THF hydrate; however, the formed crystals

of THF hydrate resemble the heterogeneous and fracture morphology of gas hydrates in clays (Liu et al., 2019).

The heterogeneity in spatial distributions of the phase saturations for methane hydrate-bearing samples made in

laboratory was demonstrated numerically in a series of works by Yin et al. (2018ab, 2019ab). It has been shown

that the spatial distributions of various phases at the end of the methane-hydrate formation process are strongly

heterogeneous (Yin et al., 2018b). Additionally, the assumption of initial homogeneity in the phase saturation

results in large deviations in the temperature and cumulative amounts of the produced gas and water at the early

stage and consistently unreliable pressure compared with experiments in the whole stage of the production

process (Yin et al., 2019b). The numerical simulation plays an irreplaceable role in characterizing the sample

heterogeneity in the absence of direct measurement techniques such as X-CT (Jin et al., 2007; Seol and Kneafsey,

2011; Liu et al., 2019; Wu et al., 2020; Liang et al., 2021) or MRI (Bald et al., 2003; Zhao et al., 2011), and in

optimizing the design of experimental apparatus and formation scheme for creating hydrate-bearing samples

(Yin et al., 2019a). Wu et al. (2020) proposed a pore-scale 3D (three dimensional) morphological algorithm for

constructing hydrate-bearing-sediment models, and then examined the effects of the hydrate saturation and



occurrence habits on the physical properties of hydrate-bearing samples including the electrical conductivity.
To examine the effects of the micro-distribution mode of hydrates in the pores on the electrical properties of
porous media, we have developed 2D numerical models based on the finite element method (Xing et al., 2021).
It has been demonstrated that the in-phase conductivity exhibits significant variations under the same saturation
and salinity but different micro-distribution modes. The variations can be attributed to the change in the
tortuosity of electrical conduction paths in the void space of porous media. Further work needs to be carried out

on the influence of the micro/macro-scale heterogeneity on the quadrature conductivity of the samples.

5.4 Extension to samples with gas, higher salinity and under stress

Another issue to be discussed is that there is no gas in THF hydrate-bearing samples in this work (Wu et al.,
2021a). There are four phases, i.e., the solid skeleton, hydrate, aqueous solution (water) and gas, coexisting in
a gas hydrate-bearing sample. Based on the underlying principle of complex conductivity, we can expect more
complicated complex-conductivity responses due to the more phases and more complex interfaces among them
in the sample. Firstly, if only the electrical conductance mechanism is considered, the measured in-phase
conductivity is to be influenced by the concentration and distribution of both the hydrate and gas simultaneously.
This is because both the hydrate and gas can be regarded as insulators, which can affect the paths of the electrical
conductance significantly. Secondly, if only the electrical polarization mechanism is considered, the measured
quadrature conductivity is also to be affected by the hydrate and gas. The interfacial polarization, which is
responsible for the quadrature conductivity in the frequency range /> f. (Section 4.1), is caused by the formation
of free-charge distributions near the interfaces between different components due to the discontinuity of
dielectric permittivity. The dielectric constant of gas can be designated as 1, but that of the hydrate varies with

the test frequency (Lee et al., 2007; Waite et al. 2009; Haukalid et al., 2017). However, it is a common practice



that the interfaces between the hydrate and gas as well as between the water and hydrate/gas are considered to

be uncharged (Leroy et al., 2008; Jougnot et al., 2010). Consequently, the main influencing factor still stems

from the properties of the interface between the pore water and skeleton. To sum up, due to the similar electrical

properties of hydrate and gas, it is still a challenge for both the in-phase and quadrature conductivities to

distinguish between them directly. An integrated analysis of the electrical and acoustic properties of gas hydrate-

bearing samples is recommended to deal with the four-phase system (Lee and Collet, 2008; Xing et al., 2020).

The salinity of the pore water in hydrate-bearing formations in the fields varies around 3.0 % to 3.5 % by mass

for typical oceanic locations (Collett and Ladd, 2000; Riedel et al., 2006; Lee and Collet, 2008, 2009; Wang et

al., 2011a, 2011b). In this work, we used NaCl solution with a mass fraction of 1.0 % in the experiments (at the

end of the hydrate formation process). There are two reasons to use the lower-salinity pore water in this work.

The first reason is to alleviate the challenge to form the hydrate in sands because the salt is an inhibitor to

hydrate formation. The temperature at the phase-equilibrium boundary decreases with the increase of the pore-

water salinity. Consequently, a lower temperature has to be maintained for the preparation of hydrate-bearing

sandy samples at higher pore-water salinities. The second one is that the effects of the pore-water conductivity

on the quadrature conductivity of porous media can be neglected if the pore-water conductivity exceeds 1.0 S/m

Revil and Skold, 2011; Niu et al., 2016). The salinity of the 1.0 % NaCl solution corresponds to a conductivit
y p y

of 0.97 S/m (at 4.5 ). In addition, it has been demonstrated that the in-phase conductivity of hydrate-bearing

sands can be modelled by the Archie’s formula properly with the pore-water salinity of 1.0 % in this work.

Considering the decreasing influence of the surface conductivity with the increase in the pore-water conductivity

(Klein and Santamarina, 2003), it is more reasonable to apply the Archie’s model to cases with higher salinities

(e.g., 3.5 %). To summarize, due to the negligible effects of the higher salinity on the quadrature conductivity



and the capability of the Archie’s formula for modelling the in-phase conductivity, the experimental results and

models for the hydrate-saturation evaluation obtained at a specific salinity of 1.0 % still possess general

significance for higher salinities.

The stress state of hydrate-bearing sediments is one of the influencing factors to the physical properties, especially

to the mechanical properties of the samples. The effective confining stress, i.e., the difference between the confining

pressure and the pore pressure, represents the surrounding effective stress governed by the overlying and surrounding

sediments (Wu et al., 2021a). In this work, we have been focusing on the complex electrical properties of the hydrate-

bearing sands. The in-phase component of complex conductivity reflects contributions of the solid particles, bulk

pore fluid and additional surface conduction due to the EDL, while the quadrature conductivity results from the

contribution of the polarization of the EDL coating the surface of solid particles. The contribution of the pore fluid is

affected by several factors, such as the porosity, tortuosity and hydrate pore habit. The porosity and tortuosity are

influenced by the (effective) confining pressure because an elevation of the (effective) confining pressure results in

a drop of the porosity as well as variation of the shape of pore space. In addition, the hydrate pore habit is affected

by the effective stress applied to the skeleton of sediments (Dai et al., 2012). Furthermore, both the conduction along

particle surfaces (i.e., surface conductivity) and the quadrature conductivity are influenced by the surface state, which

can be altered by the pore habit of hydrates. For instance, in comparison with the fluid-suspending mode where the

hydrate has no contact with the particles, the attachment of hydrate clusters on the particles in the grain-attaching

mode (Xing et al., 2021) may result in an increase in the tortuosity of the surface conduction path and a decrease of

the surface area coated by the EDL. As a result, the in-phase and quadrature conductivity may be elevated and reduced,

respectively, in the grain-attaching mode of hydrates.



6 Conclusions

It is proposed to characterize the electrical properties of hydrate-bearing porous media and evaluate the hydrate
saturation based on parameters of complex conductivity. The tetrahydrofuran (THF) hydrate is synthesized in
sands, forming samples for the measurement of the complex-conductivity responses at different hydrate
saturations. Frequency-dispersion characteristics of the complex conductivity for the hydrate-bearing samples
are analyzed and hydrate-saturation evaluation models are established based on parameters of the complex

conductivity.

(1) The complex conductivity of hydrate-bearing samples is measured in the frequency range of 20 Hz — 100

kHz. A critical frequency (f. = 2 kHz) can be identified, where extreme values are obtained for the phase angle

and imaginary component of the complex conductivity. It is postulated that the electrical-double-layer

polarization and interfacial polarization (Maxwell-Wagner effect) are the dominant polarization mechanisms for

the frequency lower and higher than the critical frequency, respectively.

(2) The hydrate-saturation evaluation models are derived based on the in-phase conductivity and frequency-

dispersion characteristic parameters of the phase angle at frequencies higher than the critical frequency. The

Archie’s formula can be used to model the relationship between the in-phase conductivity and hydrate saturation.

Two linear correlations between the logarithms of FE or &, and hydrate saturation can be established serving as

hydrate-saturation evaluation models.

(3) The conductance-based (with the in-phase conductivity as the input) and polarization-based models (with

the phase angle as the input) are integrated based on the information fusion principle. The best performance in



the perspective of low errors and high reliability for evaluating the hydrate saturation can be obtained with the

fusion model. This can be contributed to the information fusion principle, which incorporates more parameters

of the complex conductivity and underlying physics of the electrical conductance and polarization into this

model.

(4) The quadrature conductivity in the frequency range lower than the critical frequency also shows remarkable

frequency-dispersion characteristics. However, the parameter FE varies non-monotonically with the hydrate

saturation, posing difficulties for deriving a hydrate-saturation evaluation model. It deserves more investigations

to develop the potential for evaluating the hydrate saturation based on parameters of the complex conductivity

in the frequency range lower than the critical frequency.

A new approach for evaluating the hydrate saturation in porous media has been demonstrated experimentally in

this work. However, based on the discussion in Section 5, there is still much challenging and interesting work

to conduct for enhancing its capability of evaluating gas hydrate-bearing sediments. To develop the potential of

the quadrature conductivity for predicting the hydrate saturation, further experimental and theoretical

investigations should be carried out. The numerical modelling is a great means to characterize the hydrate-

bearing samples to account for the influences of the non-completeness of the THF conversion to hydrate and

micro/macro-scale heterogeneity on the complex electrical conductivity. Furthermore, to push the proposed

approach into real applications it is necessary to take into account the effects of the gas phase in the pore space,

effective stress on the skeleton, size distribution of the particles as well as clays in the hydrate-bearing porous

media.
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Highlights

< A critical frequency (f. = 2 kHz) separating the EDL and Maxwell-Wagner polarization
dominant zones in the complex-conductivity spectrum of hydrate-bearing sands is
identified.

< Two types of hydrate-saturation evaluation models are derived based on the in-phase
conductivity and frequency-dispersion characteristic parameters of the phase angle,
respectively.

< The conductance- and polarization-based models are integrated based on the information-
fusion principle and a fusion model with a higher accuracy and reliability is obtained.

< The quadrature conductivity in the frequency range lower than the critical frequency shows
remarkable frequency-dispersion characteristics with the variation of the hydrate
saturation.
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