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PERMEABILITY EVALUATION METHOD
FOR HYDRATE-BEARING SEDIMENT

The present application is a continuation of the interna-
tional application PCT/CN2022/116966 filed on Sep. 5,
2022, which claims the priority of Chinese Patent Applica-
tion No. 202210883800.7, entitled “Permeability evaluation
method for hydrate-bearing sediment samples based on
complex conductivity parameters” and filed to the CNIPA on
Jul. 26, 2022, and the priority of Chinese Patent Application
No. 202210883799.8, entitled “On-site in-situ quantitative
permeability evaluation method for hydrate-bearing forma-
tion based on complex conductivity” and filed on Jul. 26,
2022. The contents of the above identified applications are
incorporated herein by reference in their entirety.

TECHNICAL FIELD

The present application belongs to natural gas hydrate
exploration and exploitation technology and particularly
relates to a permeability evaluation method for hydrate-
bearing sediment.

BACKGROUND OF THE PRESENT
INVENTION

Marine natural gas hydrate in China mainly exists in
argillaceous and silty sediment, and the permeability of
hydrate-bearing sediment varies in a complex and dynamic
manner during hydrate decomposition (in exploitation pro-
cess). On the one hand, it is difficult for laboratories to
accurately measure the permeability of the argillaceous and
silty sediment which is soft and low in permeability. On the
other hand, there is a lack of corresponding data interpre-
tation methods for field well-logging evaluation. The per-
meability of hydrate-bearing sediment is a very important
formation parameter, which is related to the stability of
water and gas permeability as well as natural gas production,
and is one of key parameters to evaluate the cost-effective-
ness of hydrate reservoirs.

Existing permeability evaluation methods for hydrate-
bearing sediment have main shortcomings as follows. First,
the measurement of permeability is time-consuming and
costly. Second, these methods mostly have a small measur-
ing range, which cannot effectively reflect the micro-pore
structure of hydrate-bearing sediment and cannot accurately
measure the permeability of hydrate-bearing sediment.

SUMMARY OF THE PRESENT INVENTION

To address some of the above problems, a permeability
evaluation method for hydrate-bearing sediment is provided
in the present application, which is based on complex
conductivity, allows a large measuring range and low cost.

The permeability evaluation method for hydrate-bearing
sediment includes following steps of:

a complex conductivity spectrum obtaining step of obtain-
ing complex conductivity spectrum of the hydrate-
bearing sediment;

Specifically, for a hydrate-bearing sediment sample,
impedance spectrum measurement is performed on the
sample and an electrical impedance spectrum is
obtained; using a relationship between electrical
impedance and complex resistivity, combining with a
length and cross-sectional area of the sample, and
based on a definition of complex conductivity, the
complex conductivity spectrum is obtained through
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2

conversion. For formation hydrate-bearing sediment,
based on an induced polarization well-logging method,
supplying AC to current electrodes in a well by using
ground equipment, the complex conductivity spectrum
is obtained by changing frequency f of the AC.

a hydrate saturation calculating step of calculating hydrate
saturation S, from a frequency spectrum of a complex
conductivity real part, from a complex conductivity
imaginary part, or from equivalent relative permittivity;
wherein the frequency spectrum of the complex con-
ductivity real part, the complex conductivity imaginary
part, and the equivalent relative permittivity are calcu-
lated from the complex conductivity spectrum;

a formation factor calculating step of when the hydrate-
bearing sediment contains only three media of water,
hydrate and quartz sand particles, calculating the for-
mation factor based on Archie’s first law; when the
hydrate-bearing sediment contains not only the three
media of water, hydrate and quartz sand particles, but
also clay mineral particles, calculating the formation
factor from the complex conductivity real part, the
complex conductivity imaginary part and a conductiv-
ity of pore water; and

a permeability calculating step of when the hydrate-
bearing sediment contains only the water, the hydrate,
and the quartz sand particles, calculating the perme-
ability of the hydrate-bearing sediment based on relax-
ation time in combination with the hydrate saturation
and the formation factor, or based on polarization
amplitude in combination with the hydrate saturation
and the formation factor; when the hydrate-bearing
sediment contains the water, the hydrate, the quartz
sand particles, and the clay mineral particles, calculat-
ing the permeability of the hydrate-bearing sediment
based on the relaxation time in combination with the
hydrate saturation and the formation factor, or based on
the polarization amplitude in combination with the
hydrate saturation and the formation factor, or based on
Cation Exchange Capacity (CEC) in combination with
the hydrate saturation; and when porous medium in the
hydrate-bearing sediment has fractal characteristics and
pore size satisfies a fractal scaling relation, calculating
the permeability of the hydrate-bearing sediment based
on pore radius and fractal dimension in combination
with the hydrate saturation.

As an embodiment, the hydrate-bearing sediment includes
the hydrate-bearing sediment sample and the formation
hydrate-bearing sediment. In the complex conductivity spec-
trum obtaining step, for the hydrate-bearing sediment
sample, the impedance spectrum measurement is performed
by a four-probe method, including following specific steps
of putting the hydrate-bearing sediment sample in a sample
holder, installing a pair of current electrodes and a pair of
potential electrodes at both ends of the sample holder,
connecting the four electrodes to an impedance analyzer,
and measuring the impedance spectrum of the hydrate-
bearing sediment sample by the impedance analyzer; for the
formation hydrate-bearing sediment, the complex conduc-
tivity spectrum is obtained by an induced polarization well-
logging method, specifically including following steps of
connecting the ground equipment to the current electrodes
and the potential electrodes in the well in the field, supplying
AC to the current electrodes in the well to generate an
electric field in the well, and constantly changing the fre-
quency of AC with rang from 1 mHz to 10 kHz, so as to
obtain the complex conductivities at different frequencies
and then obtain the complex conductivity spectrum.
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As an embodiment, the permeability evaluation method
for hydrate-bearing sediment further includes a hydrate
occurrence mode correction factor calculating step; Y=1
when the hydrate is in a non-grain-contact occurrence mode,
and Y=Y ,(f) when the hydrate is in a grain-contact occur-
rence mode.

o)
a7 (f)

Yi(f) =

where Y, (f) denotes an occurrence mode correction factor
at a frequency fin the grain-contact occurrence mode of the
hydrate; 6", (f) denotes the complex conductivity imagi-
nary part at the frequency f in the non-grain-contact occur-
rence mode; and 6", (f) denotes the complex conductivity
imaginary part at the frequency fin the grain-contact occur-
rence mode.

In the permeability calculating step, when the hydrate-
bearing sediment contains only the water, the hydrate and
the quartz sand particles, calculating the permeability of the
hydrate-bearing sediment based on the relaxation time in
combination with the hydrate saturation, the occurrence
mode correction factor and the formation factor, or based on
the polarization amplitude in combination with the hydrate
saturation, the occurrence mode correction factor and the
formation factor; when the hydrate-bearing sediment con-
tains the water, the hydrate, the quartz sand particles, and the
clay mineral particles, calculating the permeability of the
hydrate-bearing sediment based on the relaxation time in
combination with the hydrate saturation, the occurrence
mode correction factor and the formation factor, or based on
the polarization amplitude in combination with the hydrate
saturation, the occurrence mode correction factor and the
formation factor, or based on the CEC in combination with
the hydrate saturation and the occurrence mode correction
factor; when the porous medium in the hydrate-bearing
sediment has the fractal characteristics and the pore size
satisfies the fractal scaling relation, calculating the perme-
ability of the hydrate-bearing sediment based on the pore
radius and the fractal dimension in combination with the
hydrate saturation and the occurrence mode correction fac-
tor.

Compared with the prior art, the present application has
following beneficial effects.

In the permeability evaluation method for hydrate-bearing
sediment provided in at least one embodiment of the present
application, the hydrate-bearing sediment sample can be
obtained by laboratory-made or by field sampling; low-
frequency impedance spectrum measurement is performed
on the sample, and the complex conductivity spectrum by
conversion can be obtained; or for the formation hydrate-
bearing sediment, the ground equipment is used to supply
AC to the current electrodes in the well, and the complex
conductivity spectrum can be obtained by changing the
frequency f of the AC. The hydrate saturation is calculated
based on the complex conductivity spectrum. The formation
factor is calculated based on Archie’s first law or is calcu-
lated from the complex conductivity real part, complex
conductivity imaginary part and the conductivity of pore
water. The permeability of the hydrate-bearing sediment is
calculated based on the relaxation time in combination with
the hydrate saturation, the occurrence mode correction fac-
tor and the formation factor, or based on the polarization
amplitude in combination with the hydrate saturation, the
occurrence mode correction factor and the formation factor,
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4

or based on the CEC in combination with the hydrate
saturation and the occurrence mode correction factor, or
based on the pore radius and the fractal dimension in
combination with the hydrate saturation and the occurrence
mode correction factor. The evaluation method provided in
the present application allows a large measuring range, low
cost and high accuracy, and can accurately obtain the
permeability of hydrate-bearing sediment and effectively
reflect the micro-pore structure of hydrate-bearing sediment.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of measuring low-fre-
quency impedance spectrum of a hydrate-bearing sediment
sample according to one embodiment;

FIG. 2 is a schematic diagram of measuring complex
conductivity spectrum of formation hydrate-bearing sedi-
ment according to one embodiment;

FIG. 3 is a flowchart of a method for calculating hydrate
saturation based on the complex conductivity spectrum
according to one embodiment;

FIG. 4A is a first geometric model of the hydrate-bearing
sediment;

FIG. 4B is a second geometric model of the hydrate-
bearing sediment;

FIG. 5A is a curve chart of complex conductivity real part
changing with frequency;

FIG. 5B is a power-law fitting linear chart of the complex
conductivity real part;

FIG. 6A is a curve chart of the complex conductivity
imaginary part changing with frequency;

FIG. 6B is a power-law fitting linear chart of the complex
conductivity imaginary part;

FIG. 7A is a curve chart of equivalent relative permittivity
changing with frequency;

FIG. 7B is a power-law fitting linear chart of the equiva-
lent relative permittivity;

FIG. 8A shows frequency spectrum of the complex con-
ductivity imaginary part in different occurrence modes of
hydrate;

FIG. 8B shows hydrate occurrence mode correction fac-
tors at different frequencies obtained by the frequency
spectrum of the complex conductivity imaginary part;

FIG. 9 shows frequency spectrum of the complex con-
ductivity imaginary part of the hydrate-bearing sediment
according to one embodiment;

FIG. 10 is a flowchart of a method for calculating per-
meability of hydrate-bearing sediment based on relaxation
time, hydrate saturation, the occurrence mode correction
factor and formation factor according to one embodiment;

FIG. 11 is a flowchart of a method for calculating per-
meability of hydrate-bearing sediment based on polarization
amplitude, hydrate saturation, occurrence mode correction
factor and formation factor according to one embodiment;

FIG. 12 is a flowchart of a method for calculating per-
meability of hydrate-bearing sediment based on Cation
Exchange Capacity, hydrate saturation and occurrence mode
correction factor according to one embodiment; and

FIG. 13 is a flowchart of a method for calculating per-
meability of hydrate-bearing sediment based on pore radius,
fractal dimension, hydrate saturation and occurrence mode
correction factor according to one embodiment;

in which, 11 thermostat; 12 impedance analyzer; 13

potential electrode; 14 current electrode; 15 hydrate-
bearing sediment sample; 21 drilling fluid, 22 current
line, 23 formation; curve A is a complex conductivity
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spectrum with an obvious peak, and curve B is a
complex conductivity spectrum with an obvious inflec-
tion point.

DETAILED DESCRIPTION OF THE PRESENT
INVENTION

A technical solution of the present application will be
described in detail as below by embodiments. However, it
should be understood that elements, structures and features
in one embodiment may also be advantageously incorpo-
rated into other embodiments without further description.

A permeability evaluation method for hydrate-bearing
sediment is provided in the present embodiment, which can
be used for evaluating the permeability of hydrate-bearing
sediment sample (hereinafter referred to as the sample) and
the permeability of formation hydrate-bearing sediment.
Therefore, in the present application, the hydrate-bearing
sediment may refer to either a hydrate-bearing sediment
sample or a formation hydrate-bearing sediment, unless
otherwise specified. The evaluation method includes the
following steps.

S1 Complex Conductivity Spectrum Obtaining Step

‘When obtaining the complex conductivity spectrum of the
hydrate-bearing sediment, since the hydrate-bearing sedi-
ment sample is different from the formation hydrate-bearing
sediment, the obtaining step of the complex conductivity
spectrum may be different. However, the complex conduc-
tivity spectrum of either of the above two can be obtained by
prior technologies.

1.1 Obtaining the Complex Conductivity Spectrum of the
Hydrate-Bearing Sediment Sample

The complex conductivity spectrum of the hydrate-bear-
ing sediment sample is obtained by steps as follows. The
hydrate-bearing sediment sample is measured to obtain
electrical impedance spectrum; using the relationship
between electrical impedance and complex resistivity or
conductivity, and combining with the length and cross-
sectional area of the sample, the complex conductivity
spectrum is obtained through conversion based on the defi-
nition of complex conductivity.

Specifically, the low-frequency impedance spectrum may
be measured by a four-probe method, including following
specific steps of: as shown in FIG. 1, putting the sample 15
between a sample holder (in a thermostat 11), installing a
pair of current electrodes 14 and a pair of potential elec-
trodes 13 at both ends of the sample holder, connecting the
four electrodes to an impedance analyzer 12, and measuring
the low-frequency impedance spectrum of the sample 15 by
the impedance analyzer 12. In the present embodiment, the
impedance analyzer adopts a Zurich MFIA impedance ana-
lyzer, with a maximum frequency f measuring range is 1
mHz to 500 kHz, and an impedance measuring range is 1
mQ to 1 TQ, and the basic accuracy is 0.05% in the range
of 1Q to 1 MQ.

Specifically, using the relationship between the electrical
impedance and the complex resistivity, and combining with
the length and the cross-sectional area of the sample, the
complex conductivity is calculated by Formula (1) based on
the definition of complex conductivity, and the complex
conductivity spectrum can be further obtained.
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6

where 6% is the complex conductivity, p* is complex
resistivity, Z* is a measured electrical impedance, K, is
geometrical factor of the sample, K =S/L., where S is the
cross-sectional area of the sample, and L is the length of the
sample (namely a distance between the two potential elec-
trodes 13).

Multiple impedances at multiple different frequencies f
can be obtained through measurement at the multiple dif-
ferent frequencies f and an electrical impedance spectrum
within the frequency range of measurement can be further
obtained. Similarly, multiple complex conductivities at mul-
tiple different frequencies f can be obtained through mea-
surement or calculation at the different frequencies f and a
complex conductivity spectrum within the frequency range
of measurement can be further obtained through conversion.
Each complex conductivity has a complex conductivity real
part and a complex conductivity imaginary part. Each com-
plex conductivity spectrum obtained by the multiple com-
plex conductivities has frequency spectrum of the complex
conductivity real part and frequency spectrum of the com-
plex conductivity imaginary part. The complex conductivity
at a certain frequency and its corresponding real part and
imaginary part can be reversely calculated from the obtained
complex conductivity spectrum. It is common knowledge in
the prior art and readily comprehensible.

The hydrate-bearing sediment sample is a laboratory-
made sample or a sample obtained by field sampling. The
laboratory-made sample may be made by the following
specific steps using existing preparation methods.

(D) Natural sea sand of 60-80 mesh is screened, rinsed and
dried; and 120 mL of the natural sea sand is taken with a
measuring cylinder and put in a reaction kettle for later use.

(2) The mass of tetrahydrofuran (THF) and distilled water
is calculated based on the hydrate saturation predetermined
in an experimental scheme (a molar ratio of THF to distilled
water is 1:17, 1:22.4, 1:31.3, 1:49.3 and 1:103 when the
hydrate saturation is 100%, 80%, 60%, 40% and 20%,
respectively); the mass of desired NaCl is calculated accord-
ing to a mass fraction of 1%; and the volume of desired
montmorillonite (as clay) is calculated according to a pre-
determined content of clay.

Montmorillonite of 5,000 mesh is taken with a mea-
suring cylinder; the distilled water, THF and NaCl are
respectively weighed with an electronic balance, put in the
same beaker in sequence, and stirred and mixed with a glass
rod to make THF and NaCl fully dissolved in the distilled
water. During stirring, the beaker shall be sealed to avoid
volatilization of THF to obtain a THF brine solution.

The sea sand and clay are mixed evenly and then filled
into the reaction kettle layer by layer, and a certain amount
of THF brine solution is injected into each layer of the
mixture of sea sand and clay to ensure that pores in the
mixture of sea sand and clay are saturated with water. When
filled up, the reaction kettle is sealed and pressurized with a
blind flange for standing for 24 h.

Measurement and control software is executed, and
the reaction kettle is put in a low-temperature thermostat at
a target temperature at 0° C., so as to test a cooling and
generating process of THF hydrate. When a large amount of
hydrate is generated, the heat released makes the tempera-
ture of the reaction system increase significantly, and the
process (such as massive generation and completion of
hydrate generation) of the experiment can be known by
measuring the temperature of the reaction system in real
time.
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1.2 Obtaining the Complex Conductivity Spectrum of the
Formation Hydrate-Bearing Sediment

Induced polarization well-logging can be used to evaluate
the pore structure and permeability of reservoirs, and can
work in frequency domain as well as in time domain.
Frequency-domain induced polarization is to supply to the
formation with alternating current (AC) at different frequen-
cies f, measure the complex conductivity real part and
imaginary part at each frequency f, and perform formation
interpretation by the real part and imaginary part at a certain
frequency or by parameters of the frequency spectrum of the
complex conductivity real part and imaginary part. Time-
domain induced polarization is to supply Direct Current
(DC) to the formation for a certain period of time, measure
response of the formation after power off, and perform
formation interpretation by calculated polarizability or
attenuation spectrum parameters. Moreover, parameters of
frequency-domain induced polarization can be obtained
through time-domain induced polarization measurements.

With the permeability evaluation method for hydrate-
bearing sediment provided in the present embodiment, the
complex conductivity spectrum of the formation hydrate-
bearing sediment can be obtained through on-site frequency-
domain induced polarization well-logging, and the perme-
ability of the formation hydrate-bearing sediment can be
calculated from characteristic parameters (such as the real
part, the imaginary part, etc.) of the complex conductivity,
thus allowing on-site in-situ quantitative evaluation of the
permeability.

The complex conductivity spectrum of the formation
hydrate-bearing sediment is obtained as follows. Based on
the induced polarization well-logging method, supplying AC
to the current electrodes in the well by using the ground
equipment, the complex conductivity spectrum is obtained
by changing the frequency f of the AC.

The complex conductivity spectrum is obtained based on
the induced polarization well-logging method, specifically
including the following steps of as shown in FIG. 2, con-
necting the ground equipment to the current electrodes 14
and potential electrodes 13 in the well in the field, supplying
AC to the current electrodes 14 in the well to generate an
electric field therein, and constantly changing the AC fre-
quency f ranging from 1 mHz to 10 kHz, so as to obtain
complex conductivities at different frequencies f and then
obtain the complex conductivity spectrum of the hydrate-
bearing sediment in the formation 23. The ground equipment
is existing well-logging equipment, mainly including a
well-logging information acquisition system, a well-logging
process control and information acquisition system, a power
supply system, and a computer control program system etc.

S2 Hydrate Saturation Calculating Step

The complex conductivity spectrum can be used to cal-
culate the frequency spectrum of the complex conductivity
real part, the frequency spectrum of the complex conduc-
tivity imaginary part, and the complex conductivity and its
corresponding real part and imaginary part at any frequency
f within the measured frequency range. The hydrate satura-
tion S, is calculated from the frequency spectrum of the
complex conductivity real part, the complex conductivity
imaginary part and equivalent relative permittivity, respec-
tively. The relationship between the hydrate saturation S,
and water saturation S,, meets: S, =1-S,. Specifically, the
hydrate saturation calculating step is as follows.

The complex conductivity as a function of an angular
frequency ® is expressed as:

SH@)=6'(0)}+"(®) )
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where, 6* is the complex conductivity, ¢' is the complex
conductivity real part, " is the complex conductivity imagi-
nary part, and w is an angular frequency, which is related to
the frequency f as w=2nf Unless otherwise specified in the
present application, the frequency basically refers to the
frequency f.

2.1 The hydrate saturation S, is calculated from the
frequency spectrum of the complex conductivity real part G'.

At a low frequency band in the frequency f range of 1
mHz to 10 Hz, the hydrate saturation S, is calculated by the
formula 6'=3.59(1-S,)"'-*°.

At a high frequency band in the frequency f range of 500
Hz to 100 kHz, the hydrate saturation S, is calculated by the
formula 6'=4.06(1-S,)'**.

2.2 The hydrate saturation S, is calculated from the
complex conductivity imaginary part G".

At the frequency f of 1 mHz, the hydrate saturation S, is
calculated by 6"=1.88x107>(1-S,)**.

At the frequency f of 0.1 Hz, the hydrate saturation S, is
calculated by ¢"=1.88x107>(1-S,)*°".

At the frequency f of 100 Hz, the hydrate saturation S, is
calculated by ¢"=1.09x10~"(1-S,)™ %",

At the frequency f of 1 kHz, the hydrate saturation S, is
calculated by ¢"=1.28x1073(1-S,)™%".

2.3 The hydrate saturation S, is calculated from the
equivalent relative permittivity €,

At the frequency f of 1 mHz, the hydrate saturation S, is
calculated by e,,=3.37x10°(1-S,)***.

At the frequency f of 100 Hz, the hydrate saturation S, is
calculated by €,,=1 96x10%(1-S,,) %", At the frequency f of
1 kHz, the hydrate saturation S, is calculated by e,;=2.30x
10%(1-S,)7°°"

The equivalent relative permittivity at any one frequency
can be calculated from the complex conductivity imaginary
part at the same frequency, and the calculation formula can
adopt

o”

Eof = ———————.
7 §.854%10 20

In addition, since the hydrate saturation S, can be calculated
by various methods, for later use (such as in S5), the hydrate
saturation S, may be preferably calculated from the fre-
quency spectrum of the complex conductivity real part in
2.1, followed by the calculation of the hydrate saturation S,
from the complex conductivity imaginary part in 2.2 or from
the equivalent relative permittivity in 2.3. Since the equiva-
lent relative permittivity in 2.3 is calculated from the com-
plex permittivity imaginary part in 2.2, the S, calculated in
2.2 and 2.3 is roughly consistent.

More specifically, the formulas for hydrate saturation are
all fitting formulas, which may be obtained by the following
solution methods.

Firstly, a two-dimensional geometric model of the
hydrate-bearing sediment to be established, and a numerical
modeling scheme can be realized by a finite element simu-
lation platform COMSOL Multiphysics (v5.6). The geomet-
ric model of the hydrate-bearing sediment is as shown in
FIGS. 4A and 4B, in which large dark circles represent
quartz sand particles, large light circles represent clay min-
eral particles, small circles between the large circles repre-
sent hydrate, and gaps between the circles represent pore
water. Phases (including pore water, quartz sand particles,
clay mineral particles, and hydrate) in the geometric model
are distinguished by assigning corresponding electrical
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parameters (i.e., equivalent conductivity and equivalent rela-
tive permittivity). Different hydrate saturation and different
micro-occurrence modes of the hydrate can be obtained by
controlling the area and position of each circle.

Based on the established geometric model, under the
different hydrate saturation S,obtained, equations of an
electric field model are solved by a finite element method.
Specifically, based on the established geometric model,
under the different hydrate saturation S, obtained, set the
electrical potentials on both sides (left and right sides as
shown in FIGS. 4A and 4B) of the geometric model, obtain
the electrical current by solving the electric field model and
calculate to obtain the complex conductivity spectrum at the
different hydrate saturation S,; thus obtain a fitting curve of
the hydrate saturation with the complex conductivity real
part, the imaginary part and the equivalent relative permit-
tivity respectively, and the fitting formulas for computing
hydrate saturation are obtained by the fitting curves.

The established electric field model based on Ohm’s law
and constitutive relation at a certain hydrate saturation S,
obtained is shown in Formula (3):

V-J=V-(6E+iweeE)=0

E=-VV 6]

The above formula is the equation of the electric field
model; where J denotes the total current density in A/m?; ©
denotes the angular frequency in rad/s; ¢ denotes the con-
ductivity in S/m; E denotes the electric field strength in V/m;
€, denotes the absolute permittivity in vacuum, which is
8.854x107"% F/m; € denotes the relative permittivity; V is the
scalar potential in V.

The total current density J is expressed in the form of
Ohm’s law.

J=CE+ieeE=G*E [€)]

Therefore, the complex conductivity 6* can be deter-
mined by supplying current in a certain frequency f range
and measuring corresponding voltage amplitude and phase
shift.

The fitting formulas for hydrate saturation proposed in the
present application are applicable when the clay mineral
content is 0-50%. In a specific embodiment, FIGS. 5A, 6A,
and 7A are relationship charts (i.e., the complex conductiv-
ity spectrum or the complex conductivity frequency spec-
trum) between the complex conductivity real part, the com-
plex conductivity imaginary part, the equivalent relative
permittivity, of the hydrate-bearing porous medium obtained
at the different hydrate saturation S,, and the frequency f,
respectively. Further, FIGS. 5B, 6B and 7B show the fitting
curves of the hydrate saturation S, with the complex con-
ductivity real part, complex conductivity imaginary part, and
the equivalent relative permittivity, respectively. The fitting
formulas for hydrate saturation in the embodiment can be
obtained by these fitting curves.

S3 Occurrence Mode Correction Factor Calculating Step

Hydrate exists in the sediment in various micro-occur-
rence modes, which may be divided into a grain-contact
occurrence mode and a non-grain-contact occurrence mode.
For different hydrate occurrence modes, when the hydrate is
generated and distributed at different positions, the current
conduction paths in pore space are different, which leads to
different conductivities of the hydrate-bearing sediment as a
whole, and different complex conductivity real part and
complex conductivity imaginary part.

In the grain-contact occurrence mode, the hydrate is in
direct contact with rock particles, which will change the
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surface state of the rock particles, affect the polarization
function of an electrical double layer at low frequency and
further affect the surface conductivity of the rock particles
(the surface conductivity contributes to both the complex
conductivity real part and imaginary part of the sediment),
thus affecting the complex conductivity real part and imagi-
nary part of the hydrate-bearing sediment. In the non-grain-
contact occurrence mode, the hydrate is not in contact with
the surface of the rock particles, which will not destroy the
polarization function of the electrical double layer at low
frequency but affect the complex conductivity real part and
imaginary part in a way different from that in the grain-
contact occurrence mode. Also, the different hydrate occur-
rence modes in the sediment can affect the permeability of
the hydrate-bearing sediment and the quantitative relation-
ship between the permeability and hydrate saturation.

The present application proposes a method for calculating
the permeability of hydrate-bearing sediment according to
the difference in hydrate occurrence modes and complex
conductivity parameters (including the real part and imagi-
nary part), respectively. First, a dimensionless number Y is
defined as a correction factor for the micro occurrence mode
of the hydrate; when in the non-grain-contact occurrence
mode, Y=1; and when in the grain-contact occurrence mode,
Y can be determined by the following method.

A numerical simulation method (consistent with the mod-
eling method for obtaining the saturation fitting formulas in
S2) is adopted to establish numerical models of the hydrate-
bearing sediment in different occurrence modes, to obtain
the complex conductivity spectrum in the non-grain-contact
occurrence mode and the complex conductivity spectrum in
the grain-contact occurrence mode, and then to obtain the
complex conductivity imaginary parts in different occur-
rence modes.

o) ®

a7 (f)

Y, ()=

where Y (f) denotes the occurrence mode correction fac-
tor at the frequency f in the grain-contact occurrence mode
of the hydrate; 6", (f) denotes the complex conductivity
imaginary part at the frequency f in the non-grain-contact
occurrence mode; and 6" (f) denotes the complex conduc-
tivity imaginary part at the frequency f in the grain-contact
occurrence mode. It can be seen that the complex conduc-
tivities in both the non-grain-contact and grain-contact
occurrence modes need to be calculated for calculating Y (f).

Usage of Y: The occurrence mode of hydrate is deter-
mined based on well-known technologies (such as Nuclear
Magnetic Resonance technology, and X-ray CT technology),
and the occurrence mode correction factor is selected based
on different occurrence modes, i.e., Y=1 or Y=Y (f).

In a specific embodiment, FIG. 8A shows frequency
spectrum of the complex conductivity imaginary parts
obtained in different occurrence modes of the hydrate. The
occurrence mode correction factors Y (f) at different fre-
quencies, as shown in FIG. 8B, can be obtained based on the
frequency spectrum of the complex conductivity imaginary
parts in FIG. 8A.

S4 Formation Factor Calculating Step

When the hydrate-bearing sediment contains only three
media of water, hydrate and quartz sand particles, the
formation factor is calculated by Archie’s first law. When the
hydrate-bearing sediment contains not only water, hydrate
and quartz sand particles, but also clay mineral particles, the
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formation factor is calculated by using the complex conduc-
tivity real part, complex conductivity imaginary part and the
conductivity of the pore water of the hydrate-bearing sedi-
ment.

4.1 The Formation Factor is Calculated by Archie’s First
Law by Formula (6):

F=¢™ 6

where F is the formation factor; ¢ is the porosity of the
hydrate-bearing sediment, which can be obtained by experi-
mental tests for the hydrate-bearing sediment sample, and
which can be obtained by field tests or inversion calculation
of the complex conductivity spectrum for the formation
hydrate-bearing sediment; m denotes a cementation index,
m=1.495.

4.2 The complex conductivity real part and complex
conductivity imaginary part are calculated from the mea-
sured complex conductivity spectrum; and the formation
factor is calculated by using the complex conductivity real
part, complex conductivity imaginary part and the conduc-
tivity of the pore water by Formula (7):

O—W

o' —a”/l

M

where G,, is the conductivity of the pore water, which can
be obtained by experimental tests for the hydrate-bearing
sediment sample, and which can be obtained by field tests
for the formation hydrate-bearing sediment; and I is a ratio
of polarization intensity to surface conduction intensity in
the pore space, which is dimensionless and [=0.042.

Thus, the formation factor F at any frequency f can be
obtained by Formula (6) or (7).

S5 Permeability Calculating Step

When the hydrate-bearing sediment contains only water,
hydrate, and quartz sand particles, the permeability of the
hydrate-bearing sediment is calculated based on relaxation
time in combination with the hydrate saturation, the occur-
rence mode correction factor, and the formation factor, or
based on polarization amplitude in combination with the
hydrate saturation, the occurrence mode correction factor,
and the formation factor. When the hydrate-bearing sedi-
ment contains water, hydrate, quartz sand particles, and clay
mineral particles, the permeability of the hydrate-bearing
sediment is calculated based on the relaxation time in
combination with the hydrate saturation, the occurrence
mode correction factor, and the formation factor, or based on
the polarization amplitude in combination with the hydrate
saturation, the occurrence mode correction factor, and the
formation factor, or based on Cation Exchange Capacity
(CEC) in combination with the hydrate saturation, and the
occurrence mode correction factor. When the porous
medium of the hydrate-bearing sediment has fractal charac-
teristics and its pore size satisfies a fractal scaling relation,
the permeability of the hydrate-bearing sediment is calcu-
lated based on the pore radius and fractal dimension in
combination with the hydrate saturation, and the occurrence
mode correction factor.

5.1 The permeability of the hydrate-bearing sediment is
calculated based on the relaxation time in combination with
the hydrate saturation, the occurrence mode correction fac-
tor, and the formation factor, including specific steps as
follows.

5.1.1 When the pore size serves as a scale, i.e. the
relaxation time r is considered to be controlled by the pore
radius A;
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for Y=1 in the non-grain-contact occurrence mode, the
permeability of the hydrate-bearing sediment is:

Ko 1S=0D; 8.1

3n
ir (1-S0
for Y=Y /(f) in the grain-contact occwrrence mode, the
permeability of the hydrate-bearing sediment is:

S, =0D
K:T(h )
4F

8.2
A =81 (f) ®2

where 1(5,=0) denotes a characteristic relaxation time
when the hydrate saturation is 0;

_ Ko Thi
gl

denotes a diffusion coefficient of counterions with unit of
m/s; K, denotes Boltzmann constant, which is 1.3807x10™
23 JK™'; T denotes an absolute temperature with unit of
Kelvin; Iq,|denotes an absolute value of counterions charge
in Stem layer, which is 1.6x107'°C; B, +)S denotes an ion
mobility in the Stem layer; when the hydrate-bearing sedi-
ment contains only quartz sand particles, water and hydrate,
B(+)5=.'5.19><10_8 m?*s~'V!, D,=1.32x107° m*s™!, and when
the hydrate-bearing sediment contains quartz sand particles,
water, hydrate and clay minerals, +)=1.5><1010 m?s~'V!,
Di=3.8><10_12 m?s™'; n is a saturation index, n=1.69.

5.1.2 When an average diameter of spherical particles
serves as a scale, i.e., the relaxation time z is considered to
be controlled by the average diameter d, of the particle;

for Y=1 in the non-grain-contact occurrence mode, the
permeability of the hydrate-bearing sediment is:

(S, = OD;
K=——"% 777  (1-5)"
4m2[F(1 = S,)™" — 1]2F( »

©.1)

for Y=Y (f) in the grain-contact occurrence mode, the
permeability of the hydrate-bearing sediment is:

P L A
T amlFA =Sy —1ppF e

©9.2)

where m denotes the cementation index, m=1.495; and
other parameters can refer to the Formula 8.

In order to calculate the parameter z in Formulas (8) and
(9), the relaxation time z can be obtained through the
analysis of the frequency spectrum of the complex conduc-
tivity imaginary part. Specifically, as shown in FIG. 9, when
the frequency spectrum of the complex conductivity imagi-
nary part has an obvious peak (shown in curve A), a peak
relaxation time T, is calculated from the frequency f, at the
peak, i.e., T=T,. Alternatively, when the frequency spectrum
of the complex conductivity imaginary part has an inflection
point (shown in curve B), an inflection point relaxation time
T, is calculated from the frequency f. at the inflection point
(an inflection point at which the complex conductivity
imaginary part decreases rapidly with decreasing fre-
quency), i.e., T=T,. Alternatively, when the frequency spec-
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trum of the complex conductivity imaginary part has no
peak or inflection point, a Debye relaxation time T, is
obtained through Debye decomposition, i.e., T=Tp.

The method for obtaining the Debye relaxation time T,
through Debye decomposition is specifically as follows: the
complex conductivity spectrum is fitted by a Debye func-
tion:

a0

J 1 ’
1-— w1 ———
;m,x( 1+i(m',v)

(W) =]

thereafter, parameters G,, m,, and z; in the Debye decom-
position model can be obtained (e.g., by genetic algorithm,
and simulated annealing algorithm), to obtain a total polar-
izability

J
me = Z’m;
=1

the Debye relaxation time is

1 J
Tp = exp[; Zmiln(‘l'i)],
=

where j indicates that there are j pairs of relaxation time and
polarizability.

With the above method, the characteristic relaxation time
T(S,=0) at the hydrate saturation of O can be calculated, and
the permeability of the hydrate-bearing sediment can be
obtained by Formulas (8) and (9) accordingly.

5.2 The polarization amplitude includes the complex
conductivity imaginary part and a normalized polarizability,
i.e., the polarization amplitude can be reflected by the
complex conductivity imaginary part and the normalized
polarizability. The permeability of the hydrate-bearing sedi-
ment is calculated based on the polarization amplitude in
combination with the hydrate saturation, the occurrence
mode correction factor, and the formation factor, including
specific steps as follows.

If the complex conductivity of the hydrate-bearing sedi-
ment is measured at a single frequency f, the complex
conductivity imaginary part at the single frequency is cal-
culated from the complex conductivity.

Based on the relationship between the complex conduc-
tivity imaginary part and the permeability at the single
frequency (for example f=0.01 Hz, 0.1 Hz, 1 Hz, 10 Hz, 100
Hz, and 1000 Hz):

for Y=1 in the non-grain-contact occurrence mode, the
permeability of the hydrate-bearing sediment is:

2.66x1077 (10.1)

= 1-S)"
FPo" ¥ ¢ #)

for Y=Y ,(f) in the grain-contact occurrence mode, the

permeability of the hydrate-bearing sediment is:

2.66x1077 (10.2)

= W(l =S¥
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where b and c are constants, which can be obtained by
fitting experimental data for the hydrate-bearing sediment
sample, and which can be obtained by fitting well-logging
data for the formation hydrate-bearing sediment; and in this
embodiment, b=5.35 and c=0.66.

If the complex conductivity spectrum of the hydrate-
bearing sediment is measured at multiple different frequen-
cies f, the complex conductivity spectrum is fitted by using
the Debye decomposition model

|

obtaining the parameters in the Debye decomposition
model, and thus the first normalized polarizability M,, based
on the Debye decomposition model is obtained:

J an
M, = Zm,u'o
i=1

where G, and m; are parameters in the Debye decomposition
model, and j indicates that there are j pairs of relaxation time
and polarizability.
Further:
for Y=1 in the non-grain-contact occurrence mode, the
permeability of the hydrate-bearing sediment is:

8.69x 1077 (12.1)

= W(l -8

for Y=Y (f) in the grain-contact occurrence mode, the per-
meability of the hydrate-bearing sediment is:

8.69%x 1077 (12.2)

= TFoLy (1 =S)"Yi(H)

where r and x are constants, might be r=5.38 and x=0.79,
which can be obtained by fitting experimental data for the
hydrate-bearing sediment sample and which can be obtained
by fitting well-logging data for the formation hydrate-
bearing sediment.

5.3 When the hydrate-bearing sediment contains water,
hydrate, quartz sand particles and clay mineral particles, the
clay mineral particles have cation adsorption and hydro-
expansiveness, which affect the pore structure of the porous
medium in the hydrate-bearing sediment greatly, and in turn
affects the permeability of the porous medium. The complex
conductivity of the porous medium in the hydrate-bearing
sediment is derived from two aspects; one is the conductiv-
ity of pore water (mainly dependent on the content and
salinity of the pore water) and the other is the surface
conductivity of rock particles (mainly controlled by the
Cation Exchange Capacity (CEC) of the porous medium).
When the clay particles are attached to the surface of the
rock particles, the overall conductivity of the rock particles
will change due to the influence of the CEC. The CEC of the
porous medium in the hydrate-bearing sediment is propor-
tional to a specific surface area of the sediment. Therefore,
the permeability of the hydrate-bearing sediment is calcu-
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lated from the CEC calculated from the complex conduc-
tivity spectrum, in combination with the hydrate saturation
and the occurrence mode correction factor. Specifically, the
permeability of the hydrate-bearing sediment is calculated
based on the CEC, in combination with the hydrate satura-
tion, and the occurrence mode correction factor, including
specific steps as follows.

The complex conductivity imaginary part at different
frequencies (any two different frequencies f,<f,) is calcu-
lated from the complex conductivity spectrum of the
hydrate-bearing sediment, and thus the second normalized
polarizability M,,(f,, f,) is obtained as follows:

20 1, (In 4) 13)

M, (h, f2)=-

where 6", is the complex conductivity imaginary part
corresponding to a geometric mean of the frequencies f; and
f,, and A=f,/f, denotes the quotient of the frequency £, and
the frequency f,. Relatively, f, is a high frequency and f; is
a low frequency.

The CEC is obtained by the second normalized polariz-
ability M,,(f,, f,) as follows:

M, (A, f2) 14)

CEC = T ———
(=5 pgdg™

where the CEC denotes cation exchange capacity with unit
of C/kg; p, denotes a particle density, p,=2650 kg/m’; and
A denotes the mobility of counterions during polarization,
A=3.020.7x107"° m*s~ 'V~
According to the CEC:
for Y=1 in the non-grain-contact occurrence mode, the
permeability of the hydrate-bearing sediment is:

ke (15.1)

" (pgCECY

(1 -s8°

for Y=Y ,(f) in the grain-contact occurrence mode, the
permeability of the hydrate-bearing sediment is:

kod® (15.2)

" (peCECY?

(= S°Y:(f)

where k is a constant and k,=10"".

5.4 Since the porous medium in the hydrate-bearing
sediment has fractal characteristics and has pore size satis-
fying the fractal scaling relation, the pore size distribution is
inversely calculated from the complex conductivity, then the
fractal dimension is calculated from the pore size, and finally
the permeability of the hydrate-bearing sediment is calcu-
lated from the fractal dimension. Specifically, the perme-
ability of the hydrate-bearing sediment is calculated based
on the pore radius and the fractal dimension, in combination
with the hydrate saturation and the occurrence mode cor-
rection factor, including specific steps as follows.

The pore radius is first inversely calculated by Fourier
transform to obtain A, ,, A,..c0 and A, .

Specifically, the complex conductivity of the hydrate-
bearing sediment may be expressed by Formula (16):
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16

T
o’*:o’oo—Mnf g(-) AT + iwee
1 +iwt
0

where o_, is the instantaneous conductivity, M,, is the first
normalized polarizability, g(t) denotes a relaxation time
distribution, T is the relaxation time, and €_ denotes the
permittivity of a medium (e.g., the hydrate-bearing sedi-
ment) at frequency (e.g., a frequency range from 100 Hz to
10 kHz) for Maxwell-Wagner polarization (i.e., interfacial
polarization).

The complex conductivity imaginary part is separated
from the complex conductivity, given:

z=-lnlw) s w=e"? a7
s=ln(n e r=¢

G(s) = 78(r)

then:

oo 1 13
ol(z)=— fG(S)mds

Fourier transform is performed on Formula (18), and
inverse Fourier transform is performed on G(s) to obtain:

19
G(s) = — %FT’1 [6'; (n)cosh(ﬂzn)] 19

where FT~! denotes the inverse Fourier transform opera-
tion, the symbol ‘~’ denotes a Fourier transform result, and
1 denotes a frequency of Fourier space.

The relaxation time distribution g(t) is calculated based
on the relation between G(s) and g(t). By using

AZ

T= ,
D;

I

the maximum pore radius A,,,, , when the hydrate saturation
is not 0, the maximum pore radius A, , when the hydrate
saturation is 0, and the minimum pore radius A,,,;,, , when the
hydrate saturation is 0, are calculated.

Further, the fractal dimension D;, when the hydrate
saturation is 0 is calculated.

rin,

Ing 0)

| n( Amin )
Amaxo

Further, the fractal dimension D;, when the hydrate
saturation is not 0 is calculated.

Dyg=2-

In(1 = Sk)
Ing

@n

Dyyp=Dro— (2-Dyrp)

Further:
for Y=1 in the non-grain-contact occurrence mode, the
permeability of the hydrate-bearing sediment is:



US 11,781,428 Bl

17

e D/,h 4 (221)

= Ao
128‘1’;,S4—D/’h ?

for Y=Y ,(f) in the grain-contact occurrence mode, the
permeability of the hydrate-bearing sediment is:

x D (22.2)

T 1280,S4-Dyy

A Y1 ()

where T, denotes tortuosity at different hydrate contents,
and 1,=VI1+2[1-0(1-S,)]; for the hydrate-bearing sedi-
ment sample, S denotes a cross-sectional area of the
sample, which is obtained by experimental tests; for the
formation hydrate-bearing sediment, S denotes an
equivalent cross-sectional area of the formation sedi-
ment, which is obtained by detection performance
specifications (such as a factor of a well-logging instru-
ment) of the well-logging instrument.

The above steps may be adjusted according to the actual
needs, and thus will not set an absolute limit on the scope of
protection of the present application. In addition, the fol-
lowing needs to be noted.

(1) The permeability of the hydrate-bearing sediment
sample is calculated based on the relaxation time in com-
bination with the hydrate saturation, the occurrence mode
correction factor and the formation factor, as shown in FIG.
10. When the relaxation time is considered to be controlled
by the pore size, the frequency spectrum of the complex
conductivity imaginary part of the hydrate-bearing sediment
is observed for any obvious peak. If there is an obvious peak,
the relaxation time is calculated by

1

2rt,

S

at that frequency. If there is an obvious inflection point, the
relaxation time is calculated by

1

2nt,

fe

at that frequency. If no obvious peak or inflection point is
found, the relaxation time is obtained by fitting the complex
conductivity spectrum through the Debye model, i.e., the
complex conductivity spectrum is fitted by the Debye func-
tion:

Jo

J 1 ;
1- x| 11—
[ ;m ( 1+iw7i)]

o (w) =

thereafter, parameters G,, m,, and T, in the Debye decom-
position model can be obtained (e.g., by genetic algorithm,
and simulated annealing algorithm), to obtain the total
polarizability

J
=Y m
=1
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and the Debye relaxation time is

1 J
Tp = exp[;Zm,vln(‘r,v)]
Tl

(‘exp’ denotes an exponential function with a natural con-
stant e as the base).

Further, whether the hydrate-bearing sediment contains
clay minerals or not is determined, and the diffusion coef-
ficient D, of the counterions is selected under appropriate
conditions; if not containing clay minerals, D;=1.32x107°
m?s™"; and if containing clay minerals, D,=3.8x107"? m?s™".

Further, the hydrate saturation S, and the formation factor
F are calculated by the theoretical models for the hydrate
saturation and formation factor proposed in the above
method of the present application.

Finally, for Y=1 in the non-grain-contact occurrence
mode, the permeability of the hydrate-bearing sediment is
calculated by:

S, = 0)D;
K=TP( n=0) (1= Sp™

4F
7:(Sy = 0)D; 3
K=——(1-S)"
ir ( )
Sp = 0Dy
K:M(l_sh)%
4F

for Y=Y (f) in the grain-contact occurrence mode, the
permeability of the hydrate-bearing sediment is calculated
by:

k=G =08y

4F
(S, = 0)D;

k=220 )
Sp = 0)D;

K= %(1 —SOTY()

Also as shown in FIG. 10, when the relaxation time is
considered to be controlled by the average particle diameter,
the frequency spectrum of the complex conductivity imagi-
nary part of the hydrate-bearing sediment is observed for
any obvious peak. If there is an obvious peak, the relaxation
time is calculated by

1

2rt,

Jo

at that frequency. If there is an obvious inflection point, the
relaxation time is calculated by

1

2nr,

fe

at that frequency. If no obvious peak or inflection point is
found, the relaxation time is obtained by fitting the complex
conductivity spectrum through the Debye model, i.e., the
complex conductivity spectrum is fitted by the Debye func-
tion:
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thereafter, parameters G,, m,, and T, in the Debye decom-
position model can be obtained (e.g., by genetic algorithm,
and simulated annealing algorithm), to obtain the total
polarizability

J
me = Z’m;
=1

and the Debye relaxation time is

1 J
Tp = exp[; Zm,vln(‘r,v)]
ti=l

(‘exp’ denotes an exponential function with a natural con-
stant ‘e’ as the base).

Further, whether the hydrate-bearing sediment contains
clay minerals or not is determined, and the diffusion coef-
ficient D, of counterions is selected under appropriate con-
ditions; if not containing clay minerals, D=1.32x107°
m?s™"; and if containing clay minerals, D=3.8x10"> m?*s™"

Further, the hydrate saturation S, and the formation factor
F are calculated by the theoretical models for the hydrate
saturation and the formation factor proposed in the present
application.

Finally, for Y=1 in the non-grain-contact occurrence
mode, the permeability of the hydrate-bearing sediment is
calculated by:

7,(8) = 0D
T AmAF(L =Sy - 1PF

7e(Si = 0)D; ;
K= ——————(1-5"
AP [F(1 -8 - 11*)F

Sy = 0)D;
K= TD(h—)z(l _Sh)3n
AP [F(1 -8 - 11*)F

(1=

for Y=Y ,(f) in the grain-contact occurrence mode, the
permeability of the hydrate-bearing sediment is calculated
by:

(S, = 0D .
S L Rk S R0
I F sy 1pr I

7c(Sp = 0)D;

K= (s,
IFA sy 1pEe oIy

7p(Sy = 0)D;
K=—200 =00 (g,
alFA sy 1pFe oIy

(2) The permeability of the hydrate-bearing sediment is
calculated based on the polarization amplitude (including
the complex conductivity imaginary part and the normalized
polarizability) in combination with the hydrate saturation,
the occurrence mode correction factor and the formation
factor, as shown in FIG. 11. First, if the complex conduc-
tivity of the hydrate-bearing sediment is measured at a single

20

25

© 30

35

40

45

50

55

60

65

20
frequency (for example f=0.01 Hz, 0.1 Hz, 1 Hz, 10 Hz, 100
Hz, and 1,000 Hz), the complex conductivity imaginary part
at this single frequency is calculated from the complex
conductivity.

Further, the hydrate saturation S, and the formation factor
F are calculated by the theoretical models for the hydrate
saturation and the formation factor proposed in the method
of the present application.

Further, by the method proposed in the present applica-
tion, the obtained permeability of the hydrate-bearing sedi-
ment is

2.66x1077

= 1-8,)"
Fo (oY ( )

for Y=1 in the non-grain-contact occurrence mode, and

2.66x 1077

= W(l =S Y ()

for Y=Y (f) in the grain-contact occurrence mode, where b
and c are constants, which can be obtained by fitting
experimental data for the hydrate-bearing sediment sample,
and which can be obtained by fitting well-logging data for
the formation hydrate-bearing sediment. In this embodi-
ment, b=5.35, and ¢=0.66; and n is a saturation index,
n=1.69.

Second, if the complex conductivity spectrum of the
hydrate-bearing sediment are measured at multiple frequen-
cies, the complex conductivity spectrum is fitted by using
the Debye decomposition model

o (w) =

|

the parameters G,, m; and T, in the Debye decomposition
model are obtained (e.g., by genetic algorithm, and simu-
lated annealing algorithm), so as to obtain the first normal-
ized polarizability

J
M, = Zmio'o
=)

based on the Debye model.

Further, the hydrate saturation S, and the formation factor
F are calculated by the theoretical models for the hydrate
saturation and formation factor proposed in the method of
the present application.

By the method proposed in the present application, the
obtained permeability of the hydrate-bearing sediment is

8.69%x 1077

—W(l—Sh)"
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for Y=1 in the non-grain-contact occurrence mode, and

8.69%x 107

= W(l = Su)" Y1(f)

for Y=Y (f) in the grain-contact occurrence mode, where r
and x are constants, which can be obtained by fitting
experimental data for the hydrate-bearing sediment sample
and which can be obtained by fitting well-logging data for
the formation hydrate-bearing sediment. In this embodi-
ment, r=5.38, and x=0.79; and n is the saturation index,
n=1.69.

(3) The permeability of the hydrate-bearing sediment is
calculated based on the CEC in combination with the
hydrate saturation and the occurrence mode correction fac-
tor, as shown in FIG. 12. The complex conductivity imagi-
nary part at different frequencies is calculated from the
complex conductivity spectrum of the hydrate-bearing sedi-
ment and the second normalized polarizability is calculated
by

207 - (In4)
My(fi, fo) = —DL2

e

where a denotes the complex conductivity imaginary part
corresponding to the geometric mean of the frequencies f;
and f,; A denotes the quotient of the frequency f, and the
frequency f,. For example, when f,=10 and £,=1000, then
A=107

Further, the hydrate saturation S, is calculated by the
theoretical model for the hydrate saturation proposed in the
method of the present application.

Further, the obtained CEC is

M,

CEC= m—1 m—1’
(1=Sp)™ " pgAd

where m denotes the cementation index, m=1.495; p
denotes the particle density, which is generally 2650 kg/m~;
A denotes the mobility of counterions during polarization,
A=3.010.7x107'® m*s~'V~'; ¢ denotes the porosity, which
may be obtained by experimental tests for the hydrate-
bearing sediment sample and which may be obtained by
field tests or inversion calculation of the complex conduc-
tivity spectrum for the formation hydrate-bearing sediment,
where the porosity is inversely calculated from the complex
conductivity spectrum by obtaining the formation factor F
by

O—W

o —o"/l

F=

and then calculating the porosity based on Archie’s first law.
Finally, the obtained permeability of hydrate-bearing
sediment is

kgt
7 (pgCECY?

(1-8,)°
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for Y=1 in the non-grain-contact occurrence mode and

ko ¢°
" (p;CECY

(1-Spf¥:(f)

for Y Y,() in the grain-contact occurrence mode, and k, is
a constant, ky=10"".

(4) When the permeability of the hydrate-bearing sedi-
ment is calculated based on the pore radius and the fractal
dimension in combination with the hydrate saturation, and
the occurrence mode correction factor, the complex conduc-
tivity spectrum of the hydrate-bearing sediment is fitted, and
the relaxation time distribution is obtained by Fourier inver-
sion, and further obtain the pore radius A A and
A, 0 TESPECLiVELY.

The complex conductivity may be expressed as:

max,h? max,0°

T
o’*:o’oo—Mnf g(-) dr + iwe., ,
1 +iwt
0

where o, is the instantaneous conductivity, M,, is the first
normalized polarizability, g(t) denotes the relaxation time
distribution, r is the relaxation time, and €_ denotes the
permittivity of the hydrate-bearing sediment at frequency for
Maxwell-Wagner polarization.

As for the separated complex conductivity imaginary part,
given

z=-Inw) s w=e?
s=ln(n)es1=¢ ;
G(s) = 7(7)

+oo

then o7 (z) = - fG(s)

—co

1
—ds;
2cosh(z — 5)

Fourier transform is performed on this formula, and
inverse Fourier transform is performed on G(s) to obtain

G(s)=— %FT’1 [6';; (n)cosh(ﬂzn)].

The symbol ‘~’ indicates the Fourier transform result, 1
denotes the frequency of Fourier space, and FT™' denotes the
inverse Fourier transform operation.

The relaxation time distribution g(t) can be calculated
based on the relation between G(s) and g(f). The maximum
pore radius A, ., when the hydrate saturation is not 0, the
maximum pore radius A, o when the hydrate saturation is
0, and the minimum pore radius A, , when the hydrate
saturation is O are calculated by

If the hydrate-bearing sediment contains only quartz sand
particles, water, and hydrate, Di=1.32><109 m?s™'; if the
hydrate-bearing sediment sample also contains clay miner-

als, D=3.8x107"* m*s™".
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When the hydrate saturation is O, the fractal dimension is
calculated by:

Ing
| n( Amin,0 ) ’
Amaxo

0 denotes the porosity, which can be obtained by experi-
mental tests for the hydrate-bearing sediment sample and
which can be obtained by field tests or inversion calculation
of the complex conductivity spectrum for the formation
hydrate-bearing sediment, where the porosity is inversely
calculated from the complex conductivity spectrum by
obtaining the formation factor F by

Dp=2-

Ty

F=—
o' —a”/l

and then calculating the porosity based on Archie’s first law.
Further, the hydrate saturation S, is calculated by the
theoretical model for the hydrate saturation provided in the
present application.
Further, when the hydrate saturation is not 0, the fractal
dimension is calculated by:

In(1 - Sy)
Ing

Dy =Dro— (2-Dro);

Further, the obtained permeability of the hydrate-bearing
sediment is

Dy

K= 4
12851 +2[1 g1 = Sp)] 4 =Dy

max,h

for Y=1 in the non-grain-contact occurrence mode, and

K= s D/,h
T 128541+ 21— p(L = Sp] 4~ Do

A Y10

for Y=Y (f) in the grain-contact occurrence mode. For the
hydrate-bearing sediment sample, S denotes the cross-sec-
tional area of the sample (for example, when the sample is
cylindrical, S denotes the area of a circular cross section),
which is obtained by experiment tests. For the formation
hydrate-bearing sediment, S denotes the equivalent cross-
sectional area of the formation sediment, which is obtained
by detection performance specifications (such as the factor
of the well-logging instrument) of the well-logging instru-
ment.

In the method of the present application, for the hydrate-
bearing sediment sample, it can be obtained by laboratory-
made or by field sampling; low-frequency impedance spec-
trum measurement is performed on the sample, and complex
conductivity spectrum can be obtained by conversion; for
the formation hydrate-bearing sediment, based on the
induced polarization well-logging method, supplying AC to
the current electrodes in the well by using the ground
equipment, the complex conductivity spectrum is obtained
by changing the frequency f of the AC.
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The characteristic parameters of the complex conductivity
are calculated based on the complex conductivity spectrum,
and then the hydrate saturation, the occurrence mode cor-
rection factor and the formation factor are calculated. The
four methods for calculating the permeability of the hydrate-
bearing sediment are adopted for permeability evaluation of
the hydrate-bearing sediment, which allow a large measur-
ing range, low cost and high accuracy, and can accurately
obtain the permeability of hydrate-bearing sediment and
effectively reflect the micro-pore structure of hydrate-bear-
ing sediment.

The embodiments are merely a description of the pre-
ferred embodiments of the present application, rather than a
limitation on the scope of the present application. Without
departing from the design spirit of the present application,
various modifications and improvements made by those of
ordinary skill in the art to the technical solution of the
present application shall all fall into the scope of protection
defined by the claims of the present application.

The invention claimed is:

1. A non-transferrable computer readable storage medium
storing computer instructions which are executable by a
processor, wherein the computer instructions are configured
to enable a computer to execute following steps of a per-
meability evaluation method for hydrate-bearing sediment:

a complex conductivity spectrum obtaining step of obtain-
ing complex conductivity spectrum of the hydrate-
bearing sediment;

ahydrate saturation calculating step of calculating hydrate
saturation S, from a frequency spectrum of a complex
conductivity real part, from a complex conductivity
imaginary part, or from equivalent relative permittivity;
wherein the frequency spectrum of the complex con-
ductivity real part, the complex conductivity imaginary
part, and the equivalent relative permittivity are calcu-
lated from the complex conductivity spectrum;

a formation factor calculating step of when the hydrate-
bearing sediment contains only three media of water,
hydrate and quartz sand particles, calculating the for-
mation factor based on Archie’s first law; when the
hydrate-bearing sediment contains not only the three
media of the water, the hydrate and the quartz sand
particles, but also clay mineral particles, calculating the
formation factor from the complex conductivity real
part, the complex conductivity imaginary part and a
conductivity of pore water; and,

a permeability calculating step of when the hydrate-
bearing sediment contains only the water, the hydrate,
and the quartz sand particles, calculating the perme-
ability of the hydrate-bearing sediment based on relax-
ation time in combination with the hydrate saturation
and the formation factor, or based on polarization
amplitude in combination with the hydrate saturation
and the formation factor; when the hydrate-bearing
sediment contains the water, the hydrate, the quartz
sand particles, and the clay mineral particles, calculat-
ing the permeability of the hydrate-bearing sediment
based on the relaxation time in combination with the
hydrate saturation and the formation factor, or based on
the polarization amplitude in combination with the
hydrate saturation and the formation factor, or based on
Cation Exchange Capacity in combination with the
hydrate saturation; and when porous medium in the
hydrate-bearing sediment has fractal characteristics and
pore size satisfies a fractal scaling relation, calculating
the permeability of the hydrate-bearing sediment based
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on pore radius and fractal dimension in combination
with the hydrate saturation.

2. The non-transferrable computer readable storage
medium according to claim 1, wherein, the permeability
evaluation method further includes an occurrence mode
correction factor Y calculating step; Y=1 when the hydrate
is in a non-grain-contact occurrence mode, and Y=Y /(f)
when the hydrate is in a grain-contact occurrence mode;

o) ®

a7 (f)

Y; ()=

where Y /(f) denotes an occurrence mode correction factor
at a frequency f in the grain-contact occurrence mode
of the hydrate; 6",,(f) denotes a complex conductivity
imaginary part at the frequency f in the non-grain-
contact occurrence mode; and 6",(f) denotes a complex
conductivity imaginary part at the frequency fin the
grain-contact occurrence mode; and,

in the permeability calculating step, when the hydrate-

bearing sediment contains only the water, the hydrate
and the quartz sand particles, calculating the perme-
ability of the hydrate-bearing sediment based on the
relaxation time in combination with the hydrate satu-
ration, the occurrence mode correction factor and the
formation factor, or based on the polarization amplitude
in combination with the hydrate saturation, the occur-
rence mode correction factor and the formation factor;
when the hydrate-bearing sediment contains the water,
the hydrate, the quartz sand particles, and the clay
mineral particles, calculating the permeability of the
hydrate-bearing sediment based on the relaxation time
in combination with the hydrate saturation, the occur-
rence mode correction factor and the formation factor,
or based on the polarization amplitude in combination
with the hydrate saturation, the occurrence mode cor-
rection factor and the formation factor, or based on the
Cation Exchange Capacity in combination with the
hydrate saturation and the occurrence mode correction
factor; when the porous medium in the hydrate-bearing
sediment has the fractal characteristics and the pore
size satisfies the fractal scaling relation, calculating the
permeability of the hydrate-bearing sediment based on
the pore radius and the fractal dimension in combina-
tion with the hydrate saturation and the occurrence
mode correction factor.

3. The non-transferrable computer readable storage
medium according to claim 2, wherein, the hydrate-bearing
sediment includes hydrate-bearing sediment sample and
formation hydrate-bearing sediment; in the complex con-
ductivity spectrum obtaining step, for the hydrate-bearing
sediment sample, impedance spectrum measurement is per-
formed on the sample and an electrical impedance spectrum
is obtained; using a relationship between electrical imped-
ance and complex resistivity, combining with a length and
cross-sectional area of the sample, and based on a definition
of complex conductivity, the complex conductivity spectrum
is obtained through conversion; and for the formation
hydrate-bearing sediment, based on an induced polarization
well-logging method, supplying AC to current electrodes in
a well by using ground equipment, the complex conductivity
spectrum is obtained by changing frequency f of the AC.

4. The non-transferrable computer readable storage
medium according to claim 3, wherein, in the complex
conductivity spectrum obtaining step, for the hydrate-bear-
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ing sediment sample, the impedance spectrum measurement
is performed by a four-probe method, including following
specific steps of putting the hydrate-bearing sediment
sample in a sample holder, installing a pair of current
electrodes and a pair of potential electrodes at both ends of
the sample holder, connecting the four electrodes to an
impedance analyzer, and measuring the electrical impedance
spectrum of the hydrate-bearing sediment sample by the
impedance analyzer; and for the formation hydrate-bearing
sediment, the complex conductivity spectrum is obtained by
the induced polarization well-logging method, specifically
including following steps of connecting the ground equip-
ment to the current electrodes and the potential electrodes in
the well in the field, supplying AC to the current electrodes
in the well to generate an electric field in the well, and
constantly changing the frequency of AC with rang from 1
mHz to 10 kHz, so as to obtain the complex conductivities
at different frequencies and then obtain the complex con-
ductivity spectrum.

5. The non-transferrable computer readable storage
medium according to claim 3, wherein, using the relation-
ship between the electrical impedance and the complex
resistivity, and combining with the length and the cross-
sectional area of the sample, the complex conductivity is
calculated by Formula (1) based on the definition of the
complex conductivity, and the complex conductivity spec-
trum is further obtained;

1 M
K Z'

o=

1
P

where 6* is the complex conductivity, p* is the complex
resistivity, Z* is the measured electrical impedance, K,
is geometrical factor of the sample, K =S/L, where S is
the cross-sectional area of the sample, and L is the
length of the sample;

the hydrate-bearing sediment sample is a laboratory-made

sample or a sample obtained by field sampling.

6. The non-transferrable computer readable storage
medium according to claim 2, wherein, in the hydrate
saturation calculating step, the complex conductivity is a
function of an angular frequency a), expressed as:

SH@)=C'(OHic"(®) )

where, 6* is the complex conductivity, ¢' is the complex
conductivity real part, 6" is the complex conductivity
imaginary part, and  is the angular frequency, related
to the frequency f as c=2nf;

the hydrate saturation S, is calculated from the frequency
spectrum of the complex conductivity real part ¢":

in the frequency f range of 1 mHz to 10 Hz, the hydrate
saturation S, is calculated by the formula ¢'=3.59(1—
sh)1.30;

in the frequency f range of 500 Hz to 100 kHz, the hydrate
saturation S, is calculated by the formula ¢'=4.06(1—
Sh)1.34;

the hydrate saturation S, is calculated from the complex
conductivity imaginary part 6"

at the frequency f of 1 mHz, the hydrate saturation S, is
calculated by ¢"=1.88x107°(1-S,)>**;

at the frequency f of 0.1 Hz, the hydrate saturation S, is
calculated by ¢"=1.88x1073(1-S,)**%;

at the frequency f of 100 Hz, the hydrate saturation S, is
calculated by ¢"=1.09x107"(1-S,)™%"**;

at the frequency f of 1 kHz, the hydrate saturation S, is
calculated by ¢"=1.28x1073(1-S,)™%°";
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the hydrate saturation S, is calculated from the equivalent
relative permittivity E g,

at the frequency f of 1 mHz, the hydrate saturation S, is

calculated by €,,=3.37x10°(1-S,,)***%

at the frequency f of 100 Hz, the hydrate saturation S, is

calculated by €,,=1.96x10"(1-S )%

at the frequency f of 1 kHz, the hydrate saturation S,, is

calculated by €,,=2.30x10%(1-S )"

7. The non-transferrable computer readable storage
medium according to claim 6, wherein, in the formation
factor calculating step,

the formation factor is calculated by Archie’s first law by

Formula (6):

F=¢™ 6

where F is the formation factor; ¢ is porosity of the
hydrate-bearing sediment, obtained by experimental
tests for a hydrate-bearing sediment sample, and
obtained by field tests or inversion calculation of the
complex conductivity spectrum for a formation
hydrate-bearing sediment; m denotes a cementation
index, and m=1.495;

the formation factor is calculated by using the complex
conductivity real part, complex conductivity imaginary
part and the conductivity of the pore water by Formula

(7

Ty

o' —a”/l

M

where G, is the conductivity of the pore water, obtained by
the experimental tests for the hydrate-bearing sediment
sample and obtained by the field tests for the formation
hydrate-bearing sediment; and I is a ratio of polarization
intensity to surface conduction intensity in pore space, I is
dimensionless and [=0.042.

8. The non-transferrable computer readable storage
medium according to claim 7, wherein, in the permeability
calculating step, the permeability of the hydrate-bearing
sediment is calculated based on the relaxation time in
combination with the hydrate saturation, the occurrence
mode correction factor, and the formation factor, including
specific steps as follows:

when the pore size serves as a scale,

for Y=1 in the non-grain-contact occurrence mode, the

permeability of the hydrate-bearing sediment is:

Ko IS =0D;
aF

8.1
(1 -8 @b

for Y=Y (f) in the grain-contact occurrence mode, the per-
meability of the hydrate-bearing sediment is:

Ko IS =0D; (8.2)

VR - S YI(f)

where 1T(S,=0) denotes a relaxation time when the hydrate
saturation is

0: D, = KbTﬁf+)
T g+
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denotes a diffusion coefficient of counterions with unit of
m?3/s; K, denotes Boltzmann constant, being 1.3807x
107*JK™'; T denotes an absolute temperature with unit of
Kelvin; Iq,|denotes an absolute value of counterions charge
in Stem layer, being 1.6x107'°C; B, denotes an ion
mobility in the Stem layer; when the hydrate-bearing sedi-
ment contains only the quartz sand particles, the water and
the hydrate, B,°=5.19x10"° m’s~'V~', D=1.32x10"°
m?s™', and when the hydrate-bearing sediment contains the
quartz sand particles, the water, the hydrate and the clay
mineral particles, B,,°=1.5x107'° m*s”'V~', D,=3.8x107"?
m?s™'; and n is a saturation index, n=1.69;
when an average diameter of spherical particles serves as
a scale,
for Y=1 in the non-grain-contact occurrence mode, the
permeability of the hydrate-bearing sediment is:

7(S) = O)D, \
Ke——tor=0 gy
a0 s —1pr

©.1)

for Y=Y /(f) in the grain-contact occwrrence mode, the
permeability of the hydrate-bearing sediment is:

k=TS Z0D (g
T amrFA -Sy T —1ppF

©9.2)

where m denotes the cementation index, m=1.495;

the relaxation time T(S,=0) is obtained through analysis of
a frequency spectrum of the complex conductivity
imaginary part at the hydrate saturation of 0.

9. The non-transferrable computer readable storage
medium according to claim 7, wherein, in the permeability
calculating step, the permeability of the hydrate-bearing
sediment is calculated based on the polarization amplitude in
combination with the hydrate saturation, the occurrence
mode correction factor, and the formation factor, including
specific steps as follows:

when the complex conductivity of the hydrate-bearing

sediment is measured at a single frequency f, the
complex conductivity imaginary part at the single fre-
quency is calculated from the complex conductivity;
and based on a relationship between the complex
conductivity imaginary part and the permeability at the
single frequency,

for Y=1 in the non-grain-contact occurrence mode, the

permeability of the hydrate-bearing sediment is:

2.66x1077 (10.1)

= 1-8)

Fo (oY )

for Y=Y (f) in the grain-contact occurrence mode, the
permeability of the hydrate-bearing sediment is:

2.66x1077 (10.2)

= W(l =S Y1(f)

where b and c are constants, obtained by fitting experi-
mental data for the hydrate-bearing sediment sample,
and obtained by fitting well-logging data for the for-
mation hydrate-bearing sediment;
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when the complex conductivity spectrum of the hydrate-
bearing sediment is measured at multiple different
frequencies f, the complex conductivity spectrum is
fitted by using a Debye decomposition model, obtain-
ing parameters in the Debye decomposition model, and
further a first normalized polarizability M,, based on the
Debye decomposition model is obtained:

J an
M, = Zm,u'o
i=1

where 6, and m; are the parameters in the Debye decom-
position model, and j indicates that there are j pairs of
relaxation time and polarizability;
further:
for Y=1 in the non-grain-contact occurrence mode, the
permeability of the hydrate-bearing sediment is:

8.69%x 107 (12.1)

= oy T

for Y=Y ,(f) in the grain-contact occurrence mode, the
permeability of the hydrate-bearing sediment is:

8.69%x 107 (12.2)

= W(l = Su)" Y1(f)

where r and X are constants, obtained by fitting experi-
mental data for the hydrate-bearing sediment sample
and obtained by fitting well-logging data for the for-
mation hydrate-bearing sediment.

10. The non-transferrable computer readable storage
medium according to claim 7, wherein, in the permeability
calculating step, the permeability of the hydrate-bearing
sediment is calculated based on the Cation Exchange Capac-
ity in combination with the hydrate saturation, and the
occurrence mode correction factor, including specific steps
as follows;

the complex conductivity imaginary part at different fre-

quencies is calculated from the complex conductivity
spectrum of the hydrate-bearing sediment, and thus a
second normalized polarizability M, (f,, f,) is obtained
as follows:

207 1, (nd) 13)

M, (h, f2)=-

where 0", is the complex conductivity imaginary part
corresponding to a geometric mean of the frequencies
f, and f,, and A denotes a quotient of the frequency f,
and the frequency f;; relatively, £, is a high frequency
and £, is a low frequencys;

the Cation Exchange Capacity is obtained by the second
normalized polarizability M, (f;, f,) as follows:

M, (h, /) 14)

CEC = P —
(1 =S$,)"" pghe™
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where the CEC denotes cation exchange capacity with
unit of C/kg; p, denotes a particle density, p,=2650 kg
m?; and A denotes a mobility of counterions during
polarization, A=3.0+0.7x107'° m*s'V™1;

according to the Cation Exchange Capacity:

for Y=1 in the non-grain-contact occurrence mode, the
permeability of the hydrate-bearing sediment is:

koo (15.1)

" (peCEC)?

a-s°

for Y=Y (f) in the grain-contact occurrence mode, the
permeability of the hydrate-bearing sediment is:

koo (15.2)

" (peCEC)?

K A =80 Y1(f)

where kg is a constant and k,=10"".

11. The non-transferrable computer readable storage
medium according to claim 7, wherein, in the permeability
calculating step, the permeability of the hydrate-bearing
sediment is calculated based on the pore radius and the
fractal dimension in combination with the hydrate saturation
and the occurrence mode correction factor, including spe-
cific steps as follows:

the pore radius is firstly inversely calculated by Fourier

transform, to obtain A, .. A, and A specifi-
cally,

the complex conductivity of the hydrate-bearing sediment

is expressed by Formula (16),

min,0°

16

T
o’*:o’oo—Mnf g(-) dt + iwe,,
1 +iwt
0

where G, is instantaneous conductivity, M,, is a first nor-
malized polarizability, g(t) denotes relaxation time distri-
bution, z is the relaxation time, and €_ denotes a permittivity
of the hydrate-bearing sediment at frequency for Maxwell-
Wagner polarization;
the complex conductivity imaginary part is separated
from the complex conductivity, given:

z=-lnlw) s w=e"? 17
s=ln(n e r=¢

G(s) = 78(r)

then:

+oo 1 (18)
0@ == fG(S) Jcosh(z —s) ds

Fourier transform is performed on Formula (18), and
inverse Fourier transform is performed on G(s) to
obtain:

G(s) = — %FT’1 [6';; (n)cosh(ﬂzn)] (19



US 11,781,428 Bl

31

where FT™' denotes the inverse Fourier transform opera-
tion, the symbol ‘~’ denotes a Fourier transform result,
and r/denotes a frequency of Fourier space;

the relaxation time distribution g(t) is calculated based on
the relation between G(T) and g(t); by using

AZ

T= N
D;

I

the maximum pore radius A,,,, , when the hydrate saturation
is not 0, the maximum pore radius A, , when the hydrate
saturation is 0, and the minimum pore radius A, ,;,, , when the
hydrate saturation is 0, are calculated;
further, a fractal dimension D, when the hydrate satura-
tion is O is calculated,

Ing 20)
Amin

o722
Amaxo

further, a fractal dimension D,, when the hydrate satura-
tion is not O is calculated,

D/,o =2-

In( - Sy)
Ing

@

Dyy=Dro - (2-Dyo)
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further,
for Y=1 in the non-grain-contact occurrence mode, the
permeability of the hydrate-bearing sediment is:

b4 D/,h 4

(22.1)
= N
1287,8 4 - Dy, '

for Y=Y /(f) in the grain-contact occwrrence mode, the
permeability of the hydrate-bearing sediment is:

1 Dy, @22)

T 1284,54-Dys

A Y1()

where T, denotes tortuosity at different hydrate contents,
and T/F\/m; for the hydrate-bearing sedi-
ment sample, S denotes a cross-sectional area of the
sample, obtained by experimental tests; for the forma-
tion hydrate-bearing sediment, S denotes an equivalent
cross-sectional area of the formation sediment,
obtained by detection performance specifications of
well-logging instrument.
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