
lable at ScienceDirect

Petroleum Science 20 (2023) 879e892
Contents lists avai
Petroleum Science

journal homepage: www.keaipubl ishing.com/en/ journals /petroleum-science
Original Paper
Well logging evaluation of fine-grained hydrate-bearing sediment
reservoirs: Considering the effect of clay content

Lin-Qi Zhu a, b, c, Jin Sun a, c, Xue-Qing Zhou a, c, Qing-Ping Li d, e, Qi Fan d, e, Song-Lin Wu a,
Shi-Guo Wu a, b, c, *

a Laboratory of Marine Geophysics and Georesources of Hainan Province, Institute of Deep-sea Science and Engineering, Chinese Academy of Sciences,
Sanya, 572000, Hainan, China
b Laboratory for Marine Geology, Qingdao National Laboratory for Marine Science and Technology, Qingdao, 266061, Shandong, China
c Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Zhuhai, Guangdong, 519000, China
d State Key Laboratory of Natural Gas Hydrates, Beijing, 100028, China
e China National Offshore Oil Corporation Research Institute Co. Ltd., Beijing, 100028, China
a r t i c l e i n f o

Article history:
Received 10 January 2022
Received in revised form
21 July 2022
Accepted 16 September 2022
Available online 21 September 2022

Edited by Jie Hao

Keywords:
Gas hydrate
Well logging
Porosity
Saturation
Shale distribution form
* Corresponding author. Laboratory of Marine Geo
Hainan Province, Institute of Deep-sea Science and En
of Sciences, Sanya, 572000, Hainan, China.

E-mail address: swu@idsse.ac.cn (S.-G. Wu).

https://doi.org/10.1016/j.petsci.2022.09.018
1995-8226/© 2022 The Authors. Publishing services b
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
a b s t r a c t

Hydrate reservoirs are different from the host reservoirs of all other fossil energy sources because the
characteristics of hydrate reservoirs are generally controlled by deep-sea fine-grained sedimentation. In
such reservoirs, the reliability of the classical logging evaluation models established for diagenetic res-
ervoirs is questionable. This study used well W8 in the Qiongdongnan Basin to explore the clay content,
porosity, saturation, and hydrate-enriched layer identification of a logging-based hydrate reservoir, and it
was found that considering the effect of the clay content on the log response is necessary in the logging
evaluation of hydrate reservoirs. In the evaluation of clay content, a method based on the optimization
inversion method can obtain a more reliable clay content than other methods. Fine-grained sediment
reservoirs have a high clay content, and the effect of clay on log responses must be considered when
calculating porosity. In addition, combining density logging and neutron porosity logging data can obtain
the best porosity calculation results, and the porosity calculation method based on sonic logging pre-
dicted that the porosity of the studied reservoir was low. It was very effective to identify hydrate layers
based on resistivity, but the clay distribution and pore structure will also affect the relationship between
resistivity, porosity and saturation, and it was suggested that the factors effecting the resistivity of
different layers should be considered in the saturation evaluation and that a suitable model should be
selected. This study also considered the lack of clarity of the relationships among the lithology, physical
properties, hydrate-bearing occurrence properties, and log response properties of hydrate reservoirs and
the lack of specialized petrophysical models. This research can directly help to improve hydrate logging
evaluation.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Natural gas hydrate is a fossil energy formed by water and
natural gas molecules under relatively high-pressure and low-
temperature conditions (Collett, 1993; Cook et al., 2020; Wang
et al., 2021a). It is a special form of natural gas that exists in
physics and Georesources of
gineering, Chinese Academy

y Elsevier B.V. on behalf of KeAi Co
nature and is mainly distributed below the seabed in deep water
(usually greater than 300 m) and in the permafrost zone. Deep-sea
gas hydrates usually occur in the gas hydrate stability zone (GHSZ),
and the bottom boundary of the stability zone is often determined
by the bottom simulating reflector (BSR) of processed seismic data
(Horozal et al., 2017; Portnov et al., 2019; Gullapalli et al., 2019;
Yang et al., 2020; Han et al., 2021). Since the formation of natural
gas hydrate requires the temperature of the reservoir to be low, the
water depth of the reservoir is usually deep. In this case, among the
deep-sea fine-grained sediments usually host a large amount of
hydrates when the gas source is sufficient (Jang et al., 2020; Zhou
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http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:swu@idsse.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2022.09.018&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2022.09.018
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.petsci.2022.09.018
https://doi.org/10.1016/j.petsci.2022.09.018


L.-Q. Zhu, J. Sun, X.-Q. Zhou et al. Petroleum Science 20 (2023) 879e892
et al., 2021; Li et al., 2021). Considering the amount of methane in
natural gas hydrates, natural gas hydrates are regarded as a
resource or part of the global carbon cycle and have aroused in-
terest. The United States, China, India and other countries have
formulated natural gas hydrate exploration and development plans
(Kret et al., 2020; Qi et al., 2022; Singh and Ojha, 2022; Zhu et al.,
2022b).

Considering the heterogeneity of hydrate distribution in a for-
mation and the resolution of seismic technology, even if the GHSZ
can be qualitatively identified by seismic methods, the quantitative
identification of hydrate occurrence in the GHSZ is still unclear
(Pandey et al., 2019; Saito et al., 2019; Waite et al., 2019; Ghosh and
Ojha, 2021). Drilling and coring analysis of a whole well section is
an effectivemethod to clarify the fine distribution of hydrates, but it
is difficult because hydrate deposits tend to change during coring
(Wu et al., 2016; Kato et al., 2019; Hu et al., 2021; Singh et al., 2022).
Moreover, with the development of hydrates, the efficiency of
coring and experimenting throughout the well section is too low.

Well logging can measure the acoustic, electrical, nuclear
physics and other physical properties of the formation near the
drilled borehole and calculate reservoir parameters through these
physical properties (Shankar et al., 2013; Cheng et al., 2017; Lin
et al., 2022). Currently, logging can be performed along the entire
well section, and coring experiments can be conducted in key for-
mations. This is an effective method to reduce core recovery efforts
and improve the efficiency of exploration and development (Jain
et al., 2019; Shaibu et al., 2021; Zhu et al., 2021, 2022a). Logging
curves and corresponding petrophysical models can be used to
obtain the reservoir parameter change characteristics over the
entire GHSZ depth range and to achieve the refined exploration and
development of hydrates (You et al., 2021; Zhong et al., 2021; Qian
et al., 2018; Ghosh and Ojha, 2021). The interpretation accuracy of
reservoir parameters based on logging methods depends on the
measurement results and the rationality of the petrophysical
model. In response, some researchers have conducted logging
evaluation studies of hydrate reservoirs. Collett et al. (2011) used
log and core data to evaluate formations at the Mount Elbert Gas
Hydrate Stratigraphic Test Well, Alaska North Slope. Wang et al.
(2011) combined sonic and resistivity logging to calculate the for-
mation saturation in the Shenhu area, South China Sea. Yadav et al.
(2019) used acoustic logging to estimate the amount of gas hydrate,
considering both isotropic (pore-filling) and anisotropic (fracture-
filling) acoustic reservoir models. Saumya et al. (2019) improved
the full-wave train sampling interval length of acoustic logging to
extract more reliable acoustic curves and improve the reliability of
porosity prediction.

It is undeniable that senior researchers have conducted a
considerable amount of research to obtain more appropriate and
targeted petrophysical models of weak diagenetic hydrate reser-
voirs with deep-sea fine-grained sedimentary characteristics. For
example, Sun et al. (2021) proposed an Archie saturation model
based on digital cores. Qian et al. (2019) proposed an anisotropic
saturation model for fracture-filled gas hydrate reservoirs. Pandey
et al. (2019) proposed a calculation method of saturation based
on longitudinal wave velocity and resistivity. Joshi conducted gas
hydrate saturation evaluations at the NGHP-02-17 and NGHP-02-19
stations based on an anisotropic velocity model. Wang et al.
(2021b) proposed a saturation evaluation model based on dielec-
tric logging. Liu et al. (2020) derived a petrophysical model of the
saturation and permeability of hydrate reservoirs based on fractal
theory. Cai et al. (2020) analysed the creep of gas hydrate reservoirs
and presented a fractal permeability model. However, the relevant
research is primarily based on basic rock physics: reservoir petro-
physical experiments need to be further developed to elucidate the
spatiotemporal variations in this rock. This has led to the current
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log-based petrophysical models of hydrate reservoirs that are
mostly appropriate for conventional diagenetic oil and gas reser-
voirs, which are very different from hydrate reservoirs, so the
physical response of hydrate reservoirs with deep-sea sedimentary
characteristics must be considered. As hydrate exploration con-
tinues, an increasing number of types of hydrate reservoirs have
been discovered. For fine-grained hydrate reservoirs with stronger
heterogeneity, such as leaking gas hydrate reservoirs, the difference
in quality among reservoirs is greater, and the reliability of reser-
voir parameter calculations is even more critical. The accuracy of
the petrophysical model is undoubtedly of growing concern.

The Qiongdongnan (QDN) Basin in the northern part of the
South China Sea is an area rich in fossil energy (Wei, 2021). Under
the tectonic geological background of the quasi passive continental
margin, it has stable high-pressure and low-temperature condi-
tions that allow the formation of natural gas hydrate. In this
investigation, indirect evidence of the existence of natural gas hy-
drates, such as BSRs (Liang et al., 2019; Meng et al., 2021), cold
springs (Fang et al., 2019), and geochemical anomalies, was
discovered (Wei et al., 2021). In 2018, the Guangzhou Marine
Geological Survey conducted gas hydrate drilling (GMGS5 expedi-
tion) on the Songnan Low Uplift in the eastern part of the QDN area
(Ye et al., 2019; Wei and Deng, 2020). Various forms of hydrate,
such as massive, layered, veined, and nodular hydrates, were found
in cored boreholes on multiple gas chimneys, and conventional and
specialized logging measurements were performed. Therefore,
suitable data were made available for testing the effect of logging
interpretation. Based on these data, this paper discusses the effect
of the proposed petrophysical model under different assumptions
on the evaluation of deep-sea fine-grained hydrate reservoirs with
higher mud contents and proposes the development direction of
hydrate reservoir logging evaluation.

2. Data

The research data were based on the GMGS5 expedition. The
datawere primarily related towellW8. All datawere collected from
publicly published documents and datasets.

The database used in this article includes a complete set of core
data and the corresponding conventional logging data and nuclear
magnetic resonance (NMR) logging porosity data. The core data
originated from pressure-holding coring and conventional coring.
This research first calculated the clay content, porosity, and satu-
ration based on logging curves and different petrophysical models
(although permeability is also a very important parameter, espe-
cially for development, the current permeability model is theo-
retically inconsistent with the known properties of hydrate
reservoirs; in addition, specialized logging data, such as NMR log-
ging data, were used to calculate permeability, which was difficult
to obtain directly from the published literature) and then compared
the results with public core data to discuss the effect and devel-
opment direction of the model (Ge et al., 2017a, 2017b).

Logging data are implemented by Schlumberger Oilfield Ser-
vices' Logging While Drilling (LWD) tools, specifically MicroScope,
NeoScope, TeleScope, SonicScope, and ProVISION. With these LWD
tools, natural gamma logging, calliper logging, density logging,
neutron porosity logging, sonic logging, ring resistivity logging,
shallow resistivity logging, medium depth resistivity logging, deep
resistivity logging, and NMR logging data were obtained.

The clay content datawere determined through particle size and
lithology analysis experiments. Some core samples were used, but
not necessarily pressure-holding core samples. There were two
ways to determine saturation: one was to directly determine by the
coring process maintaining pressure. Regardless of gas escape
during operation, the saturation determined by this method should
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be the most accurate. However, the cost is also the highest, and
satisfactory results may not be obtained. Calculating saturation
based on chloride ion concentration is also away to provide reliable
saturation results, even when the chloride ion concentration is not
neutralized. Well W8 was the main well studied in this article
because it had a large hydrate-containing layer. Taking well W8
(water depth 1737.4 m) as an example and assuming that chlorine
was a conservative species, the hydrate concentration was calcu-
lated based on the degree of desalination of the pore water. From
the bottom of the sea to 50.3 mbsf, the concentrations of chloride
ions were all 630 mM, and as the depth of the formation continued
to increase, the concentration of chloride ions began to change, and
this change can be converted into the hydrate saturation. Fig. 1
shows the logging data and core data of well W8. These data
were the basis of this article.

3. Methods

3.1. Clay content

In a logging-based reservoir evaluation program, clay content
should be one of the core reservoir parameters, especially for fine-
grained reservoirs. First, the clay content controls the quality of the
reservoir. Because the particle size of clay is finer than that of silt
sand (less than 0.01mm), the increase in clay content will affect the
quality of the reservoir, such as reducing the porosity. The increase
in clay content will also block the pore throats, making sediment
seepage more difficult and the sediment become less favourable as
a hydrate host. Clay content also had an impact on the physical
response of the formation because its properties are very different
from coarse-grained quartz, feldspar, calcite, etc. Clay is radioactive,
so it will affect the count rate of natural gamma logging. Clay
contains bound water, crystal water, etc., and has a high hydrogen
index. The density of clay is usually lower than that of quartz, which
leads to a decrease in the density log response of the formation
Fig. 1. Data fromwell W8 in the QDN area used in this article, where UCAV is the calliper log
DT is the sonic log, MRP is the NMR log porosity, and RD is the deep resistivity log. Clay is the
salinity data of the formation water, and Saturation_P is the core hydrate saturation determ

881
when the clay content is high. In addition, when the clay content is
high, the resistivity of the formationwill decrease significantly, and
some types of clay will also produce cation exchange to enhance
the conductivity of the skeleton. The accurate calculation of clay
content was the first step in this work. Unfortunately, there have
been few studies on the applicability of models for evaluating clay
content in hydrate reservoirs.

The methods for calculating the clay content of conventional
coarse-grained diagenetic reservoirs can be roughly attributed to
statistical methods, log curve relative value methods, mineral
composition inversion methods, intersection charts, resistivity
methods, and evaluation methods based on machine learning.

As the data of hydrate reservoir wells are inherently scarce, the
clay content evaluation method based on machine learning is
difficult to use and is not further discussed here. The statistical
method was used to find the correlation between the logging curve
and clay content. Statistical methods include unit statistical
methods and multivariate statistical methods. The relative value
method of logging curves is a common calculation method. Spon-
taneous potential logging, natural gamma logging, and natural
gamma spectroscopy logging data can be combined with the rela-
tive value method to calculate the clay content. Taking natural
gamma logging data as an example, the most common calculation
methods in conventional reservoirs are (Larinonv, 1969; Poupon
and Gaymard, 1970):

Ic ¼ GR � GRmin
GRmax � GRmin

(1)

Vc ¼ 2cIc � 1
2c � 1

(2)

In the formula above, Ic refers to the relative value of the natural
gamma curve, GR, GRmin and GRmax are the natural gamma log
values of clay-bearing sediments, pure sandy sediments and pure
, GR is the natural gamma log, PHIN is the neutron porosity log, RHOB is the density log,
core clay content, Saturation_C is the core hydrate saturation determined based on the
ined based on the pressure-holding coring method.
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clay sediments, respectively. c is the empirical coefficient. For Ter-
tiary strata and more recent strata, c can be taken as 3.7 (Nie et al.,
2017; Wang et al., 2017). In addition, there are other methods for
calculating the relative clay content based on the natural gamma
response. Because natural gamma rays are absorbed by the for-
mation as they pass through the formation, its absorption capacity
mainly depends on the formation density. Therefore, when
considering the absorption of natural gamma rays by the formation,
the density log response and the natural gamma log response can
be combined to calculate Vc to reduce the difference in the natural
gamma values caused by the different formation absorptions (Yong
and Zhang, 2007):

Vc ¼ GRrb � GRmarma
GRcrc � GRmarma

(3)

where rb is the density of the formation, rc is the clay density, GRma
is the natural gamma value of the skeleton, and rma is the density of
the skeleton. In fact, formations all contain a certain amount of clay,
and pure sandy sediments are rare. From this, a new expression of
the clay content index can be obtained (Yong and Zhang, 2007):

Ic ¼ GRrb � GRminrma
GRmaxrc � GRminrma

(4)

Among them, it is now generally accepted that the relationship
between the variation in GR and clay content is not linear, and
empirical Eq. (5) is given. Eq. (2) is likewise derived empirically. The
actual relationship between Ic and Vc is:

Vc ¼ 2cIc � 1
2c � 1

(5)

In fact, the distribution of shale will also affect the response of
the natural gamma log. Therefore, the above formula is only
theoretical, and its evaluation effects are different for different
types of reservoirs.

The inversion method of formation mineral composition based
on multiple logging curves is another method for calculating clay
content (Zhu et al., 2018; Liu et al., 2021; Szab�o et al., 2022; Wang
et al., 2022). Multiple components of the formation, including for-
mation water, will have an effect on the log response, but the de-
gree of effect is not the same (Li et al., 2022). For example, coarse-
grained quartz sand has weak radioactivity, fine-grained clay has
strong radioactivity, and the fluid in pores has the weakest radio-
activity. The radioactivity of the entire natural gamma log comes
from the radioactivity of the quartz, clay, and fluid. Based on this
theory, Eq. (6) can be given:

8><
>:

GR ¼ VcGRc þ VsGRs þ 4GR4

Dt ¼ VcDtc þ VsDts þ 4Dt4

r ¼ Vcrc þ Vsrs þ 4r4

4N ¼ Vc4Nc þ Vs4Ns þ 4*4N4

(6)

where 4 is the porosity, V is the volume, Vs is the sand volume
fraction, Dt is the acoustic travel time, acoustic log response, r is the
density, density log response, and 4N is the neutron porosity log
response. The subscript sand refers to the physical response and
volume of the sandy part, and the subscript shale refers to the
physical response and volume of the muddy part. These methods
were applied at well W8, in a hydrate reservoir with deep-sea
sedimentary characteristics.
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3.2. Porosity

The importance of accurate porosity calculations for exploration
and development is evident. Porosity calculation based on logging
has always been a very reliable method. Among all conventional
logging curves, density logging, neutron logging, and sonic logging
are the most common logging curves used to calculate porosity.
NMR logging directly measures the seepage volume characteristics
of free fluids (oil, gas, and water) in arbitrary lithological reservoirs,
which has obvious advantages and is widely respected (Feng et al.,
2021).

The core porosity measurement of hydrate reservoirs is not as
common as that of conventional oil and gas reservoirs, and core
porosity data of well W8 have not yet been published publicly.
Therefore, the principles of different logging curves were compared
and verified. Before that, the principles of different methods were
discussion.

NMR logging is a method of measuring rocks (Feng et al., 2020).
It measures the paramagnetism of atomic nuclei and the external
magnetic field that interacts with them. In the absence of any
external magnetic field, the nuclear magnetic moment (M) of the
nuclei is distributed irregularly. Under the influence of a fixed,
uniform and strong magnetic field s0, this spin system is polarized,
that is, M rearranges and aligns along the direction of the magnetic
field. In a polarizedmagnetic field, if an alternatingmagnetic field is
added and its frequency is also the precession frequency of protons
(hydrogen nuclei), resonance absorption will occur. That is, the
nuclear magnetic moment in the low-energy state shifts to the
high-energy state by absorbing the energy provided by the alter-
nating magnetic field. This phenomenon is called NMR. The nu-
merical values of the NMR effect of various nuclei in rock-forming
elements are different. The NMR value is first determined by the
gyromagnetic ratio of the nuclei, the natural content of the ele-
ments in the rock and the occurrence state of the material con-
taining the elements.

Hydrogen nuclei have the largest gyromagnetic ratio and the
highest resonance frequency in the geomagnetic field. According to
the gyromagnetic ratio, natural content and occurrence state of
hydrogen-containing substances, hydrogen is the easiest element
to study under drilling conditions. Therefore, the hydrogen nuclei
contained in a certain area (from water, oil or natural gas) are the
research objects of NMR logging. Organic matter and hydrates in
pores cannot be measured by NMR logging (Ge et al., 2018).
Therefore, the porosity obtained by NMR logging (essentially by
estimating the hydrogen index) is only the fluid-filled porosity.

Both density logging and neutron porosity logging are classified
as nuclear logging series. Density logging is a logging method that
back-calculates the density through the absorption of g rays by the
formation. Porosity can be calculated with a sandstone volume
model that uses density logging data. The neutron porosity logging
data are used to back-calculate the porosity from the deceleration
capacity of fast neutrons. Both instruments were calibrated in pure
limestone. Similarly, sonic logging is based on the inverse calcula-
tion of porosity based on the deceleration capacity of porous rocks
for acoustic waves. The traditional coarse-grained rock porosity
calculation method based on the volume model is given below. The
formula of the sandstone volume model that uses density logging
data to calculate rock porosity is:

4D ¼ rma � rb
rma � r4

(7)

where 4D is the density porosity and r4 is the density of the fluids in
the pore space. The formula for calculating the actual porosity of
the rock from the neutron porosity is:
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4N ¼ 4N � 4Nma
4N4 � 4Nma

(8)

where 4N is the neutron porosity, 4Nma is the neutron porosity of
the skeleton, and 4N4 is the neutron porosity of the fluids. For the
most basic formula for calculating rock porosity using sonic log-
ging, its form is slightly different:

4s ¼
Dt � Dtma

Dt4 � Dtma

1
Cp

(9)

where Dt is the acoustic travel time, Dtma is the acoustic travel time
of the skeleton, Dt4 is the acoustic travel time of the fluids in the
pore space, and Cp is the compaction correction coefficient. The
volume model is only applicable to rocks with good compaction
and cementation. However, none of the above models consider the
influence of shale content. The volume models of shaly sandstone
and pure sandstone have different assumptions (Fig. 2).

After considering the mud content, Eqs. (7)-(9) can be rewritten
as:

4D ¼ rma � rb
rma � r4

� Vc
rma � rc
rma � r4

(11)

4N ¼ 4N � 4Nma
4N4 � 4Nma

� Vc
4Nma � 4Nc
4Nma � 4N4

(12)

4s ¼
Dt � Dtma

Dt4 � Dtma

1
Cp

� Vc
Dtma � Dtc
Dtma � Dt4

(13)

To avoid errors in calculating porosity from multiple porosity
logging curves, multiple porosity results are usually combined to
calculate the final porosity value:

4 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
42
D þ 42

N
2
q

2
(14)

4 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
42
D þ 42

N þ 42
s

2
q

3
(15)

Porosity can also be obtained based onmulticurve inversion, but
the corresponding model is still a volume model, so it is not
described separately here.
3.3. Water saturation

The calculation of saturation parameters is the focus of this
article, and it is also the focus of a number of researchers engaged in
Fig. 2. The hypothetical difference between the volume models of shaly sandstone and pu
assumed that they can not affect each other.
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hydrate evaluation research. The relationship between saturation
and rock response is nonlinear, and it is closely related to the three-
dimensional structure of the porous rock, which is why it is not
easy to calculate. The Archie formula is the most common model
used to calculate hydrate saturation. This may be because it is
simpler and easier to determine parameters with the Archie for-
mula than to implement rock electrical experiments. However, the
requirements for the Archie formula does not match the charac-
teristics of hydrate reservoirs. After all, the shale content in hydrate
reservoirs is very high, even higher than that of shaly sandstone,
and Archie's formula was based on pure sandstone. In addition, the
hydrocarbons in hydrate reservoirs are not oil and gas, and their
distribution in the pores is more complicated. The Archie formula
can be divided into the first formula and the second formula. The
corresponding standard expressions are:

Ro ¼ aRw
4m (16)

Sw ¼
�
b Ro
Rt

�
1
n (17)

In the formula, Ro is the water-saturated rock resistivity, Rw is
the formation water resistivity, Rt is the actual rock resistivity, m
and n are the cementation index and saturation index, respectively,
and a and b are coefficients, which can be taken as 1. Current
research shows that the cementation index had the greatest in-
fluence on the calculation of water saturation, followed by the
saturation index. However, as many as dozens of saturation models
have been proposed, so other types of saturation models should be
evaluated.

The saturation calculation model will change according to the
clay content. Assuming that the clay is distributed in layers, ac-
cording to the concept of parallel resistance, the layered muddy
sandstone can be represented by a volume model, as shown in
Fig. 3(a), and the equivalent circuit is shown in Fig. 3(b) (Poupon
et al., 1954). Assuming that the resistivities of shaly sandstone,
shale and pure sandstone are Rt, Rc, and Rsd, respectively, then:

V
Rt

¼ V1

Rc
þ V2

Rsd
(18)

In the formula, VT, V1 and V2 are the equivalent volumes of shaly,
argillaceous and pure sandstones, respectively. Combined with
Archie formula theory for further model derivation:

Snw ¼ aRw

ð1� VcÞ
�

4
1�Vc

�m
�
1
Rt

� Vc

Rc

�
(19)

When the clay is dispersed, it fills the pore space between the
re sandstone. In shaly sandstone, the skeleton is composed of clay and sand, and it is



Fig. 3. Simplified volume model and equivalent circuit display of layered muddy sandstone, in which various elements are set in parallel, but their elements are not the same.
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sand particles. The formation conductivity is the result of the par-
allel conduction of the formation water in the pores and the
dispersed clay. The corresponding equivalent circuit is shown in
Fig. 3(d). After a series of derivations, the calculation formula of Sw
can be obtained as (Dewitte, 1950):

Sw ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rw

�
1� 4s�4D

4s

�mm�2

Rt4mm þ
�ðRw � RcÞVc

2Rc4

�2

vuuut � VcðRc þ RwÞ
2Rc4

(20)

In this formula, mm is a constant. In addition, sandstones con-
taining mixed distribution forms of clay can be evaluated using
equations such as the Simandoux equation. The corresponding
formula is:

1
Rt

¼ SwVc

Rc
� 4mxS2w

Rw
(21)

In this formula, mx is a constant. Models similar to the Siman-
doux equation include the Nigeria formula and the Indonesian
formula.

In addition to shale content, hydrate reservoirs have both
complex pore structures and complex hydrate distributions (Cai
et al., 2019). Corresponding targeted models can also be tested. In
this study, for the trapezoidal pore saturation model for the com-
plex pore structure proposed by Hu et al. (2017), the corresponding
derivation process is omitted, and the final saturation formula is:

Rt
Rw

¼ t

4

�
1

PwðSw � fsÞ þ gfs

�
(22)

In the formula, t is the conductivity tortuosity, Pw is the average
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trapezoidal factor of the trapezoidal pores when the reservoir
contains oil and gas or hydrate, fs is the ratio of formation resistivity
to formation water resistivity when the reservoir contains oil and
gas, and g is the shale factor.

Considering that although the current conductivity model based
on hydrate morphology has been proposed and developed rapidly,
it is still difficult to directly apply it to logging evaluation, so this
type of model was not used here. The selection of evaluation pa-
rameters and evaluation effects of all models for reservoirs can be
seen in section 4 of the article.
4. Discussion of results

4.1. Modelling and accuracy

4.1.1. Clay content
Statistical methods, relative value methods and optimization

methods were used to obtain the clay content. The relative value
method adopts Eqs. (1)-(5), and the optimization method was
implemented with the help of Ciflog logging software. The formula
group is shown in Eq. (6).

For statistical methods, the logging curve response values of the
expansion section should not be used for modelling. According to
the core and logging data, this study found that the relationship
between the natural gamma log response and the clay content was
strong, as shown in Fig. 4. This relationship can be used to evaluate
the clay content of the reservoir.

In addition, Eq. (2) and Eq. (5) were used to calculate the clay
content. The core data used to determine the parameters in the
model of well W8 are shown in Table 1.

For the Ciflog-based inversion algorithms, their default inver-
sion parameters were selected without changing them. The



Fig. 4. Correlation between natural gamma logging data and clay content (deleted
point processing).

Table 1
Determination of the parameters in the formula used to calculate the clay content.

GRmax 4c GRmin rma c

155 2.2 20 2.47 3.7
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corresponding results of the logging evaluation of clay content
based on multiple methods are shown in Fig. 5.

Fig. 5 shows a comparison of the four tested clay content
calculationmethods. Therewere certain differences in the variation
range of the curves calculated by different methods. The curve of
the clay content calculation result based on the fitting method had
the smallest change in the vertical direction. The natural gamma
log response range of the statistical model was very small. That is,
the clay content calculation results of the natural gamma logging
curves in other response ranges were not necessarily accurate. The
clay content calculation based on the relative value method was
obviously low, and the range of clay content was large. This showed
Fig. 5. Calculation results of th
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that the relative valuemethod is not suitable for calculating the clay
content of hydrate reservoirs, which are quite different from
diagenetic oil and gas reservoirs.

At approximately 113.75 mbsf, it can be observed that the curve
calculated by the relative value method had a good match with the
core data, but in the range of 50e65mbsf, the calculation result was
significantly different from the core data. In other words, the model
overestimates the impact of changes in the natural gamma logging
data on the clay content of the reservoir. For deeper sediments, the
radioactivity of the formationwas generally higher. Compared with
the results of the other two methods, the prediction result of the
clay content curve based on the optimization inversion was more
reliable. First, the prediction accuracy of clay content based on this
method was high. Second, the clay content and particle size had a
significant influence on the enrichment of hydrates, and the effect
at 122.4e128.75 mbsf was observed. The apparent increase in the
resistivity log response value indicated that the layer contains hy-
drates, but the clay content calculated by the statistical method
here did not significantly decrease. Only the clay content calculated
by the optimized inversion method was significantly reduced here.
Therefore, after comprehensive analysis, it was suggested that for
hydrate reservoirs, the clay content should be calculated using the
optimized inversion method. Fig. 6 shows the comparison between
the statistical method and the optimized inversion method for
calculating the clay content.

Along the entire well section (20e174 mbsf), the clay content of
well W8 ranged from 10.86 to 52.25%, and the average clay content
was 32.35%. This shows that the overall clay content of the hydrate
formation was very high. Generally, the clay content of sandstone
and carbonate reservoirs does not exceed 30%, while shale is known
for its high clay content, and the average clay content was
approximately 35% here. Therefore, hydrate reservoirs with deep-
sea sedimentary characteristics have high fine-grained clay con-
tents, similar to shale. The optimization inversion method has also
been widely used in the calculation of the clay content of shale
reservoirs. Does this mean that only using natural gamma logging
data to calculate the clay content of fine-grained reservoirs is not
reliable enough? Therewas not enough evidence to determine this.
Statistics show that the clay content was 28.9%. Thus, the clay
content controls the amount of hydrate formation, and a slightly
lower clay content will result in a large change in the amount of
hydrate formation. The accurate calculation of the clay content
must be considered.
e clay content in well W8.



Fig. 6. Demonstration of calculation effect of clay content in W8 well.
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4.1.2. Porosity
Eqs. (7)-(15) were used to evaluate the development of well W8,

and the results of parameter selection in the corresponding model
are shown in Table 2.

Fig. 7 shows the log calculation results of the porosity of wellW8
based on the volume model.

Multiple porosity curves were used to verify the preferred
method for determining the reliability of porosity calculations in
this studywhen the core porosity was not known. The echo spacing
of NMR logging is selected as 0.8 ms, and the waiting time is
selected as 4 ms. Because the relaxation time of hydrate is very
short (0.01 ms), it is difficult to measure the signal of hydrate under
this standard, and the corresponding determined NMR porosity
only contains the part without hydrate. The porosity calculated
based on conventional logging can reflect the total porosity of the
reservoir. In formations without hydrate, the porosity calculated by
conventional logging should be consistent with the porosity
calculated by NMR logging.

First, the porosity calculation results of the model considering
the clay content were compared with the porosity calculation re-
sults of the conventional model. After considering the influence of
clay, the porosity calculation results based on density, neutron
porosity, and sonic logging curves all dropped, and the porosity
drop was approximately 8%.

The water analysis data were combined to discuss the reliability
of the two calculation methods. For the depth section less than
0e40 mbsf, salinity was near the baseline, but at depths below 40
mbsf, salinity was not neutralized, indicating that the change in
salinity in the study area was mainly related to the formation of
hydrates. That is, the hydrate content in the depth section less than
0e40 mbsf was very low, and the hydrate reservoir NMR logging
porosity measured in this section should be consistent with the
range of conventional logging-calculated porosity. Fig. 7 also shows
the difference between the NMR logging porosity response and the
conventional logging porosity response. This figure shows that the
Table 2
Determination of parameters in the formula used to calculate porosity.

rma rc rf

2.65 2.2 1
4Nma 4Nc 4Nf

�0.02 0.32 1
Dtma Dtc Dtf
55.5 90 189
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clay content must be considered in the calculation of porosity to
obtain more reliable porosity calculation results.

There were also differences in the formation porosity calculated
with porosity logging curves based on different principles. The
porosity calculated based on sonic logging was close to the NMR
logging porosity when the depth was close to 0e40 mbsf. At depths
greater than 40 mbsf, the porosity calculated from NMR logging
data was very close to that calculated from sonic logging data, but a
large amount of hydrate occurred in the depth range of 40e174
mbsf, which was not in agreement with the actual situation.
Therefore, the porosity calculated based on sonic logging data was
actually low. Density logging and neutron logging data were more
reliable for calculating porosity. In the 150e154 mbsf interval, the
response of the resistivity logging was significantly reduced, indi-
cating that the hydrate was not enriched in this area, and the cor-
responding density logging porosity was similar to the NMR
logging porosity value, indicating that the density logging reliably
describes the hydrate reservoir. In the 110e122 mbsf interval, the
response of the resistivity logging was relatively high, indicating
that the hydrate was relatively enriched here, and the porosity
values calculated from neutron porosity logging and nuclear NMR
logging data were different. The neutron porosity was approxi-
mately 11% larger, indicating that the neutron porosity log calcu-
lation was reliable there. Therefore, the porosity calculated by
density logging and neutron porosity logging should be considered.
Eq. (14) may be more suitable for calculating the porosity of well
W8.

After determining the best porosity logging calculation method,
the porosity range of well W8 was determined, and the average
porosity was 0.514, with an interval of 0.313e0.7. This porosity
range was very large. Compared with other types of reservoirs, This
is one of the reasons why accurately calculating the reserves of
hydrate reservoirs is more difficult than accurately calculating the
reserves of other types of reservoirs.

4.1.3. Saturation
Eqs. (16)-(22), a total of 5 saturation models, were combined

with porosity logging curves to calculate thewater saturation of the
reservoir. Since no coexistence of free gas and hydrate was
observed in well W8 in the QDN area, the hydrate saturation was
determined after calculating the formation water saturation. See
Table 3 for all requirements and parameters of Eqs. (16)-(22).

Fig. 8 shows the saturation calculation results of the five
methods and the final saturation curve. First, the most intuitive
observation was that all five saturation models calculate a certain
degree of hydrate saturation in the layer with a higher resistivity.



Fig. 7. Porosity calculation results for well W8.

Table 3
Parameters used in the formula to calculate the saturation.

Rw m n Rc m2 n2

0.22 3.642 3 2 4 4
m3 n3 m4 g fs Pw
5.1 3 1 1.35 0.25 0.7
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However, the vertical changes in hydrate saturation calculated by
the five saturation models were very different. This was caused by
Fig. 8. Demonstration of the saturatio
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the multiparameter influence of the saturation model and the
nonlinear model form. The saturation evaluation result based on
the Archie formula had the largest value change in the longitudinal
direction. This enables the model to reflect the sudden change in
saturation in the formation within a certain depth. However, more
often, the Archie formula overestimates hydrate saturation. For the
88e150 mbsf depth section, although the resistivity was high, the
saturation was obviously not high, and the saturation value of the
core was approximately 30%. Although the reason was not clarified
through a series of petrophysical experiments, it was certain that
n calculation results of well W8.
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the commonly used Archie formula was not reliable enough to
calculate the saturation.

The calculation result of the Simandoux formula considering the
influence of clay was similar to that of the Archie formula, but there
were still differences. Generally, the saturation value calculated by
the Simandoux formula was slightly lower than that of the Archie
formula, and it can be seen that the porosity's ability to determine
the saturation was reduced, and the increase in saturation in some
high-porosity intervals was not as obvious as that determined with
the Archie formula. The core saturation results suggested that the
saturation calculated after considering the clay content was more
reliable. The calculation results of the two types of saturation
models considering layered clay and dispersed clay were very
different. For layered clay, the calculated hydrate saturationwas not
high in the interval with relatively high resistivity. Interestingly,
this was very consistent with the core results. With dispersed clay,
the saturation values of the high-resistivity layer (such as 87e123
mbsf) and the low-resistivity layer (such as 120e150 mbsf) were
similar. This seems to be more in agreement with the core results.
The calculation results of three saturation models considering the
distribution of different clays revealed that the hydrate reservoir of
well W8 must contain a variety of different clay distribution pat-
terns; the saturation calculation accuracy was affected when the
clay distribution patterns of different intervals were not clear.

The model considering the pore structure achieved accurate
calculation results for low-saturation core (Cai et al., 2019). For a
long time, the pore structure of sediments was simplified so that, in
many cases, the parameters of the formation factors affected by the
pore structure can be directly considered as fixed values or a rela-
tionship with can be established in terms of depth to consider the
impact of compaction. From this result, the generation of low hy-
drate saturation can be judged as probably due to the complexity of
the pore structure, and the generation of high saturation was
related to the improvement in the pore structure of the formation.

Then, the curve results calculated by the 5 models were com-
bined to obtain a more reliable saturation calculation result. The
principle of curve splicing is to compare the calculated saturation
results with the core saturation results in a certain depth section
and select the most accurate saturation model prediction result
curve. The reason for this is that some of the more complex theo-
retical models of conductivity are more suitable for hydrate reser-
voirs than Archie's formula. It can be proven that the conductivity
control factors of reservoirs at different depths are definitely
different. The corresponding results are shown in the last section of
Fig. 8. Compared with the prediction result of the Archie formula,
the prediction effect of the final model was more accurate, and the
trends of the prediction result curve of the Archie formula and the
final model curve were different. This reflects the importance of
saturation evaluation. Currently, the determination of the overall
well saturation distribution mainly relies on logging methods. The
use of different saturation models leads to differences in the in-
terpretations of hydrate reservoirs. Combining the saturation
evaluation results of the above five models, it can be clearly
recognized that when performing reservoir evaluation and
geological evaluation, the evaluation results of saturation logging
without specific evaluation studies cannot be directly used as the
actual saturation of the reservoir. Classification based on reservoir
characteristics and modelling separately can provide reliable
saturation prediction results (Zhou et al., 2019), but this is not
common in hydrate reservoir log prediction.

4.2. Comprehensive reservoir classification of well W8

After obtaining the result curve, considering only the degree of
enrichment of hydrates, according to the resource calculation
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method based on the volumetric method, the calculation formula
of unit resources (ResU) is given:

ResU ¼ 4*ð1� SwÞ (23)

Unit resource refers to the volume ratio of hydrate in a unit
volume of rock. Combining this curve, the calculated dominant
reservoir is shown in Fig. 9. The selected 5 layers of the dominant
reservoir are obviously different from the other layers, and the unit
resources are larger.

The parameter statistics of the corresponding 5 layers are shown
in Table 4.

Combining Fig. 9 and Table 4, three points can be clarified
through analysis. First, via the determination of highly enriched
hydrate layers, it was recommended that a more accurate evalua-
tion of some parameters should be considered in the reservoir
evaluation process to assist in obtaining more accurate final results.
The current evaluation of hydrate reservoirs places too much
emphasis on the evaluation of saturation parameters and neglects
that the formation of the reservoir should be regarded as a system.
A variety of reservoir parameters jointly determine the quality of
the reservoir. In this article, calculation methods and the calcula-
tion significance of clay content are shown. Fig. 9 shows that clay
content was a very effective parameter for identifying high-quality
reservoirs. When the clay content was low, hydrates were more
likely to be enriched. The clay content curve can guide the division
of layers, and the clay content curve can also help improve the
accuracy of saturation evaluation. Similar information that can help
the division of reservoirs may include pore structure and hydrate
distribution characteristics.

Second, it was found that compared with the original log
response characteristics, the reservoir parameter curve more easily
summarizes the changes of the reservoir and can give better results
for reservoir division. Generally, characteristics such as high re-
sistivity and low sonic time difference are used to find hydrate-
enriched layers. Based on the results of this article, it can be sug-
gested that although this method was simple to use, the resulting
curve was not effective for reservoir division. This emphasizes the
importance of studying exclusively logging-based reservoir
parameter models. Finally, for well W8, when the clay content was
less than 0.35, the porosity was greater than 0.53, and the water
saturation was less than 0.66, and the corresponding layer should
be a hydrate-rich layer.
5. Development

The model application and result analysis in this study showed
that the currently used hydrate logging evaluation methods were
still difficult to adapt to the hydrate reservoir evaluation of well W8
in the study area. There may be three aspects that need to be
further developed to improve hydrate logging evaluation:

(1) The relationships among the lithology, physical properties,
hydrate properties, and electrical properties of hydrate res-
ervoirs were not clear enough. In oil and gas reservoirs, the
lithology, physical properties, oil and gas properties, elec-
trical properties and the relationships among them are first
determined during comprehensive logging evaluation. In
hydrate reservoirs, these characteristics are more compli-
cated. For example, regarding lithology, although there have
been some very good studies, the quantitative influence of
clay content or particle size on hydrate enrichment is still not
fully understood. The hydrate reservoirs in China, India, New
Zealand and other countries have fine grain sizes and high
clay contents. If the lithology of the hydrate reservoir is



Fig. 9. Comprehensive reservoir classification results of well W8.

Table 4
Log response of all hydrate-rich layers.

Layer GR PHIN RHOB DT RD Clay POR Sw

I 65.59 0.72 1.58 171.10 12.95 0.29 0.57 0.60
II 66.41 0.73 1.61 175.08 27.66 0.33 0.57 0.65
III 69.70 0.71 1.66 173.88 25.78 0.35 0.54 0.66
IV 73.36 0.66 1.64 190.26 9.95 0.29 0.53 0.62
V 65.87 0.66 1.56 173.67 13.60 0.27 0.56 0.52

L.-Q. Zhu, J. Sun, X.-Q. Zhou et al. Petroleum Science 20 (2023) 879e892
clarified, it will be of great help to identify the variation in
reservoir quality. As another example, the degree of influ-
ence of porosity on the enrichment of hydrates is still un-
known. To form a hydrate reservoir, what is the lower limit of
porosity? In addition, based on the particularity of the hy-
drate distribution, what is the difference in physical response
between porous hydrate reservoirs and seepage hydrate
reservoirs? There have been some related studies, but an
appropriate logging-based reservoir evaluation method has
not yet been established, and further investment is needed to
strengthen this research.

(2) The development of specialized petrophysical models for
hydrate reservoirs needs to be improved. In this work, a large
number of models, including the Archie formula, have been
applied, but the prediction accuracy is not completely satis-
factory, especially regarding the saturation. This is related to
the issue that there is no currently available petrophysical
model suitable for logging data. Of course, basic
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petrophysical research on hydrate rocks has been ongoing for
a long time, and many helpful results have been obtained.
However, due to the difficulty of experiments, the study of
reservoir petrophysics based on core drilling and logging-
based reservoir parameter evaluation is insufficient. This
makes it difficult to establish a targeted quantitative model
of reservoir parameters, or the model is too general to be
used for logging evaluation. Reservoir petrophysics should
still be the key development direction in the future.

(3) Research on hydrate reservoir evaluation based on special-
ized logging data is still insufficient. Electrical imaging log-
ging can image borehole walls based on conductivity signals.
Element logging can provide formation element information
to invert formationmineralogy, and themineral composition
of the formation can be related to permeability. In addition,
NMR logging and array acoustic logging can provide more
detailed formation information. Unfortunately, a specialized
logging interpretation method for hydrate reservoirs has not
yet been obtained. Therefore, we have no way to directly
interpret the pore structure of the formation through NMR
logging, and it is also difficult to use electrical imaging log-
ging to quantitatively characterize the fracture characteris-
tics and hydrate distribution characteristics of leaky
hydrates. Without these parameters, wewould not be able to
combine more formation information to calculate more ac-
curate reservoir parameters and perform more reliable
reservoir classification, such as in oil and gas reservoir log-
ging evaluation. It is believed that follow-up research will
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make the abovementioned problems easier to solve so that
we can better understand hydrate reservoirs at the log scale.
6. Conclusions

In this study, using logging data and core data from well W8 in
the QDN area, the clay content, porosity, and saturation of marine
hydrate reservoirs with deep-sea fine-grained sedimentary char-
acteristics were calculated, and through the calculation results, the
development direction of logging evaluations of hydrate reservoirs
was discussed. The study produced the following conclusions:

(1) The calculation of reservoir parameters such as porosity and
saturation need to consider the influence of clay content, and
the high clay content of fine-grained hydrate reservoirs
causes the log response to be greatly affected. Further
research on this point can improve the effectiveness of log-
ging evaluation.

(2) The clay content calculation method based on the optimi-
zation inversion was the best for QDN well W8, and a sta-
tistical model may not be reliable enough. Without available
core porosity data, the porosity of the reservoir can be
evaluated by referring to the NMR porosity logging curve. It
was suggested that the final porosity curve should be ob-
tained by combining density and neutron porosity.

(3) Although a high resistivity indicated the presence of hydrate
in the reservoir, the hydrate saturation was not directly
proportional to the resistivity due to the complexity of the
reservoir. It is difficult to use only one saturation model to
accurately evaluate a reservoir. The difference in saturations
calculated by different saturation models will be very large
and will even affect the identification of the hydrate-
enriched layer. In future reservoir saturation evaluations,
determining the main controlling factors of reservoir con-
ductivity may be a key consideration.
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Nomenclature

GR natural gamma-ray log response value
GRmin natural gamma-ray log values of pure sandy sediments
GRmax natural gamma-ray log values of pure clay sediments
GRs sand natural gamma-ray log values
GRc clay natural gamma-ray log values
GR4 natural gamma-ray logging response values for fluids in

the pore space
Ic natural gamma-ray log index
890
Vc clay volume fraction
Vs sand volume fraction
rb bulk density
rc clay density
r4 fluid density in the pore space
GRma natural gamma-ray log value of skeleton
rma skeleton density
4 porosity
V volume
4D density porosity
4N neutron porosity
4S sonic porosity
rf fluid density
r density
4Nma neutron porosity of skeleton
4Ns neutron porosity of sand
4Nc neutron porosity of clay
4N4 neutron porosity for fluids in the pore space
Dt acoustic travel time
Dtma acoustic travel time of skeleton
Cp compaction correction coefficient
vma sonic velocity of skeleton
vf sonic velocity fluid
Dtc acoustic travel time of clay
Dts acoustic travel time of sand
Dt4 acoustic travel time for fluids in the pore space
m cementation index
n saturation index
Rt actual rock resistivity
Rw formation water resistivity
Ro water-saturated rock resistivity
Rc clay resistivity
Rsd pure sandstone resistivity
V1 argillaceous volume
V2 pure sandstone volume
Sw water saturation
t tortuosity
Pw average trapezoidal factor of the trapezoidal pores
fs ratio of formation resistivity to formation water

resistivity when the reservoir contains oil and gas
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