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Accurate gas saturation calculations are critical to evaluating the production of marine
shale gas reservoirs. As a high-resolution exploration method, geophysical resistivity well-
logging technology has been widely applied in almost all types of oil/gas reservoirs to
evaluate formation fluid saturation. Although the calculated saturations are accurate for
conventional reservoirs, it is a challenging task to acquire the gas saturation of shale gas
reservoirs due to the presence of complex rock compositions and fluid types. It is
necessary to analyze different influencing factors on electrical properties to establish a
more applicable gas saturation model for marine shales. In this work, we make full use of
geological data, well logging data, and rock experiment data to analyze the influencing
factors of electrical properties in the Wufeng-Longmaxi Formation in the Sichuan Basin,
China. Six conductive factors are studied, including stratigraphic structures, clay minerals,
pyrite, organic matter, pore structures, and formation fluids. Then, a shale conductivity
model is developed, in which high- and low-resistivity layers are connected in parallel.
Based on the conductivity model, a new method for influencing factors of stepwise
stripping conductivity is proposed to calculate shale gas saturation. Finally, by interpreting
the well logging data of two shale gas wells, we compared the saturation calculation results
of different methods to demonstrate the accuracy of the new method. The results show
that thin, low-resistivity layers, clay minerals, pyrite and overmature carbonized organic
matter reduce the resistivity of shale and weaken the contribution of fluids to the measured
shale resistivity. Moreover, the calculation accuracy of this new method is better than that
of Archie’s equation, Simandoux’s equation, and the neutron-density porosity overlay
method. The findings of this paper will help gain insight into the mechanism of resistivity
responses for marine shale reservoirs and improve the accuracy of the estimated gas
saturation.
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INTRODUCTION

Due to the influence of the “peak oil” theory (Brandt et al., 2013),
researchers have gradually focused on unconventional oil and gas
resources for the advancement of technological breakthroughs in
exploration and development (Yasin et al., 2019; Dong et al.,
2020; Du et al., 2021; Golsanami et al., 2021). Among the
unconventional resources, shale gas has become one of the
most promising fossil resources since the advancement of
multistage hydraulic technology and horizontal drilling
processes (Soeder, 2018; Bakhshi et al., 2020; Wang et al.,
2021). Compared with conventional sandstone gas, shale gas
has unique characteristics, such as nanosized storage pore
spaces (Wu et al., 2020a), unusual gas flow mechanisms (Li
et al., 2019) and different existing states (free gas and
adsorbed gas) (Zhu et al., 2021). In addition, a high content of
organic matter exists in marine shales (Zhu et al., 2019). Because
of the high cost of shale gas production, gas saturation must be
accurately calculated in advance to determine whether a shale gas
well is worthy of commercial production.

As a fine exploration method, geophysical resistivity well
logging technology has been widely applied in almost all types
of oil/gas reservoirs to evaluate the fluid saturation of formations
(Golsanami et al., 2020). The most classical saturation model is
Archie’s equation (Archie, 1942), which is expressed as follows:

Sw � (abRwϕ
m

Rt
)1

n

(1)

where Sw represents the water saturation, decimal; Rt is the
logging resistivity, Ω·m; Rw is the formation water resistivity,
Ω·m; ϕ is porosity, decimal; m represents the cementation index;
n represents the saturation index; and a and b are lithologic
coefficients. Although Archie’s equation has been applied in
conventional reservoirs for decades, it only considers the
influence of the conductivity of water in pores. However,
based on X-ray diffraction (XRD) analysis, it is known that
marine shales usually contain quartz, feldspar, carbonate, clay
and pyrite (Zhang et al., 2019). Pyrite and some clay minerals
have an inherently high electrical conductivity, which affects rock
resistivity (Hamada et al., 2001; Savage et al., 2008). It is a
challenging task to acquire the gas saturation of shale gas
reservoirs due to their complex rock compositions and fluid
types. Therefore, a full understanding of the influences of
different factors on shale resistivity is needed. Although there
are many studies using laboratory electrical experiments to study
shale resistivity (Zhong et al., 2021; Han et al., 2015; Senger et al.,
2020), the resistivity index is still hard to determine due to
difficulties associated with the drainage process. Recently,
some scholars have used digital rock simulations to study the
effects of different components on shale resistivity (Wu et al.,
2020b), which provides a new description of the electrical
mechanisms of shale. However, their conclusions are not
entirely consistent. Nie et al. (2016) used the finite element
method to simulate the resistivity of shale gas reservoir rock
and found that the clay mineral content and pyrite content
reduced the shale resistivity substantially, while organic matter

had little influence on resistivity. Zhang et al. (2017a) fitted the
gas saturation and density, neutron, apparent density porosity
and apparent neutron porosity difference of rock samples
respectively, and established the calculation formula of gas
saturation by using non electric logging information. Wu et al.
(2020c) verified the negative relationship between clay minerals
and resistivity, but they believed that organic matter could reduce
shale resistivity. There is still a lack of systematic analysis of the
influencing factors on the electrical properties of marine shale.

Due to the many factors affecting shale resistivity and the
complex conductivity mechanism, the effective resistivity-based
marine shale gas saturation calculation method is seldom used.
Most oil service companies in China use shaly sand models [e.g.,
Simandoux’s equation (Simandoux, 1963)] to calculate the gas
saturation of shale, but the calculated saturation results have large
errors associated with the core analysis values. Kadkhodaie and
Rezaee (2016) proposed a new correlation method for water
saturation calculations in gas shale reservoirs, but they did not
take the effects of thin, low-resistivity layers and pyrite into
consideration in the saturation model. Nonelectric logging
data can also be used to calculate gas saturation. Zhao et al.
(2020) constructed digital cores with different fracture widths and
found that when the fracture width is narrow, the fracture has no
significant effect on the resistance increase coefficient. When the
fracture width is wide, there is a nonlinear relationship between
resistance increase coefficient and water saturation in double
logarithmic coordinates. Sun et al. (2018) studied the abnormal
low resistance of the reservoir in the exploration and
development of shale gas in the Yangtze region, and obtained
six main factors causing the low resistance of shale reservoir: high
clay content, over mature organic matter, high pyrite content,
high water salinity, poor reservoir physical properties and
excellent geological conditions. According to the relationships
among the total water saturation, VP-to-VS ratio and total
porosity, Liu et al. (2018) developed a method for calculating
the water saturation of shale gas reservoirs. Zhang et al. (2017b)
proposed the neutron-density porosity overlay method to
calculate gas saturation, which worked well in their studied
marine shale gas wells. However, to make full use of resistivity
logging data, the conductive influencing factors need to be
considered comprehensively before proposing a gas
saturation model.

In this study, we took theWufeng-Longmaxi Formation in the
Sichuan Basin [the most promising shale gas plays in China
(Chen et al., 2020)] as a typical example to analyze the influencing
factors of electrical properties and develop a new resistivity-based
gas saturation model. The resistivity logging results show that
high-resistivity layers (> 100Ωm), medium-resistivity layers
(5–100Ωm) and low-resistivity layers (< 5Ωm) coexist in
marine shale gas wells. We first utilized geological data, well
logging data, and rock experiment data to analyze six influencing
factors (stratigraphic structure, clay, pyrite, organic matter, pore
structure, and formation fluid) of electrical properties in the
Wufeng-Longmaxi Formation. Then, according to the
formation types and conductive components, we proposed a
new shale conductivity model. A procedure employing the
stepwise stripping of conductivity influencing factors was also
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proposed to calculate the shale gas saturation. Finally, we applied
different saturation models to two shale gas wells and verified the
accuracy of the new method.

ANALYSIS OF INFLUENCING FACTORS ON
ELECTRICAL PROPERTIES FOR MARINE
SHALE
Stratigraphic Structure
During the bottom deposition period of the Wufeng-Longmaxi
Formation in the Sichuan Basin, several large-scale volcanic
eruptions occurred, and tuff materials from the volcanic
eruptions were deposited, formed and altered in a marine
alkaline environment to form potassium bentonite (Chen
et al., 2019). The coring report shows that there are more than
20 thin layers of potassium bentonite in the bottom strata of the
Wufeng-Longmaxi Formation, with a single layer thickness of
1–2 cm, even reaching up to 30 cm in some locations. Figure 1A
shows a thin layer in a full diameter core sample. Bentonite is a
claystone whose main composition consists of smectite, illite and
illite-smectite mixed layers (Wang et al., 2019). According to the
literature, these clay minerals have high cation exchange capacity
(CEC) values, which decrease the resistivity of the rock (Yan et al.,
2018). Therefore, the potassium bentonite layers are thin, low-
resistivity layers, which appear as dark bands on the image
collected from the formation micro imager (FMI) logging tool,
as shown in Figure 1B.

The vertical resolution of the deep lateral resistivity (RLLD)
logging tool is approximately 0.9 m, and the shale resistivity has
high anisotropy in the range of vertical resolution affected by thin,
low-resistivity layers. Controlled by a shield electrode and loop
electrode, deep lateral logging currents flow horizontally into the
layer, and the measured resistivity is more notably influenced by
the horizontal resistivity. However, the horizontal resistivity is

obviously smaller than the vertical resistivity (Klein and Martin,
1997). Therefore, the measured resistivity is too low, which leads
to the underestimation of the actual gas saturation of marine
shale reservoirs based on traditional fluid saturation calculation
models. When the thin, low-resistivity layer is not developed and
the FMI image shows bright blocky characteristics, the resistivity
of shale is high due to the discontinuous conductive pathway.

In addition to the macroscopic characteristics of thin, low-
resistivity layers, there are different types of microlaminations.
By combining the thin section analysis and quantitative
evaluation of minerals with SCANning electron microscopy
(QEMSCAN) techniques, organic-rich lamination
(Figure 2A), silt lamination (Figures 2B,F), clay lamination
(Figures 2E, 3C) and pyrite lamination (Figure 2D) are
observed. The lamination shows patchy, vein-like, lenticular
or linear distribution shapes, with thicknesses of
approximately 0.1–1 mm. The continuous microscopic
distribution of clay lamination, pyrite lamination and
organic lamination can provide a continuous conductive
pathway for electric current, which reduces the resistivity
of shale.

Moreover, the marine organic-rich shale in the studied
formation has unique depositional patterns, similar to those
of stable ocean basins with low subsidence rates and low
sedimentation rates (Zou et al., 2015). At the shale
deposition stage, when periodic changes in energy,
temperature and salinity exist, parallel shale beddings are
readily developed. Shale bedding forms mechanically weak
surfaces that usually alter under induced fracturing when
encountering tectonic stress concentrations or excessive
formation pressures. In addition, high silica contents, high
organic matter contents and high hydrocarbon generation
pressures can also cause shale bedding fractures. During the
drilling process, these fractures are filled with highly saline
mud filtrate, which decreases shale resistivity.

FIGURE 1 | Core characteristics and FMI image of the thin, low-resistivity layer: (A) core sample; (B) FMI image.
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Clay Minerals
In our study, clay minerals refer to fine-grained (less than 2 μm in
diameter) aqueous aluminosilicate minerals with a layered
crystalline structure. The X-ray diffraction (XRD) results show
that the total clay mineral content of shale samples taken from the
Wufeng-Longmaxi Formation is between 16 and 63%, and the
clay minerals are mainly composed of illite-smectite mixed layers,
illite and chlorite. Clay minerals have obvious influences on the
resistivity of shale for two reasons. First, some clay minerals have
high cation exchange effects, which increase the electrical
conductivity. Smectite has the strongest cation exchange
capacity, with CEC values ranging from 0.4 to 1.5 meq/g. The
average CEC value of illite is 0.25 meq/g, and the low CEC value
of chlorite is close to 0.05 meq/g (Silva et al., 2018). When the
content of mixed layer is high, the additional conductivity of
montmorillonite andmixed layer is themost obvious, which leads
to the significant reduction of reservoir resistivity (Xie et al.,
2019). In addition, the negative charges present on clay surfaces
can adsorb polar water molecules and form conductive water

bounds. Smectite and illite adsorb a large number of water
molecules due to their large specific surface area, which
decreases the resistivity of rock.

Figure 3A shows the well logging data (gamma spectra,
lithology curves, porosity curves and resistivity curves) of
conventional logging tools and elemental capture spectroscopy
(ECS) logging data of the Longmaxi (abbreviated as Long)
Formation in marine gas well J1. The uranium curve (U)
illustrates that both the total organic matter contents and the
associated pyrite contents are low, which cannot have caused the
resistivity difference between Long A New Shale Conductivity
Model and Long Gas Saturation Calculation Procedure. However,
the average shale resistivity of Long Gas Saturation Calculation
Procedure is 35Ωm, which is much smaller than that of the Long
A New Shale Conductivity Model (50–1,000Ωm). According to
the interpreted clay content curve from the ECS data, the clay
content of Long A New Shale Conductivity Model is higher than
that of Long Gas Saturation Calculation Procedure, resulting in
the resistivity difference observed between the two sections.

FIGURE 2 |Microlamination characteristics of shale: (A–C) thin sections of organic-rich lamination, silt lamination and clay lamination; (D–F) QEMSCAN images of
pyrite lamination, clay lamination and silt lamination.
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Figure 3B shows the relationship between the measured
resistivity (RLLD) and clay content. There is a strong negative
correlation between the resistivity and the clay content, which is
expressed as Eq. 2, indicating that clay is one of the main factors
affecting resistivity.

Rt � 1354.6 × e−0.052Vsh (2)
where Rt is the deep lateral resistivity, Ω·m; and Vsh is the clay
content, %.

Pyrite
Pyrite is a metal sulfide (FeS2) with a high density (4.9–5.2 g/cm

3)
and a low resistivity (10−5~1Ωm) (Kennedy, 2004). Unlike the
ionic conductivity of formation water, the charge carrier of pyrite
is electrons. The regular arrangement of iron and sulfur atoms in

the crystal structure explains the very high conductivity of pyrite.
Clavier et al. (1976) found that when the pyrite content of a rock
sample was greater than 7.0%, the conductivity of dry rock was
also high. Especially when pyrite was distributed in strips to form
a continuous conductive pathway, the resistivity decreased in a
spike shape. Clavier et al. according to the experimental study on
the influence ability of dispersed pyrite under the condition of
resistivity measurement at different frequencies, it is found that
the content of pyrite increases and the correction coefficient of
electric logging increases (Sun et al., 2018). Marine shale in the
Wufeng-Longmaxi Formation was deposited in deep water, and a
stable and anoxic depositional environment assisted in the
formation and preservation of pyrite. At the large-scale level,
there are two main types of pyrites, including striped pyrite
(Figure 4A) and patchy pyrite (Figure 4B). These pyrite

FIGURE 3 | (A) Well logging data of the Longmaxi Formation in well J1; (B) the relationship between resistivity and clay content.

FIGURE 4 | Different types of pyrites: (A) striped pyrite; (B) patchy pyrite; and (C) strawberry-shaped pyrite.
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aggregates can be identified in the FMI image. With scanning
electron microscopy (SEM) analysis, we can see that pyrite
usually forms in a strawberry shape on the microscale
(Figure 4C).

Figure 5 shows the relationship between the laboratory-
measured pyrite content and the resistivity of the shale
samples collected from several marine shale gas wells. It is
concluded that when the pyrite content is less than 6.0%,
there is no obvious correlation between the shale resistivity
and pyrite content. However, when the pyrite content is
greater than 6.0%, the shale resistivity decreases significantly.

Organic Matter
As an important source rock, gas-bearing shale contains
organic matter. During the early formation stage, the
resistivity of immature shale is low (Hinds and Berg, 1990).
With increasing thermal maturity, the amount of
hydrocarbons generated from organic matter increases, and
the low-resistivity water in the pore space is replaced by
nonconductive oil and gas. Theoretically, the shale
resistivity should be high in the highly mature or
overmature stage. However, although the average vitrinite
reflectance (Ro) of the studied shale is greater than 2.0%,
the shale resistivity is not high. The main factor preventing
the shale resistivity from rising is the carbonization of organic
matter. With increasing thermal maturity, the H/C ratio
decreases, and the aromaticity of organic matter increases
(Mao et al., 2010). The structure of carbon-rich and
aromatized organic matter is similar to that of graphite
(resistivity ranges from 8 × 10−6 Ωm to 13 × 10−6 Ωm),
which is a semiconductor or conductor. Wang et al. (2018)
studied organic matter carbonization in Longmaxi Formation
shale and found that the lower limit of Ro for carbonization
was 3.5%. Shale with an Ro less than 3.4% does not show
organic matter carbonization, while shale with an Ro between
3.4 and 3.5%may show weak organic matter carbonization. Xie

et al. (2017) through the comparative analysis of coring data
and logging curves of many wells pointed out that there is a
good negative correlation between TOC content and density.
With the decrease of density, TOC increases and maturity
becomes higher. After the hydrocarbon with low hydrogen
content turns into graphite, the conductivity increases, the
resistivity decreases and the gas content becomes worse.
Therefore, overmature carbonized organic matter reduces
the resistivity of shale.

To analyze the effect of total organic carbon (TOC) on shale
resistivity, we measured the TOC contents of shale samples
from Long Analysis of Influencing Factors on Electrical
Properties for Marine Shale in well J1 and established the
relationship between resistivity and the TOC content
(Figure 6A). The resistivities and TOC contents in well
logging curves of well J1 are shown in Figure 6B. As shown
in Figure 6A, the correlation between TOC content and
resistivity is poor and the influence of organic matter
content on shale resistivity is not obvious. Therefore, TOC
content is not added to the model.

Pore Structures
In a previous study, we utilized SEM images to describe
different types of pores in marine shale gas samples,
including dissolved inorganic pores, pores between
strawberry pyrite crystals, organic pores and microfractures
(Zeng et al., 2020), but the effect of pore structure on shale
resistivity was unclear. The porosity of shale in the Wufeng-
Longmaxi Formation is generally less than 8.0%, and the
permeability is less than 0.1 mD. To analyze the effect of
porosity on shale resistivity, the relationship between the
porosity and resistivity (RLLD) of the shale from well J1 is
analyzed, as shown in Figure 7A. There is no correlation
between the shale porosity and the measured resistivity and
dry sample porosity can not effectively characterize the
change of resistivity. The shale resistivity is measured by
well logging tools, and nonconductive gas fills the pore
space of shale. Therefore, there are many other factors
controlling resistivity. To solve this problem, we performed
resistivity experiments on 27 fully water saturated shales and
then investigated the relationship between resistivity and
porosity (Figure 7B). There is a weak negative correlation
between the porosity and shale resistivity under the water-
saturated state. The correlation is better when the porosity is
greater than 3.0%, which indicates that water saturated
porosity is also an influencing factor of electrical properties.

Pore structure refers to the geometry and size of pores and
throats in rocks and their configuration relationships, which
has been demonstrated to be an important factor affecting
resistivity (Wang et al., 2018). However, research on the
relationship between the pore structure and resistivity of
marine shale is still limited. As an advanced nondestructive
technology, nuclear magnetic resonance (NMR) has been
widely used in studying pore structures of both
conventional (Golsanami et al., 2019; Li et al., 2017) and
unconventional rocks (Yan et al., 2017; Yan et al., 2019;
Dong et al., 2020). In this work, we applied NMR and

FIGURE 5 | The relationship between shale resistivity and pyrite content.
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resistivity measurements to water-saturated shale samples to
study the influence of pore structure on electrical properties.
The T2 spectra of shale samples with similar porosities are
compared, as shown in Figure 8. The porosities of shale
samples J7-1 and J7-2 are 2.34 and 2.46%, respectively, and
their resistivities are 24.46 Ωm and 20.48 Ωm, respectively.
Through the comparisons of T2 spectra (Figure 8A), we can
see that shale J7-2 has a high first peak amplitude (short
transverse relaxation time). Shale samples J5-3 and D3-5
have the same porosity of 3.16%, and their resistivities are
53.65 Ωm and 49.8 Ωm, respectively. Figure 8B shows that
the T2 of the highest peak of shale D3-5 is longer than that of
shale J5-3. For shale samples, Gao et al. (2018) verified that a

long T2 represents large pores, and a short T2 represents small
pores. Therefore, it is concluded that the larger the proportion
of large pores is, the lower the resistivity of the shale.

Formation Fluids
Formation Water
Highly saline formation water is considered to be one of the most
important factors forming low-resistivity oil and gas layers (Pan
et al., 2001). The marine shale in the study area was deposited in a
marine environment with a seawater salinity of 35,000 mg/L.
After deposition, compaction and hydrocarbon generation, the
partial free formation water in shale is expelled or consumed,
which increases the salinity of the remaining formation water. In

FIGURE 6 | (A) Relationship between TOC content and resistivity; (B) well logging data in well J1.

FIGURE 7 | Relationship between porosity and resistivity: (A) porosity and logging resistivity (RLLD); (B) porosity and resistivity of shale in a water-saturated state.

Frontiers in Earth Science | www.frontiersin.org March 2022 | Volume 10 | Article 8243527

Sun et al. Influence of Shales Gas Saturation

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


the absence of original formation water data, the water analysis
data of the adjacent Ordovician Baota Formation (O2b) are used
as a reference for shale formation water. The formation water
type of O2b is CaCl2 with an average equivalent NaCl salinity of
72,925 mg/L. According to the calculation of formation depth
and temperature, the equivalent resistivity of formation water is
0.034–0.041Ωm.

To analyze the effect of formation water salinity on shale
resistivity, we first dried 26 shale samples by using a high-
temperature oven instrument and then saturated them with
70,000 mg/L NaCl solution. Resistivity experiments were
performed on shales with different fluid saturation states.
Figure 9 shows that the resistivity of water-saturated shale is
1–2 orders of magnitude lower than that of dry shale, which also

FIGURE 8 | Comparisons of T2 spectra of different shale samples: (A) J7-1 and J7-2; (B) J5-3 and D3-5.

FIGURE 9 | Resistivities of 26 shale samples in an oven-dried and water-saturated states.
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illustrates that high salinity formation water has an obvious effect
on shale resistivity.

Total Natural Gas
Although shale resistivity is subject to the combined effects of multiple
factors, natural gas still has a significant influence on shale resistivity.
Based on the gas desorption volumes and resistivities of shales from10
gas production wells, we made a cross-plot of gas content and logging
resistivity, as shown in Figure 10.

The above figure can be divided into three parts: low-resistivity
and low-production, medium-resistivity and high-production,
and high-resistivity and low-production.

1) Low-resistivity and low-production. When the shale
resistivity is between 0.1 and 7Ωm, the shale reservoir

does not produce gas, or it produces a small amount of
gas. The reason is that when the shale resistivity is low,
regardless of whether it is caused by high water saturation
or overmature carbonized organic matter, the shale contains
little organic matter, which lacks sufficient conditions for gas
production.

2) Medium-resistivity and high-production. When the shale
resistivity is in the medium range (7–200Ωm), the shale
reservoir produces a large quantity of gas. Shale contains a
high proportion of large size pores. Shale has sufficient and
necessary conditions for encouraging gas production, which is
referred to as the “resistivity window.”

3) High-resistivity and low-production. If shale develops with
poor pore structures, the shale resistivity is over 200Ωm,
which lacks sufficient conditions for gas production.

Adsorbed Gas
In addition to free gas, there is adsorbed gas (accounting for more
than 30% of the total porosity) in shale. Unlike free gas, which
generally occupies the center of pores, adsorbed gas is adsorbed
on the surface of shale pores and changes the fluid distribution
(Memon et al., 2021). To analyze the effect of adsorbed gas on
shale resistivity, a self-developed combined isothermal
adsorption and resistivity measurement device (Figure 11A)
was used to measure changes in shale resistivity by placing
resistivity probes at both ends of the plunger sample while
conducting isothermal adsorption experiments. We also
compared the effects of methane and helium on shale
resistivity. The experimental results show (Figure 11B) that
the shale resistivity decreases with increasing pore gas pressure
under a constant water saturation content. The shale resistivity
decreases rapidly under low pressure and stabilizes under high
pressure.

It is also concluded that shale resistivity with methane is
greater than shale resistivity with helium under the same pore
gas pressure. We use a schematic diagram of the pore fluid
distribution in shale to explain it, as shown in Figure 12. The
yellow, blue and red circles represent solid matrix molecules,

FIGURE 10 | A cross-plot of shale gas content and logging resistivity,
Blue dots are data points, within the red circle is medium-resistivity and high-
production.

FIGURE 11 | (A) A self-developed combined isothermal adsorption and resistivity measurement device; (B) the relationships between pore gas pressures and
shale resistivities.
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helium molecules and methane molecules, respectively. Under a
low electric field strength, gas is nonconductive, and only
extremely weak currents pass through methane and helium.
Therefore, the electrical properties of the shale depend mainly
on the solid matrix and pore water distribution. When helium is
injected, with increasing gas pressures, the effective stress on the
shale decreases, and some microfractures and pore throats exist
(Figure 12B). Adjacent pore water molecules enter the pore
space, which decreases the shale resistivity. In addition, the
free gas molecules squeeze the solid matrix particles, making
the particles more tightly bound, which also enhances the
electrical conductivity of shale. Compared with helium,

methane has a stronger adsorption capacity. Partial methane
molecules are adsorbed on organic matter and clay surfaces, and
some conductive water molecules are replaced by nonconductive
methane molecules. The continuity of the shale electric current is
affected, which increases the shale resistivity.

A NEW SHALE CONDUCTIVITY MODEL

The conductivity model is a comprehensive reflection of the
conductive factors and conductive patterns. Before carrying
out gas saturation evaluations, the shale conductivity model

FIGURE 12 | A schematic diagram of pore fluid distribution in shale: (A) before gas injection; (B) after gas injection; (C) helium injection; (D) methane injection.

FIGURE 13 | (A) High-resistivity and low-resistivity layers in the FMI image; (B) Mineral image.
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should be constructed. Based on the analysis of influencing
factors on electrical properties, it is concluded that both high-
resistivity and low-resistivity layers exist within the resistivity
logging detection range (Figure 13A). In addition, pore water is
continuously distributed, and pyrite, clay and organic matter are
both continuously distributed in a dispersed manner
(Figure 13B).

The presence of thin, low-resistivity layers, overmature
carbonized organic matter, clay minerals and pyrite crystals
reduce the shale resistivity, which decreases the contribution
of pore fluids to the resistivity but the correlation between
TOC and resistivity is poor. The direct application of
resistivity curves to calculate the gas saturation of shales may
lead to large errors. Therefore, a suitable shale conductivity model
needs to be developed to calculate the gas saturation. According
to the formation types and conductive components, the shale
conductivity model is constructed, as shown in Figure 14.

There are two types of shale layers, namely, a low-resistivity
layer and a high-resistivity layer. Although organic matter, pyrite

and clay may exist in a low-resistivity layer, the electric current is
usually continuous. Therefore, we regard the low-resistivity layer
as a large conductive component rather than a separation
component. However, electric currents in a high-resistivity
layer are not continuous, and we believe that organic matter,
pyrite, clay and pore water have special influences on shale
resistivity. The final shale resistivity is expressed as:

1
Rt

� 1 − fL

RH
+ fL

RL
(3)

RL � Ri (4)
1
RH

� α
Vp1

cl Sw
Rcl

+ β
Vp2

py

Rpy
+ γ

Vp3
k

Rk
+ ϕmSnw
abRw

(5)

where RL is the resistivity of the low-resistivity layer, Ω·m; RH is
the resistivity of the high-resistivity layer, Ω·m; fL represents the
proportion of the low-resistivity layer in the resistivity logging
detection range; Ri is the resistivity of the conductive component
in the low-resistivity layer,Ω·m; Rcl is the clay resistivity,Ω·m; Rpy
is the pyrite resistivity,Ω·m; Rk is the resistivity of organic matter,
Ω·m; Vcl represents the clay volume content, decimal; Vpy

represents the volume content of pyrite, decimal; Vk represents
the volume content of organic matter, decimal; and α, β and γ are
the mixing coefficients of clay, pyrite and organic matter,
respectively. The mixing coefficient is generally less than one,
which is related to the content and distribution of components.
p1, p2, and p3 represent the influence coefficients of clay, pyrite
and organic matter, respectively, which are generally between one
and two.

GAS SATURATION CALCULATION
PROCEDURE

Well logging resistivity is affected by many factors, but only clay
conductivity and pore water conductivity are related to gas
saturation. To accurately calculate the gas saturation of shale,
it is necessary to remove the influence of organic matter, thin,
low-resistivity layers and pyrite crystals on the resistivity. In this
study, a new procedure with stepwise stripping of conductivity
influencing factors is proposed for calculating gas saturation.

The Process of Organic Matter
When the organic matter is overmaturely carbonized and
conductive, the well logging resistivity of organic-rich shale
shows an ultralow resistivity characteristic (Wang and Zhang,
2018), which is usually less than 2Ωm. The hydrocarbon-
generating ability of organic matter decays after carbonization,
and the formation pressure coefficient is low under the condition
of no gas source supply. Then, organic pores and intergranular
pores are greatly reduced or even disappear. The pore radius and
pore volume decrease, and the porosity is only 1/3–1/2 of the
normal level (Wang et al., 2013). In addition, the desorption gas
content is less than 1.0 m³/t. Therefore, we believe that shale
reservoirs with carbonized organic matter have extremely limited
gas production and storage capacities, and it is useless to evaluate
gas saturation. If the organic matter is not carbonized, the organic

FIGURE 14 | Shale conductivity model.

FIGURE 15 | Flow chart of the new procedure with stepwise stripping of
conductivity influencing factors.
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matter has little influence on the logging resistivity, and it is
unnecessary to strip the influence of organic matter on shale
resistivity for calculating the gas saturation.

The Process of Thin, Low-Resistivity Layer
When a thin, low-resistance layer exists, the deep lateral
resistivity shale is low. To improve the accuracy of logging
interpretation, two methods are used to strip the influence of
the thin, low-resistivity layer.

The first method is to use high-resolution resistivity logging data.
Shale gas wells in the study area have produced FMI data, and the
longitudinal resolution of the FMI logging tool reaches as high as
2.54mm. The FMI image can clearly reflect the stratigraphic
structures present around the well. A high-resolution resistivity
curve, namely, the scaled synthetic resistivity curve (SRES), can
be obtained by combining the shallow lateral resistivity with a high-
resolution FMI image (Bastia and RadhaKrishna, 2012). The SRES
curve not only has a high resolution (2.54 mm) but also reflects the
true resistivity of the formation. Therefore, we can use SRES instead
of RLLD data to calculate the water saturation, which reduces the
influence of the low-resistivity layer on shale resistivity.

The second method is used to calculate the resistivity of the
high-resistivity layer based on the horizontal resistivity model of
the thin interlayer and then remove the influence of the thin, low-

resistivity layer on the shale resistivity. We first counted the SRES
resistivity distribution of the Wufeng-Longmaxi Formation and
used a certain cutoff value Rcut as the resistivity limit of the high-
and low-resistivity layers. Then, we used the longitudinal
resolution of RLLD as the window length (0.9 m), and the
number of data points countH for SRES curve values greater
than Rcut and countL for data points less than Rcut within the
window length were counted. The proportion of the low-
resistivity layer in the window length (fL) and the resistivity of
the high-resistivity layer can be expressed as:

fL � countL
countL + countH

(6)

RH � (1 − fL)RtRL

RL − fLRt
(7)

The Process of Pyrite
When the pyrite content reaches a certain percentage, the log
resistivity decreases sharply. The relationship between the pyrite
content and the resistivity in Figure 5 shows that when the pyrite
content is less than 6%, the effect of pyrite on shale resistivity is not
obvious. Otherwise, the shale resistivity decreases significantly. It is
worth mentioning that the pyrite content rarely exceeds 10%.

FIGURE 16 | Well logging interpretations of marine shale gas well J9, Sw4 is new model, Sw1-Sw3 are old models.
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Because of the irregular distribution of pyrite, its effect on the shale
resistivity is not simply acting in series or parallel. Pyrite has a mixed
effect on shale resistivity and should be stripped. Based on the shale
conductivity model, the resistivity without the influence of pyrite
(RF) is expressed by the following:

1
RF

� 1
RH

− δ
Vβ

py

Rpy
(8)

δ � { 0 , vpy < 5%
p × vpy + q , vpy > 5% (9)

where δ is the pyrite mixing effect coefficient and p and q are
parameters of the linear equation. Through digital rock
simulations, we found that when the pyrite content is less
than 5%, δ is near 0. When the pyrite content is greater than
5%, δ has a linear relationship with the pyrite content.

The Process of Formation Water and Clay
Clay minerals have various distribution forms in shale, such as
striated and dispersed, and it is difficult to describe the
influence of clay minerals on shale resistivity in a simple
way. In muddy sandstone, Simandoux (1963) proposed a
fluid saturation model without considering the specific clay

distribution form; however, it worked well. In this paper, we
used Simandoux’s equation by considering that the influences
of pore water and clay on shale resistivity were both controlled
by the water saturation, which can be expressed as:

1
RF

� ϕmS2w
abRw

+ Vcl

Rcl
Sw (10)

Sw �
−Vcl

Rcl
+

�������������(Vcl
Rcl
)2

+ 4 ϕm

abRwRF

√
2 × ϕm

abRw

(11)

Sg � 1 − Sw (12)
where Sg represents for gas saturation, decimal.

Summary of the Whole Procedure
The flow chart of the new procedure with stepwise stripping of
conductivity influencing factors is shown in Figure 15. The first
step is to determine whether the organic matter is overmaturely
carbonized. If it is carbonized, then the shale is considered to have
a poor gas potential, and it is unnecessary to carry out gas
saturation calculations. Otherwise, there is no need to strip the
effect of organic matter because of its small effect on shale
resistivity. The next step is to combine high-resolution

FIGURE 17 | Well logging interpretations of marine shale gas well D4, Sw4 is new model, Sw1-Sw3 are old models.
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resistivity logging data and a horizontal resistivity model to strip
the influence of thin, low-resistivity layers. Then, the pyrite
content was calculated, and the effect of pyrite was stripped.
Finally, the effects of water and clay on shale resistivity are
considered to calculate the shale gas saturation. It should be
noted that the gas saturation calculated based on the above
processes is free gas saturation. To evaluate the total gas
saturation of shale, adsorbed gas saturation needs to be
calculated (Zeng et al., 2014).

EXAMPLE OF GAS SATURATION
EVALUATION OF MARINE SHALE GAS
WELLS
This paper utilized the new procedure with stepwise stripping
of conductivity influencing factors to calculate the shale gas
saturation of marine shale gas wells. The gas saturation results
calculated by the neutron-density porosity overlay method,
Archie’s equation and Simandoux’s equation were also
compared. Figures 16, 17 show the calculated water
saturations in the Wufeng-Longmaxi Formation for wells J9
and D4, respectively. In these well logging interpretation
figures, the first channel shows the depth; the second
channel shows the stratum; the third channel shows the
FMI static image; the fourth channel shows the original and
corrected resistivities; the fifth channel shows the TOC
content; the sixth channel shows the pyrite content; the
seventh channel shows the clay content; the eighth channel
shows the porosity; the ninth channel shows the water
saturation calculated by the neutron-density porosity
overlay method (SW1); the 10th channel shows the water
saturation calculated by Archie’s equation (SW2); the 11th
channel shows the water saturation calculated by Simandoux’s
equation (SW3); the 12th channel shows the water saturation
calculated by our new method (SW4); the 13th channel shows
the calculated gas content, including the free gas content, the
total gas content and the desorption gas contents of the shale
samples. The TOC content, clay content and porosity
calculated by conventional logging curves agree well with
the core analysis results, which provides reliable parameters
for calculating marine shale gas saturation.

Most of the TOC contents in well J9 are greater than 1.5%, and
the vitrinite reflectance of each shale sample is smaller than 3.0%.
In addition, the logging resistivity is approximately 20Ωm.
Therefore, organic matter is not carbonized, which does not
necessarily strip the effect of organic matter on resistivity.
From the FMI static image, we can see that the Wufeng-
Longmaxi Formation develops many thin, low-resistivity
layers, and their influences on resistivity should be removed.
ECS logging data show that the vast majority of the pyrite content
is less than 5.0%, and there is no spike-like low-resistivity
characteristic where the pyrite content is high, which indicates
that pyrite has little effect on resistivity for well J9. Therefore, the
main conductivity influencing factors are the thin, low-resistivity
layer, clay and pore water. After stripping the influence of the
thin, low-resistivity layer, the resistivity increases.

By comparing the results of rock analysis, it can be seen that
the accuracies of the four water saturation calculation methods
are different. The water saturation results calculated by both the
neutron-density porosity overlay method and Archie’s equation
are higher than the actual water saturations, which means that
these two methods are not applicable in this well. The water
saturations calculated by Simandoux’s equation agree well with
the core analysis results in some layers. However, the water
saturations are inconsistent with the actual saturations in this,
low-resistivity layers. Among the calculated water saturation
results, our new method provides the most accurate results. In
addition, the total gas content calculated from the well logging
data is in good agreement with the core desorption gas content,
which also illustrates the accuracy of our method.

The vitrinite reflectance of shale in well D4 is between 2.1 and
2.8%, and the logging resistivity is approximately 40Ωm, which
indicates that there is no need to strip the effect of organic matter
on resistivity. Thin, low-resistivity layers are determined by
analyzing the FMI static image. Comparing the original
logging resistivity with the ECS pyrite content, we can see that
pyrite has an effect on shale resistivity, which should be stripped
when calculating the gas saturation. Therefore, the main
conductive influencing factors of this well are the presence of
thin, low-resistivity layers, pyrite crystals, clay particles and pore
water volumes. The corrected resistivity is higher than the
original resistivity. The water saturations calculated by
Archie’s equation and Simandoux’s equation are greater than
core saturations. Our new method and the neutron-density
porosity overlay method have good application results in this
well. The calculated total gas content agrees well with the core
desorption gas content, which also proves the accuracy of our
method. At the same time, in the process of calculation, different
influencing factors are quantitatively calculated, and different
influencing factors are reasonably selected according to the
model, so that the model has higher accuracy.

CONCLUSION

This research utilized geological data, well logging data, and
rock experiment data to analyze the influencing factors of
electrical properties in the Wufeng-Longmaxi Formation in
the Sichuan Basin, China. The effects of stratigraphic
structure, clay, pyrite, organic matter, pore structure, and
formation fluid on shale resistivity were investigated. In
addition, we proposed a new procedure which utilizes the
stepwise stripping of conductivity influencing factors to
calculate the shale gas saturation (At present, the
application scope is only applicable to the shale in the study
area, and the shale in other areas has not been verified. At the
same time, in order to use this model, there must be electrical
imaging logging data). Based on the results, the following
conclusions can be drawn:

1) The resistivity of marine shale is affected by multiple factors.
Thin, low-resistivity layers, high clay contents, pyrite crystals,
overmature carbonized organic matter, larger proportions of
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large pores and highly saline water volumes can reduce shale
resistivity. Moreover, we summarized some upper and lower
limit values. When the pyrite content is less than 6.0%, there is
no obvious correlation between the shale resistivity and the
pyrite content, and the shale resistivity decreases significantly
after the pyrite content is greater than 6.0%. When Ro is
greater than 3.5% and the shale resistivity is extremely low
(less than 2Ωm), the organic matter is over carbonized.

2) We made a cross-plot of gas content and logging resistivity,
which could be divided into a low-resistivity (0.1–7Ωm) and
low-production part, a medium-resistivity (7–200Ωm) and
high-production part, and a high-resistivity (> 200Ωm) and
low-production part. By using a self-developed combined
isothermal adsorption and resistivity measurement device,
we found that the shale resistivity decreased with
increasing pore gas pressures under a constant water
saturation content. In addition, shale resistivity with
methane was greater than shale resistivity with helium
under the same pore gas pressure.

3) We developed a new shale conductivity application model for
both low-resistivity layers and high-resistivity layers. Based on
this model, a new procedure utilizing the stepwise stripping of
conductivity influencing factors was proposed for calculating
gas saturation. It is necessary to remove the influences of
organic matter, thin, low-resistivity layers and pyrite on well
logging resistivities to acquire the corrected resistivity, which
only reflects clay and pore water.

4) By analyzing the well logging interpretations of two wells,
the accuracies of different water saturation methods were
compared. Archie’s equation is not applicable to marine
shale reservoirs because it does not take some conductive
influencing factors into the equation. Simandoux’s
equation is suitable for shale only when there is no
thin, low-resistivity layer. The application capability of
the neutron-density porosity overlay method is unclear

because it provides good calculation results for well D4,
but the results of well J9 are poor. We will investigate the
neutron-density porosity overlay method deeper in future
studies. Among these methods, our new method shows the
best water saturation calculation capability, and the
calculated gas contents agree well with the core
desorption gas contents.
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