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Abstract: As a new and unconventional reservoir, Quaternary mudstone biogas reservoirs in the
Qaidam Basin are widely distributed and thick. They have great potential for biogas exploration.
However, the mudstone biogas reservoirs in this area characterized by weak cementation, high clay
content, and easy hydrolysis. Using existing methods, it is difficult to obtain the rock electrical param-
eters and evaluate the saturation. This greatly affects the evaluation of oil and gas reserves. This study
selected core samples from the Quaternary mudstone biogas reservoir in Qaidam Basin, prepared
the samples through core conformation pretreatment, and conducted rock electrical experiments
using the self-absorption water augmentation method to obtain the rock electrical parameters of
the mudstone biogas reservoirs for the first time. Then, the factors influencing the rock electrical
parameters of the mudstone biogas reservoir were analyzed. The results showed that: (1) the porosity
of the mudstone core samples was generally greater than 20%, and the permeability was in the
range of 0.05–5 mD. The rock mineral composition was dominated by clay minerals, followed by
carbonate minerals, quartz, and feldspar. The clay mineral composition was mainly illite, followed
by montmorillonite and chlorite, with a small amount of kaolinite. (2) The use of wire-electrode
cutting and high-temperature, heat-shrinkable tube to wrap the core sample played a supporting
and protecting role in the core. Using the self-absorption water augmentation method, information
was obtained showing that the distribution of cementation index m of the reservoir core samples
ranged between 1.89–2.08, with an average value of 1.99, and the distribution of saturation index n
ranged between 1.872–2.270, with an average value of 2.09. (3) Organic matter content had no obvious
effect on rock electrical parameters. With the decrease of clay mineral content, the quartz content
increased, the permeability increased, and the cementation index increased gradually. The saturation
index increased with the increase in clay mineral content and the decrease of quartz content and
permeability. The above results laid a petrophysical basis for the evaluation of the saturation of
mudstone biogas reservoirs and could provide technical support for the comprehensive evaluation of
the reservoir and the calculation of reserves.

Keywords: Qaidam Basin; mudstone biogas; self-absorption water augmentation; rock electrical parameter

1. Introduction

Biogas, also known as biogenic natural gas, is the natural gas formed by the fermenta-
tion and synthesis of microbial communities (mainly methanogens and anaerobes) during
the early stages of rock formation or organic matter evolution [1,2]. Its total resources
account for about 20% of the world’s natural gas resources [3,4]. Due to the wide distribu-
tion, large resource reserves, shallow burial depth, and high methane purity, biogas has
gradually become an important reserve energy alongside conventional natural gas [5,6].
Qaidam Basin is the largest biogas-producing area in China, and most of its biogas reser-
voirs are distributed in the Quaternary [7,8]. Since 1958, several biogas fields, such as Sebei,
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Tainan, Salt Lake, and Tuofengshan, have been discovered [9,10]. However, these gas fields
were all found in conventional sandstone biogas reservoirs. In recent years, natural gas
exploration and development in mudstone biogas reservoirs have achieved initial results.
Taking the Sanhu area in Qaidam Basin as an example, the Quaternary mudstone in this
area has an area of about 6 km2 and a thickness of more than 3400 m [11]. Multiple wells
obtain industrial gas flow in the Quaternary mudstone reservoirs [12]. Therefore, the Qua-
ternary mudstone biogas has great resource potential and exploration and development
value—and is expected to become a new replacement for oil and gas resources.

The Quaternary formation water in Qaidam Basin has high salinity and a limited
ability to dissolve biogas. As such, the biogas mainly exists in the free state [13]. There-
fore, the free gas content is crucial for the evaluation of biogas reservoirs [14]. The key to
calculating the free gas content is to determine the free gas saturation. Due to great differ-
ences in the electrical conductivity levels of free gas, formation water, and rock skeleton,
the free gas saturation can be measured using resistivity logging and calculation models,
such as the Archie model [15], W-S model, dual water model [16,17], and Simandoux
equation [18]. Under the premise that the adaptability of the above models to the free gas
saturation calculation has not been taken into account, obtaining reliable petrophysical
parameters becomes an important petrophysical basis for free gas saturation calculations.
According to the current oil and gas industry standards, the common methods to measure
the resistivity of rocks in different states and obtain petrophysical parameters mainly in-
clude the centrifugal method [19], oil driving water method [20], air-blowing method, and
semipermeable membrane method [21]. However, all of the above methods require the
core sample to be evacuated, then submerged in formation water, and finally pressurized
to fully saturate with formation water. Then, rock resistivity can be measured during
the water reduction process of the core sample to obtain rock electrical parameters. The
core samples of the Quaternary mudstone biogas reservoir are characterized by high clay
and weak cementation, which can be rapidly hydrated and fractured by water, making
it difficult to obtain a completed core to complete the subsequent process of resistivity
measurement. Therefore, the above methods are not applicable to the resistivity measure-
ment of the mudstone core samples. Liu et al. (2011) and Bai et al. (2017) obtained the
rock electrical parameters of carbonate rock and organic-rich core using the self-absorption
water augmentation method [22,23]. You et al. (2015) believed that the rock electrical
parameter of tight sandstone gas reservoirs could be measured by the self-absorption water
augmentation method [24]; Xiong et al. (2019) also used this method to determine the rock
electrical parameters of shale [25]. The self-absorption water augmentation method of the
core can prevent the formation water from passing through the core, reduce the direct
contact between water and core, and help maintain the integrity of the core. Shale and
tight sandstone have strong cementation and dense cores, and are thus not easily fractured
in water during the self-absorption water augmentation process. However, for mudstone
biogas reservoirs, the cores (without protection) could be softened and fractured during
the self-absorption water augmentation process.

In this paper, in order to solve the problem (i.e., that the Quaternary mudstone core
samples cannot be measured by conventional methods due to their weak cementation,
high clay, and easy hydrolysis), core samples of the Quaternary mudstone biogas reservoir
in Qaidam Basin were selected for experimentation. By means of the targeted sample
preparation and protection, as well as the self-absorption water augmentation method,
the rock electrical parameters of the mudstone biogas reservoir were obtained, and the
influences of lithology, physical properties, and organic matter content on the rock electrical
parameters were also discussed. The research results could provide technical support for
the establishment of saturation evaluation methods on mudstone biogas reservoirs.
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2. Sample Preparation and Experimental Methods
2.1. Experimental Samples

Eight core samples of mudstone biogas reservoirs in Qaidam Basin were selected
and prepared as Φ25–80 mm plunger samples for pore permeability and rock resistivity
measurements. In addition, the end faces of the plunger samples and debris samples at the
same depth were cut for rock slices, XRD whole rock analysis, and clay and organic matter
measurements. The physical properties of plunger core samples showed that the porosity
was generally greater than 20%, and the permeability was in the range of 0.075–1.22 mD
(Table 1). The identification of rock slices showed that the degree of rock cementation
was weak, and that pelitic constituted the matrix. Clay pelitic texture, silty pelitic texture,
and fine silt pelitic texture could also be seen. The pelitic components were composed
of clay minerals such as illite and montmorillonite, and the silt components included
quartz, feldspar, debris, etc. The XRD whole-rock test results showed that the mineral
composition was dominated by clay minerals, followed by carbonate minerals (mainly
dolomite and calcite), quartz, and feldspar, with a small amount of gypsum salts. Among
these, the average content of brittle minerals (quartz and carbonate rocks) was 34.7%. The
clay mineral composition was mainly illite, followed by montmorillonite and chlorite, with
a small amount of kaolinite.

Table 1. XRD whole-rock test results.

Sample No.

Physical Property

VTOC/Fraction

Mineral Composition

Notes
Φ/% K/mD Clay

Content/%
Quartz

Content/%

Carbonate
Mineral

Content/%
Others

NY-2 29.127 0.736 0.1262 53.2 19.9 23.0 3.9
NY-3 25.678 0.138 / / / / / No XRD analysis
NY-5 26.625 0.172 0.1652 / / / / No XRD analysis
NY-6 28.071 0.075 0.1914 53.6 20.3 24.1 2.0
NY-8 29.704 0.282 / 50.6 21.9 20.7 6.8

NY-10 26.439 0.402 0.1174 35.5 24.3 33.2 7.0
NY-11 27.854 1.220 0.1329 36.5 27.0 23.9 12.6
NY-16 24.417 0.258 0.0618 44.7 25.6 21.3 8.4

2.2. Preliminary Experiments for Rock Electrical Parameter Measurement of Biogas Reservoirs

According to the oil and gas industry standards of the People’s Republic of China
“Laboratory Measurement and Calculation Method of Rock Resistivity Parameters” (SY/T
5385-2007), the rock electrical parameter measurements require the evacuated core samples
to be submerged into the formation water under pressure in order to obtain water-saturated
samples. Considering the weak rock formation, poor cementation, and high clay content
of the mudstone biogas reservoir, rock resistivity measurements could not be completed
because samples were easily disintegrated by water. In this study, four fragmented samples
containing different clay minerals were selected and put into the formation water solution
for saturation pre-experiment. The formation water in this area was of the calcium chlo-
ride type (CaCl2), with an average mineralization of 118,484 mg/L. Figure 1 shows the
disintegration process of the core samples during the saturation pre-experiment. When
the core samples were placed into the formation water, a large number of air bubbles were
generated on the surface of core samples due to the rapid water absorption. At the same
time, the surface of core samples began to drop debris, and the core samples were obviously
peeled off after 2 min. After 4 min, only one core sample remained in a relatively complete
shape. After 6 min, all the core samples began to disintegrate, and after 10 min, the core
samples completely disintegrated into fine debris.
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Figure 1. Disintegration process of core samples immersed in the saturated solution of formation water.

In the early stage of soaking, the aqueous solution penetrated the core sample along the
pores and fissures, and the clay minerals rapidly absorbed water and expanded. The surface
of the core sample expanded locally while the interior remained dry. At this time, local
tensile stress occurred on the surface of the core sample. When the tensile stress at a certain
position of the core sample was greater than its tensile strength, microcracks appeared on
the surface of the core sample. At the same time, the dissolution action of water on mineral
particles resulted in a large number of pores in the core sample. The existing fissures further
expanded to the inside of the core sample to form larger fissures, and the core sample
fractured when the fissures penetrated. With the increase in soaking time, the core sample
gradually disintegrated into small fragments. The conventional method of vacuuming and
pressurizing saturation is to place the core sample in a vacuum-saturated cylinder filled
with saturated solution, bring the saturated cylinder to a certain atmospheric pressure using
a vacuum pump, and press the saturated solution into the core sample [26]. This method
is suitable for rocks that are not easily disintegrated in contact with water [27]. The core
samples of mudstone biogas reservoirs are very easy to disintegrate when exposed to water,
making it difficult to prepare complete water-saturated core samples. Therefore, it was
impossible to measure the rock electrical parameters of core samples from the mudstone
biogas reservoir using the existing oil and gas industry standards.

2.3. “Self-Absorption Water Augmentation Method” for Rock Electrical Parameter Measurement

The self-absorption water augmentation method forces the core sample to absorb
formation water under capillary force by immersing one end in water [24]. Different water
saturation levels of core samples can be achieved by controlling the immersion time. This
method can prevent the formation water from passing through the core, reduce the direct
contact between water and core, and help maintain the integrity of the core [28]. At the same
time, in order to prevent the core from softening and breaking in the self-absorption water
augmentation process, the core needs to be protected. Therefore, we designed the following
core preparation method based on the self-absorption water augmentation method for rock
resistivity measurement.

(1) Core conformation pretreatment: The experimental core sample was cut to the design
size by wire-electrode cutting to ensure the end face was flat (Figure 2a). At the
same time, in order to prevent the core sample from softening and cracking, a highly
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temperature-resistant, heat-shrinkable sleeve was used to wrap it (the surrounding
surface of the core sample was wrapped, and the two ends were exposed) in order to
support and protect the core sample and ensure the integrity of the core sample in the
subsequent experiment process (Figure 2b).

(2) Measurement of rock electrical parameters: The water saturation of the core sample
was controlled using the capillary self-absorption method, and the resistivity mea-
surement of the core sample was conducted under different water saturation states.
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The preliminary experimental results showed that the conventional method of vacu-
uming and pressurizing saturated water could lead to dissolution and disintegration of the
biogas core sample. In this study, based on the principle of the capillary self-absorption
method, the water saturation of the core samples was increased until it reached a fully
saturated state. The specific steps were as follows:

1©According to the porosity and permeability of the sample under normal temperature
and pressure, the pore volume of the mudstone core sample was obtained. Then, we
calculated the mass of water for self-absorption of the core sample to reach different water
saturation states according to the pore volume and formation water density.

2© The mudstone core sample was placed in a dry balance and a needle was used
to drip formation water at both ends of the core sample at a constant rate until both
ends were fully self-absorbed. At the same time, we observed changes in the mass of the
balance. According to the mass requirements of self-absorption under each saturation state
in Step 1©, we continued to drip formation water to the specified mass until the core sample
reached the corresponding saturation.

3© The core sample that reached the corresponding saturation was quickly placed in a
vacuum vessel and a small amount of saturated aqueous solution was added to the bottom
of the real vessel to keep the environment moist. First, we vacuumed the sample for 30 m
and then let it stand for 3 h, after which its mass was measured and recorded. Then, it
was allowed to stand for 3 h, after which the two masses were compared to ensure the
mass change was within the range of ±0.05 g. After meeting the mass change conditions,
the sample was allowed to stand for another 12 h to ensure that the formation water was
evenly distributed inside the core sample.

4© The core sample was weighed and then loaded into the holder with the specified
confining pressure, axial pressure, pore pressure, and temperature. After the parameters
were stable, the resistance value changes were recorded. When the resistance value was
stable, the resistance value was recorded and denoted as Rt.

5© According to the 10% increase of water saturation of the core sample, steps 1©– 4©
were repeated for the core sample until the water saturation reached 100%. The criterion
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for determining the saturation state was as follows: the core sample was weighed within
48 h of standing until its mass did not change (the number of weighing repetitions should
be no less than 3 times in a strict standing environment, and the mass difference should be
guaranteed to be ±0.05 g), at which point the sample was considered to have reached the
saturated state.

6© The core sample (which was 100% saturated with water) was then weighed and
recorded. After the parameters stabilized, we recorded the stable resistance value of the
core sample in the fully saturated water state, denoted as R0.

3. Experimental Results
3.1. Relationship between Formation Factors and Porosity

Figure 3a shows the correlation fitting curve of formation factor F and the porosity of
the 8 core samples. In the double logarithmic coordinate system, the correlation between
formation factors and porosity was good, and the distribution was power exponential.
The cementation index was m = 1.989, the lithology coefficient was a = 1.0021, and the
correlation coefficient was R2 = 0.9961. The core porosity could reflect the connectivity
of the pore structure to a certain extent. Generally, the larger the porosity, the better the
connectivity of the core sample pores. Likewise, the simpler the pore structure, the better
the rock conductivity. Therefore, according to Archie’s formula, shown in Equation (1), the
smaller the rock resistivity, the smaller the factor F [15,29].

F =
R0

Rw
=

a
ϕm (1)

where F is formation factor, dimensionless; R0 is the rock resistivity of 100% water satura-
tion, Ω·m; Rw is formation water resistivity, Ω·m; ϕ is rock porosity, f; a is a lithology-related
coefficient, dimensionless; and m is the cementation index, dimensionless.
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3.2. Relationship between Resistivity Index and Water Saturation

By fitting the relativity of the experimental data of rock electrical parameters of the
8 core samples based on the Archie formula (Equation (2)) (Figure 3b), it was determined
that the resistivity index of the core samples was in a power exponential relationship with
water saturation. The saturation index n and lithology coefficient b of the core samples was
determined by the fitting formula. The saturation index of 8 core samples was n = 2.088,
the lithology coefficient was a = 1.0466, and the correlation coefficient was R2 = 0.9861.

I =
Rt

R0
=

b
Sn

w
(2)
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where I is the resistivity index, dimensionless; R0 is the rock resistivity of 100% water
saturation, Ω·m; Rt is the formation water resistivity, Ω·m; Sw is the water saturation of
the rock, decimal; b is a lithology-related coefficient, dimensionless; and n is the saturation
index, dimensionless.

3.3. Cementation Index m and Saturation Index n

The experimental data of a single mudstone core sample were analyzed. We let a = 1,
and performed regression processing according to Equation (1) to obtain the cementation
index m of each core sample. As shown in Table 2, the cementation index m of the core
samples fell in the range of 1.89–2.08, with an average value of 1.99.

Table 2. Rock electrical parameters of core samples of the Quaternary mudstone biogas reservoir.

Sample No.
Rock Electrical Parameters

F m n

NY-2 12.207 2.03 2.07
NY-3 13.085 1.89 2.18
NY-5 13.355 1.96 2.17
NY-6 12.559 1.99 2.27
NY-8 10.352 1.94 2.04

NY-10 15.079 2.04 2.13
NY-11 14.238 2.08 1.87
NY-16 16.816 2.00 1.99

According to Equation (2), the saturation index n and coefficient b of each core sample
can be obtained by regression processing, as shown in Table 2 and Figure 4. As shown in
Figure 4, the saturation index was in the range of 1.872–2.270. The experimental data of
No.8 and No.11 core samples were mostly in line with Archie’s characteristics, indicating
that the two core samples had good lithology and high porosity and permeability. The
No.2, No.3, No.5, and No.6 core samples were in a low water saturation range, and the
I-SW curve showed an upwardly-curved Archie nonlinear phenomenon. The No.3 and
No.6 core samples were in a high water saturation range, and the I-SW curve showed
a downwardly-curved Archie nonlinear phenomenon. The reason for this was that the
micro pore throat parameters such as pore structure, connectivity, pore size, and water film
thickness could affect the nonlinear seepage of the core samples.
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4. Discussion and Analysis

The cementation index m and saturation index n of the reservoir rock were affected by
lithology, physical properties, wettability, organic matter, and other factors. Since the Qua-
ternary mudstone biogas reservoirs ere all hydrophilic [30], the effects of lithology, physical
properties, and organic matter content on rock electrical parameters were discussed.
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4.1. Influence of Lithology on Rock Electrical Parameters

The relationship between the clay mineral content and the cementation index and
saturation index of mudstone core samples (Figure 5a,b) showed that, with the increase of
clay mineral content, the cementation index decreased and the saturation index increased.
This indicated that the increase in the clay mineral content led to poor connectivity of pores
in the mudstone, which in turn led to the decrease of m value and the increase of n value.
Figure 5c,d showed that the cementation index increased and the saturation index decreased
with the increase of quartz content, indicating that the increase of quartz content enhanced
the internal pore connectivity of the mudstone core sample, leading to the increase of
m value and the decrease of n value. As shown in Figure 5e,f, there was no significant
correlation between the cementation index and saturation index and the carbonate rock
mineral content. The above analysis showed that the clay and quartz contents in the
mineral composition of the mudstone biogas reservoir had obvious effects on the rock
electrical parameters. To be specific, the cementation index m increased with increasing
quartz content and decreased with increasing clay content, while the saturation index n
decreased with increasing quartz content and increased with increasing clay content.
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4.2. Influence of Physical Properties on Rock Electrical Parameters

The relationship between the cementation index and saturation index and the porosity
of mudstone core samples (Figure 6a,b) showed no obvious correlation between cemen-
tation index, saturation index, and porosity. In general, the m value increased with the
increase of porosity, and the n value decreased with the increase of porosity. The reason for
this rule was that, as the rock porosity increased, the pore structure improved. The porosity
of the Quaternary mudstone biogas reservoir core samples was generally greater than 20%
and the variation range is small. The pore size distribution was primarily unimodal, mainly
in the range of 2 nm–50 µm. The variation degree of porosity could not characterize the
pore structure of rocks.

The relationship between the cementation index and saturation index and the per-
meability (Figure 6c,d) showed that the cementation index increased with the increase of
permeability, and the saturation index decreased with the increase of permeability. Since
permeability is a parameter that macroscopically characterizes the pore structure of rocks,
the better the pore structure of the sample, the larger the m value and the smaller the
n value.

4.3. Influence of Organic Matter Content on Rock Electrical Parameters

The organic matter content of shale gas reservoirs is generally greater than 2%. In con-
trast, the organic matter content of mudstone biogas reservoirs was relatively low, mainly
in the range of 0.0618–0.194. There was no obvious correlation between the cementation
index and saturation index and the organic matter content (Figure 7a,b). The organic matter
content had no obvious effect on rock electrical parameters.
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5. Conclusions

(1) The core samples of the Quaternary mudstone biogas reservoir in Qaidam Basin
generally had a porosity greater than 20% and a permeability between 0.05–5 mD. The
rock mineral composition was dominated by clay minerals, followed by carbonate
minerals, quartz, and feldspar. The clay mineral composition was mainly illite,
followed by montmorillonite and chlorite, with a small amount of kaolinite. The
rock was weakly cemented, high in clay, and easy to hydrolyze. It would have been
impossible to complete the rock electrical experiment and obtain the rock electrical
parameters based on existing industry standard methods.

(2) The use of wire-electrode cutting and high-temperature heat-shrinkable tube to wrap
the core sample supported and protected the core sample. The rock resistivity was
measured by the self-absorption water augmentation method to obtain the rock
electrical parameters of the core samples. The cementation index m of the core samples
was in the range of 1.89–2.08, with an average value of 1.99, while the saturation index
n was in the range of 1.872–2.270, with an average value of 2.09.

(3) The rock electrical parameters of the reservoir core samples were affected by lithology
and physical properties, but not significantly influenced by organic matter content. The
cementation index increased with the decreasing clay mineral content, increasing quartz
content, and increasing permeability, while the saturation index increased with the
decreasing clay mineral content, increasing quartz content, and increasing permeability.
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