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The Lower Permian Shanxi Formation in the Eastern Ordos Basin is a set of
transitional shale, and it is also a key target for shale gas exploration in China.
Three sets of organic-rich transitional shale intervals (Lower shale, Middle shale and
Upper shale) developed in Shan 23 Submember of Shanxi Formation. Based on TOC
test, X-diffraction, porosity, in-situ gas content experiment and NMR experiments
with gradient centrifugation and drying temperature, the reservoir characteristics
and pore fluid distribution of the three sets of organic-rich transitional shale are
studied. The results show that: 1) The Middle and Lower shales have higher TOC
content, brittleness index and gas content, reflecting better reservoir quality, while
the Upper shales have lower gas content and fracturing ability. The total gas content
of shale in the Middle and Lower shales is high, and the lost gas and desorbed gas
account for 80%of the total gas content. 2) TheMiddle shale has the highestmovable
water content (32.58%), while the Lower shale has the highest capillary bound water
content (57.52%). In general, the capillary bound water content of marine-
continental transitional shale in the Shan 23 Submember of the study area is high,
ranging from 39.96% to 57.52%. 3) Based on pore fluid flow capacity, shale pores are
divided into movable pores, bound pores and immovable pores. The Middle shale
and the Lower shale have high movable pores, with the porosity ratio up to 27%, and
the lower limit of exploitable pore size is 10 nm. The movable pore content of upper
shale is 25%, and the lower limit of pore size is 12.6 nm. It is suggested that the Lower
and Middle shales have more development potential under the associated
development technology.
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Introduction

Marine-continental transitional facies shale is an important field
of unconventional oil and gas exploration in China, which accounts
for 25% of shale gas resources in China (Kuang et al., 2020). It has a
wide distribution area and great resource potential (Yang et al.,
2017). However, the exploration, development and geological
evaluation of marine-continental transitional facies shale gas are
still in the initial stage and require further improvement (Zhang
et al., 2018; Dong et al., 2021). The nanoscale pore structure has been
identified as one of the most important mechanisms to affect
hydrocarbon recovery from unconventional shale reservoirs
(Chen et al., 2018; Han et al., 2021). Understanding nanoscale
pore structure and its controlling factors is beneficial for shale
reservoir evaluation. A large number of pore structure studies
have been carried out on marine shale and found that nanoscale
pore structure is strongly affected by mineral composition and
organic matter abundance (Li et al., 2016; Jia et al., 2020).
However, due to the huge difference in sediment composition,
mineral composition and organic matter abundance between
transitional shale and marine shale (Jia et al., 2020; Wang et al.,
2022), the previous results of marine shale cannot be directly applied
to transitional shale. The existence of pore water in shale reservoir
will affect the adsorption capacity and flow capacity of shale gas to a
great extent, which brings some difficulties to the evaluation of gas
reservoir resources and the prediction of productivity (Zhang et al.,
2022a; Xi et al., 2022). Therefore, the research on the prediction shale

gas adsorption capacity and flow capacity under the condition of
reservoir water cut is of great significance to the formulation of gas
field development plan and the evaluation of development potential
(Li et al., 2018). Therefore, it is of great significance for exploration
evaluation and development plan-making to clarify different pore
fluid characteristics. However, previous studies on transitional facies
shale focus on the characteristics of shale gas reservoirs such as TOC
content, mineral composition, pore type and gas content (Li et al.,
2019). Meanwhile, many studies have been carried out on the
sedimentary environment, sedimentary model and pore structure
of transitional facies shale (Xi et al., 2017; Liu et al., 2018; Luo et al.,
2018; Xi et al., 2018; Wang et al., 2022), but systematic studies on
pore fluid of shale pore system is rare. In this study, the effective pore
size distribution is determined by dividing the fluid types in the
pores, and the systematic evaluation of the transitional shale pores in
the study area is realized, which also provides a new idea for the
effectiveness evaluation of transitional shale reservoirs.

Geological setting

The Ordos Basin is a typical craton basin in the western part
of the North China Block (Figure 1A), and the basin area is about
370,000 km2 (Zhang et al., 2021). The Ordos Basin comprises of
six structural units, including Tianhuan Depression, Western
Fold-Thrust Belt, Yimeng Uplift, Jinxi Flexural Fold Belt,
Shenbei Slope and Weibei Uplift (Gu et al., 2022).

FIGURE 1
(A) Location of study area, North China. (B)Distributionmap showing the burial depth of Shan 23 Submember transitional shale. (C) Vertical distribution of
Shan 23 Submember transitional shale in the studied well (Facies is modified according to Zhang et al., 2021).
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The study area, with an area of 4.5 × 104 km2, is located in the
Southeastern Ordos Basin, and the studied well is located in Central part
of the study area (Figure 1B). From Late Carboniferous to Early Permian
Shanxi Formation period, the Ordos Basin enters the subsidence period,
and a large area of transgression occurs, which is dominated by marine-
continental transitional facies deposits, forming thick organic-rich
marine-continental transitional shale (Chen et al., 2011; Wu et al.,
2021). Until the Middle Permian Shihezi period, the Ordos Basin
entered continental sedimentary evolution stage (Figure 1C).

The Shanxi Formation consist of Shan 1Member and Shan 2Member,
and Shan 2Member consist of three submembers: Shan 21, Shan 22 and Shan
23. During the sedimentary period of Shanxi Formation, the sedimentary
environment in the study area changed rapidly due to the frequent changes
in sea level, which mainly formed the Bay facies, Lagoon facies, Tidal flat
facies, Swamp facies and Delta facies. The thick organic-riched black shales
deposited in Bays and Lagoons are themain intervals for the breakthrough of
marine-continental transitional shales in China (Zhang et al., 2021; Gu et al.,
2022). Three sets of transitional shale developed in Shan 23 Submember:
Lower shale, Middle shale and Upper shale (Figure 1C). Organic rich shale
intervals are developed in the middle shale and the lower shale, which are
formed in Lagoon and Bay facies respectively.

Samples and methods

A total of seventy-nine shale samples were obtained from the Shan
23 Submember of studied well in the Eastern Ordos Basin. TOC of all
samples, mineral composition of thirty-three samples, porosity testing
of 16 samples, and in-situ gas content of fourteen samples have been
collected to characterize the macro-characteristics of the shale
reservoir. Four shale samples were selected to carry out NMR tests
under different centrifugation and drying conditions to characterize
the fluid occurrence characteristics.

The four plug samples were first dried at 110°C for 24 h to remove
residual moisture in the samples. After 12 h of vacuum degassing, the
samples were saturated with high-purity distilled water at a pressure of
25 MPa for 2 days. After the saturation was completed, the sample was
taken out, and the NMR T2 spectrum was tested after standing in the
saturated fluid for 12 h. In order to reflect the occurrence
characteristics of different types of fluids, two groups of parallel
plug samples saturated with water were treated with different
centrifugation speeds and drying temperatures, and nuclear
magnetic resonance tests were performed after each centrifugation
and drying. The centrifugation time of each sample is fixed at 30 min,
and the drying time is fixed at 24 h.

The NMR test parameters are as follows: the echo interval (TE) is
.055 ms, the number of echoes is 12,000, the cumulative sampling
times (NS) is 64 times, and the waiting time (TW) is 4,000 ms. The
experimental instrument is the NMRC012V nuclear magnetic
resonance instrument produced by Suzhou Niumag Company, China.

Results and discussion

Macroscopic characteristics

Organic matter and thermal maturity
The TOC content of the Shan 23 transitional shale of the studied well

is unstable in the vertical direction, and the TOC content has obvious

changes (Figure 2). The TOC content of the Lower shale and the Middle
shale varies widely. The TOC content of the Lower shale ranges from .32%
to 26.6%, with an average of 3.37%, and the TOC content of the Middle
shale ranges from .07% to 43.9%, with an average of 6.87%. The range of
TOC content in the Upper shale is narrow and the content is low, ranging
from .97% to 4.11%, with an average of 2.3% (Table 1). The average
vitrinite reflectance of the Upper,Middle and Lower shales is 2.4, 2.73 and
2.46, respectively, all exceeding 2.0, indicating that the shale has entered
the dry gas generation stage (Zhang et al., 2022b; Zhang et al., 2022c).
Although the organic matter type of transitional shale is mainly type III,
the rich organic matter content and high thermal maturity make it still
have high hydrocarbon generation capacity (Qiu et al., 2021).

Mineral composition
Mineral composition affects the adsorption capacity of shale

reservoirs (Fan et al., 2020; Fan et al., 2022; Li et al., 2022). Brittle
minerals also determine the transformability of shale to a certain
extent, so mineral composition is important for shale gas exploration
and development (Ross and Marc Bustin, 2009). The mineral
composition of Shan 23 transitional shale is mainly quartz and clay,
more than 90%, in addition to a small amount of carbonate minerals,
pyrite and siderite (Figure 2). The quartz content of the Middle shale is
the highest, ranging from 29.3% to 59.7%, with an average of 46.8%.
The quartz content of the Upper shale and the Lower shale is narrow,
ranging from 25.1% to 47.0% (average 31.7%) and 31.7%–37.3%
(average 34.4%), respectively. Most of the samples have high clay
content. The clay content of theMiddle shale is distributed from 28.8%
to 60.6%, with an average of 44.2%, while the average clay mineral
content of the Upper and Lower shale is 63.9% and 58.9%, respectively.
The average content of quartz minerals in these three sets of shale is
less than 50%, and the content of clay is high, which reflects that the
overall fracturing ability of the transitional shale in Shan 23 is low.

The brittleness index calculation formula commonly used in shale
in North America is: brittleness index = quartz/(quartz + calcite + clay
mineral) × 100% (Yu et al., 2020; Li, 2022). Due to the complex
mineral composition of transitional shale, the modified brittleness
index calculation formula is adopted: brittleness index = (quartz +
calcite + feldspar)/(quartz + calcite + feldspar + clay mineral). The
brittleness index of the Middle shale is the highest, ranging from
35.28 to 69.8, with an average of 52.3, reflecting the relatively strong
ability of fracturing. The brittleness index of the lower shale is between
18.09 and 47.44, with an average of 35.1, but there is a limestone
interlayer in the lower shale. Considering the fracability of limestone,
the lower shale still has a strong ability to be fractured. The brittleness
index of the Upper shale is 2.26–68.12, with an average of 33.12, and
the fracability is poor.

Porosity
Porosity is the main index to evaluate the storage capacity of shale

reservoirs. The average porosity of the three sets of shale in this study is
small. The average porosity of the Middle and Lower shale is 2.34%
and 2.04% respectively, and the Upper shale porosity is low, with an
average of 1.87%. The porosity of most samples is less than 2%, but the
porosity of shale in the high TOC range is up to 4% (Figure 2), with
strong self-generation and self-storage capacity.

Assessment of in-situ gas content
The in-situ total gas content of the Upper, Middle and Lower

shales is distributed in .4–1.57 m3/t (average .99 m3/t), .7–2.22 m3/t
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(average 1.11 m3/t), .45–1.64 m3/t (average 1.01 m3/t), respectively
(Figure 2). In general, the contents of residual gas, lost gas and
desorbed gas in the Middle shale are distributed in .16–.33 m3/t
(average .29 m3/t), .2–.65 m3/t (average .38 m3/t), .27–1.19 m3/t
(average .43 m3/t). The contents of residual gas, lost gas and
desorbed gas in the Upper shale are distributed in .06–1.01 m3/t
(average .54 m3/t), .22–.53 m3/t (average .38 m3/t), .11–.69 m3/t
(average .4 m3/t). The contents of residual gas, lost gas and
desorbed gas in the Lower shale are distributed in .1–.31 m3/t
(average .2 m3/t), .12–.41 m3/t (average .28 m3/t), .19–1.05 m3/t
(average .54 m3/t). Residual gas, lost gas, desorbed gas content ratio
and comparative analysis can qualitatively reflect the relative effective
porosity and permeability, and to a certain extent, reflect the reservoir
quality (Ghosh et al., 2022). The total gas content of the Middle and
Lower shale is high, and the content of lost gas and desorbed gas
accounts for 80% of the total gas content, reflecting the high reservoir
quality.

Pore fluid evaluation

Movable fluid distribution
The NMR T2 spectra of 4 samples in saturated water showed three

peaks, with the main peak of the upper shale less than .1 m and the
main peak of the lower shale and central shale at .2 m (Figure 3). The
second peak of the Upper shale is distributed in 1–10 ms, and the third
peak is distributed in 100–1,000 ms. The second and third peaks of the
Middle and Lower shale are distributed in 2–20 ms and 20–1,000 ms,
respectively, indicating that the Middle and Lower shale have larger
pore size distribution. All samples show that the first peak signal is the
highest, and its porosity component accounts for more than 70% of the
total porosity, indicating that the small pores of shale are more
developed, and there are a small number of large pores and
microfractures.

Compared with the NMR T2 spectrum of saturated water, the
centrifuged NMR T2 spectrum helps to analyze the flow and
distribution of fluids in rock pores, thus distinguishing between
movable and bound fluids. Figure 3 is the nuclear magnetic
resonance T2 spectrum of saturated water samples after
centrifugation at different speeds. With the increase of centrifugal
speed, the main peak of NMR T2 spectrum of each sample changed
little, but the long relaxation peaks decreased obviously. When the
centrifugal speed increased to 4,000 rpm, the NMR porosity decreased
by an average of nearly 2% (Figure 4). The change of NMR T2

spectrum is the most obvious, and the long relaxation peak of each
sample basically disappears, reflecting that the water in macropores or

FIGURE 2
Vertical variability of TOC, mineral composition, brittleness, porosity and gas content of studied well.

TABLE 1 Shale organic geochemical and main mineral composition
characteristics.

Location TOC/% Ro Quartz/% Clay/%

Upper shale .97–4.11 (2.3) 2.4 25.1–47.0 (36.5) 53.0–74.9 (63.9)

Middle shale .07–43.9 (6.87) 2.73 29.3–59.7 (46.8) 28.8–60.6 (44.2)

Lower shale .32–26.6 (3.37) 2.46 31.7–37.3 (34.4) 55.4–1.4 (58.9)
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microfractures is discharged from pores under the action of centrifugal
force. As the centrifugal speed continues to increase, when the
centrifugal speed reaches 12,000 rpm, the second peak begins to
decrease slightly, and the porosity decreases by an average of .2%.
After the centrifugal speed increased to 14,000 rpm, NMR T2

spectrum and NMR porosity did not change, at this time the water
in the macropores or micro-cracks is basically discharged. Centrifugal
process, movable water is preferentially discharged, but a large amount
of water remains in the pores, in addition to the Upper shale, other
samples NMR porosity of more than 4%.

Testamanti and Rezaee (2017) proposed that centrifugation can
only remove the easily flowing water in macropores and
microfractures. Centrifugal experiments cannot provide sufficient

capillary pressure to remove the flowing water in the matrix.
Therefore, Testamanti and Rezaee (2017) proposed to obtain
capillary bound water and clay bound water content in shale by
variable temperature drying. With the increase of drying
temperature, the NMR porosity of shale samples has a significant
linear relationship with the rising temperature, and it has
segmentation, and the slopes of the three sections are obviously
different (Figure 4B). Because the minimum capillary force
required to expel different types of fluid is very different, the slope
changes significantly when the type of fluid being drained changes.
The first stage is the evaporation of movable water at a relatively large
rate, and the temperature threshold is 40°C. The second stage is the
evaporation of capillary bound water at a uniform speed, and the

FIGURE 3
NMR T2 spectra of Shan 23 Submember transitional shale under different centrifugation conditions.

FIGURE 4
NMR porosity changes of Shan 23 Submember transitional shale under different centrifugation and drying conditions.
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temperature threshold is 60°C; the third stage is when the temperature
is higher (more than 160°C), the clay bound water in the pore begins to
evaporate (Figure 4B).

Figure 5 shows the T2 spectrum changes of saturated water
samples at different drying temperatures. With the increase of
drying temperature, the T2 spectrum of all samples first showed
that the long relaxation peak disappeared, then the short relaxation
peak decreased, and themain peak shifted to the left obviously. Finally,
the T2 spectrum of all samples showed a single peak with a main peak
of .1 ms. When the drying temperature reaches 40°C, the long
relaxation peaks of all samples basically disappear, which is
consistent with the centrifugal process, and the movable water in
the macropores and microcracks discharges the rock. The NMR
porosity after drying at 40°C is 1% lower than that after
centrifugation. This may be because the drying process enhances
the mobility of water molecules, so the water in the pores of the
second peak migrates to the macropores, so the water loss is slightly
more. When the drying temperature increased to 60°C, the NMR
porosity of each sample decreased significantly. The NMR porosity of
the four saturated water samples decreased by an average of 4%
(Figure 4B), and the capillary bound water evaporated until it was
completely lost. When the drying temperature exceeds 160°C, the
NMR porosity decreases rapidly again, and the clay bound water
begins to evaporate.

NMR experiments based on high-speed centrifugation and drying
at gradient temperatures are an effective method for classifying pore
fluid types and determining the relative content of mobile and bound
fluids (Testamanti and Rezaee, 2017). The water loss in the sample
after centrifugation at 14,000 rpm is movable water. After drying at
60°C, the capillary bound water in the matrix pores is also basically
removed. The water loss in the sample after drying at 160°C can be
approximated as clay bound water. The remaining signal is derived

from the unremoved matrix signal. The calculation formulas of
various types of fluids are as follows:

S1 � ∫
T2max

Tc1

dT2/∫
T2max

T2min

dT2 (1)

S2 � ∫Tc1

Tc2

dT2/∫T2max

T2min

dT2 (2)

S3 � ∫Tc2

Tc3

dT2/∫T2max

T2min

dT2 (3)

S4 � ∫
Tc3

T2min

dT2/∫
T2max

T2min

dT2 (4)

S1, S2, S3 and S4 are movable water saturation, capillary bound
water saturation, clay bound water saturation and matrix content
respectively. Tc1, Tc2, and Tc3 are the cutoff values between movable
water and capillary bound water, between capillary bound water and
clay bound water, and between clay bound water and base signal,
respectively. The method for determining the T2 cutoff value of shale
samples is shown in Figure 6. First, the T2 spectrum of four states was
obtained, namely saturated water, 14,000 rpm centrifugation, 60°C
drying and 200°C drying. Then the T2 spectrum is converted into the
cumulative spectrum of NMR porosity and displayed in the same
map. The Tc1, Tc2 and Tc3 are determined by the projection process.

Table 2 shows T2 cut-off values for four samples and calculated
saturation for different types of fluids. After comparing different fluid
saturations, it is suggested that the most abundant shale fluid is
capillary bound water, which is 39.96%–57.52%. This part of the
fluid needs good fracturing effect to be exploited. The movable water
has strong flowing ability and low mining difficulty, and its content is
distributed in 20.46%–32.58%. Among the three sets of shale, the
Middle shale has the highest movable water content of 32.58% and the
lowest capillary bound water content of 39.96%. The Lower shale has

FIGURE 5
NMR T2 spectra of Shan23 Submember transitional shale at different drying temperatures.

Frontiers in Earth Science frontiersin.org06

Cai et al. 10.3389/feart.2022.1061211

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1061211


the highest capillary bound water content (maximum 57.52%), but the
movable water content is low, with an average of 20.52%.

Pore system evaluation
There is a certain positive correlation between T2 time and shale

pore size, and the full pore size distribution of rock samples can be
characterized by nuclear magnetic resonance experiment (Chen et al.,
2021). According to the method (Chen et al., 2021), the NMR

relaxation rate of each sample can be obtained by comparing the
full pore size distribution curve of shale with the T2 spectrum, and then
the Tc1, Tc2, and Tc3 of all samples are converted to the corresponding
pore sizes rc1, rc2, and rc3, respectively (Table 3).

Under formation conditions, the space occupied by clay bound
water cannot be filled by gas, so Tc2 can be used as the minimum pore
size limit for shale gas development. The lower limit of pore diameter
of Middle shale and Lower shale is 10 nm, and the lower limit of pore

FIGURE 6
NMR T2cutoff values of Shan 23 Submember transitional shale for different fluid types.

TABLE 2 Statistics of different fluid types contents and T2cutoff.

Sample Tc1 (ms) Tc2 (ms) Tc3 (ms) S1 (%) S2 (%) S3 (%) S4 (%)

Upper shale .5 .07 .04 26.30 48.96 20.83 3.91

Middle shale 1 0.1 .04 32.58 39.96 23.67 3.79

Lower shale 1 0.1 .04 20.46 51.77 23.59 4.18

Lower shale .6 .07 .04 20.52 57.52 20.00 1.96

TABLE 3 Statistics of different pore types contents and lower limit of pore size.

Sample rc1 (nm) rc2 (nm) rc3 (nm) Moveable pore (%) Bound pore (%) Immoveable pore (%)

Upper shale 90 12.6 7.2 25.00 42.93 32.07

Middle shale 100 10 4 27.27 40.72 32.01

Lower shale 100 10 4 27.35 52.61 20.04

Lower shale 90 10.5 6 23.53 53.73 22.75

Frontiers in Earth Science frontiersin.org07

Cai et al. 10.3389/feart.2022.1061211

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1061211


diameter of Upper shale is 12.6 nm. According to the occurrence
characteristics of fluid and the possible difficulty of mining, shale pores
can be divided into movable pores, bound pores and immovable pores
(Figure 7). The results show that the Middle shale and the Lower shale
have high movable pores, and the proportion of pores can reach 27%,
while that in the Upper shale is lower, which is 25%. In addition, the
total content of movable pores and bound pores in the Lower shale is
the highest, which is 78.61% (Table 3). It is suggested that the Lower
and Middle shales may have more development potential under the
associated development technology.

Conclusion

(1) Three sets of organic-rich transitional shale intervals (Lower shale,
Middle shale and Upper shale) developed in Shan 23 Submember
of Shanxi Formation. The average TOC content of the Middle
shale and the Lower shale is 6.87% and 3.37% respectively, the
average porosity is 2.34% and 2.04% respectively, and the average
total gas content is 1.11 and 1.01 m3/t respectively. The reservoir
quality is better than that of the Upper shale. The average vitrinite
reflectance results all belong to the dry gas generation stage.

(2) NMR experiments with high speed centrifugation and gradual
temperature drying are effective methods to classify pore fluid types
and determine the relative content of movable fluid and bound fluid.
TheMiddle shale has the highest movable water content (32.58%) and
the lowest capillary bound water content (39.96%). The Lower shale
has the highest capillary bound water content, up to 57.52%.

(3) Based on the flow capacity of pore fluid, shale pores are divided into
movable pores, bound pores and immovable pores, so as to realize the
systematic evaluation of the pores of sea land transitional shale in the
study area. The results show that the Middle shale and the Lower
shale have highmovable pores, and the proportion of pores can reach
27%. In addition, the total content of movable pores and bound pores
in the Lower shale is the highest, which is 78.61%. Themovable pores
in the Upper shale is lower, which is 25%. It is suggested that the
Lower and Middle shales may have more development potential
under the associated development technology.
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