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Abstract: The Permian Longtan Formation in the Songzao coalfield, Southwest China, has abundant
coalbed methane (CBM) stored in high-rank coals. However, few studies have been performed on the
mechanism underlying the differences in CBM gas content in high-rank coal. This study focuses on the
characterization of coal geochemical, reservoir physical, and gas-bearing properties in the coal seams
M6, M7, M8, and M12 based on the CBM wells and coal exploration boreholes, discusses the effects
of depositional environment, tectono-thermal evolution, and regional geological structure associated
with CBM, and identifies major geological constraints on the gas-bearing properties in high-rank coal.
The results show that high-rank coals are characterized by high TOC contents (31.49~51.32 wt%), high
Tmax and R0 values (averaging 539 ◦C and 2.17%), low HI values (averaging 15.21 mg of HC/g TOC),
high porosity and low permeability, and high gas-bearing contents, indicating a post-thermal maturity
and a good CBM production potential. Changes in the shallow bay–tidal flat–lagoon environment
triggered coal formation and provided the material basis for CBM generation. Multistage tectono-
thermal evolution caused by the Emeishan mantle plume activity guaranteed the temperature and time
for overmaturation and thermal metamorphism and added massive pyrolytic CBM, which improved
the gas production potential. Good geological structural conditions, like enclosed fold regions, were
shown to directly control CBM accumulation.

Keywords: coalbed methane enrichment; Permian Longtan Formation; high-rank coal; depositional
environment; tectono-thermal evolution; regional geological structure

1. Introduction

Abundant coalbed methane (CBM) resources are stored in high-rank coals in China,
representing a geological resource of 1.044 × 1013 m3, which accounts for approximately
one-third of the total CBM resources [1–3]. Realizing the development and utilization of
high-rank CBM plays an important and reliable role in guaranteeing national green energy
security, reducing the hazards of coal mine gas, and decreasing carbon dioxide emissions [4–7].
To date, high-rank CBM has garnered extensive attention, with major breakthroughs and
commercial developments in the Jincheng and Shouyang–Yangquan areas (Qingshui basin) in
North China, the southern part of the Hancheng–Yanchuan area (Ordos basin), and several
areas of the Qianbei–Qianxi–Chuannan area in Southwest China [8–13].

However, to efficiently increase the supply of green energy and successfully achieve the
carbon peak and carbon neutrality in China by 2030 and 2060, high-rank CBM exploration
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and development should be carried out immediately. Some areas that have not been
extensively explored for high-rank CBM in Southwest China will become a major focus of
research, such as typical coalfields distributed in Chongqing city. Chongqing city is rich
in high-rank CBM resources, with a conservative value of 2 × 1011 m3. In particular, the
CBM resources from the Songzao coalfield account for 65.7% of the total resources, with
2 × 108 m3/km2, indicating a great resource potential. In addition, the Songzao coalfield is
also an important anthracite production base [14] and one of the coalfields with the most
serious coal and gas outburst accidents in China. Therefore, the Songzao coalfield is an
ideal area for further exploration, development, and utilization of high-rank CBM resources
in Chongqing city, Southwest China.

Previous studies effectively summarized the systematic geologic theory of high-rank
CBM formation in the carboniferous Taiyuan Formation and Permian Shanxi Formation of
the Jincheng area and Shouyang–Yangquan areas within the Qinshui basin, including their
geochemistry, reservoir physical, and gas-bearing properties, accumulation mechanism, enrich-
ment pattern, main controlling factors, a geological model, and a resource prospect [9,12,15–22].
High-rank CBM reservoirs are highly diverse, complex, and heterogeneous, with limited per-
meability, undersaturation, low pressure, overmaturation, and high gas contents. However,
there are distinct geological variables impacting high-rank CBM accumulation in different
regions of China, posing hurdles to improving the CBM production potential [2,15,23,24]. Com-
pared with the great progress regarding high-rank CBM within the Qinshui basin in North
China, although some geological investigations on high-rank CBM in the Permian Longtan
Formation in the northern and western parts of Guizhou province in Southwest China were
conducted [8,10,25–29], the geological characteristics of high-rank CBM in the Songzao coalfield
in Chongqing are still lacking in pertinence and validity, and CBM exploration has not yet
achieved a major breakthrough. A detailed study of the geological constraints on the CBM gas
content in the high-rank coals of the Longtan Formation from the coalfield is thus indispensable.

In this study, coal geochemical, coal reservoir physical, and gas-bearing properties
of the main high-rank coal seams in the Longtan Formation in the Songzao coalfield of
Chongqing city were analyzed. The effects of depositional environment, tectono-thermal
evolution, and regional geological structural conditions on coal formation, CBM gas pro-
duction potential, and gas accumulation in high-rank coals are comprehensively discussed,
and major geological constraints on the gas-bearing properties of high-rank coal from the
Longtan Formation in the Songzao Coalfield are identified.

2. Geological Setting

The Songzao coalfield is situated in the Qijiang District in the southwestern part
of Chongqing city in Southwest China and has a total area of approximately 235.5 km2

(Figure 1a,b). It mainly consists of twelve key coal mines, i.e., the Songzao, Tonghua, Guany-
inqiao, Yangchatan, Yuyang, Datong, Shihao, Zhangshiba, Liyuanba, Daluo, Xiaoyutuo,
and Macun mines (Figure 1b).

2.1. Regional Structural Features

The coalfield is located in the secondary fold belt on the western flank of the Jiudianya,
Jiulongshan, and Sangmuchang anticlines (Figure 1b). Its structural pattern presents a
radial shape that converges to the northeast and spreads to the southwest. The Lianghekou
syncline, Yangchatan anticline, Damushu syncline, and Yutiao anticline from east to west in
the coalfield form a “bulge-shaped structure” to the northwestward rise. This structure is
distinguished by wide, low anticlines and compact synclines with a gradual weakening of
fold amplitude from east to west. Surface fracture phenomena are relatively insignificant
and minor, and only those associated with the four folds affect the mining conditions.
In addition, the stratigraphic denudation in the anticline cores is more serious than that
in the syncline cores, the extension direction of the fracture zones is nearly parallel or
perpendicular to the anticline axis, and the fracture extensions are not far.
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Figure 1. (a) Location of the Songzao coalfield in Chongqing city, Southwest China; (b) regional
structural and lithostratigraphic divisions of the Songzao coalfield.

2.2. Regional Structural Features

The coalfield is located in the secondary fold belt on the western flank of the Jiudianya,
Jiulongshan, and Sangmuchang anticlines (Figure 1b). Its structural pattern presents a
radial shape that converges to the northeast and spreads to the southwest. The Lianghekou
syncline, Yangchatan anticline, Damushu syncline, and Yutiao anticline from east to west in
the coalfield form a “bulge-shaped structure” to the northwestward rise. This structure is
distinguished by wide, low anticlines and compact synclines with a gradual weakening of
fold amplitude from east to west. Surface fracture phenomena are relatively insignificant
and minor, and only those associated with the four folds affect the mining conditions.
In addition, the stratigraphic denudation in the anticline cores is more serious than that
in the syncline cores, the extension direction of the fracture zones is nearly parallel or
perpendicular to the anticline axis, and the fracture extensions are not far.

2.3. Coal-Bearing Stratigraphic Characteristics

The strata exposed in the coalfield mainly include the Paleozoic Permian series and
the Mesozoic Triassic and Jurassic series (Figure 1b). The Jurassic and Triassic strata are
widely distributed in the synclines in the western, eastern, and southeastern parts of the
coalfield, while the Permian strata are mainly exposed along the anticline axis or near the
axis in the eastern and southeastern parts of the coalfield. By the latest Permian integrative
stratigraphy and timescale of China [30], the upper Permian series in the coalfield include
the Wuchiapingian and Changhsingian stages. The Changhsingian stage includes the
Changxing Formation, and the Wuchiapingian stage includes the Longtan Formation.

The coal measure strata of the coalfield are exposed in the Longtan Formation, which
mainly consists of coal seams, bioclastic and siliceous limestone, sandstone, siltstone, silty
mudstone, calcareous mudstone, argillaceous shale, and tuffaceous sediments, and belong
to the shallow bay–tidal flat–lagoon mixed deposits of alternating marine–continental
transitional environments along the western margin of a shallow carbonate platform
within an epicontinental sea ([14,31–37] and Figure 1). The Kangdian Oldland is the
dominant terrestrial source for the coalfield. The total thickness of the coal measure strata is
generally approximately 66 to 80 m, containing 5 to 13 coal seams with a high metamorphic
degree (type III kerogen) and an average maximum vitrinite reflectance (R0, max) greater
than 2.0%, among which, the main coal seams include M6, M7, M8, and M12 throughout
the whole coalfield, which are important targets of CBM exploration and development
(Figure 2). The middle Permian Maokou Formation disconformably underlies the Longtan
coal measure strata, which consists of medium-to-thick-bedded and massive bioclastic
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limestones that are rich in marine fossils, mostly including fusulinids, corals, brachiopods,
ammonites, conodonts, benthic foraminifera, and calcareous algae [38,39]. The Longtan
Formation overlies the Changxing Formation, which is composed of medium-to thick-
bedded bioclastic limestone containing less dolomite and less banded and nodular cherts
dominated by marine fusulinid, coral, brachiopod, and ammonite fossils in a shallow
carbonate platform environment.

 

Figure 2. Typical lithologic stratigraphic framework of the Permian Longtan Formation in the
Songzao coalfield.

2.4. Thickness and Distribution of the Main Coal Seams

The thickness and distribution of the main coal seams M6, M7, M8, and M12 in the
Longtan Formation in the Songzao coalfield are relatively stable (Figures 2 and 3 and
Table 1). The coal seams are usually buried at a depth of 400~1700 m, and their total
thickness is 4.01~9.88 m, with an average of 7.58 m and a total recoverable value of 5.45 m.
There is a thinning zone with a range of 2 km2 in the northwestern part of the coalfield,
which is situated at the junction of the Xiaoyutuo and Daluo mines. The total thickness
of the four coal seams averages approximately 3 m, but their largest area, distributed in
the Shihao, Datong, and Daluo mines located on the southeastern flank of the Damushu
syncline, has a total thickness of approximately 8 m. But in the monoclinal structure in the
southwestern area of the coalfield, the thickness of the four coal seams is generally small.
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Figure 3. Thickness variation in the coal seams M6, M7, M8, and M12.

Table 1. General parameters of the coal seams M6, M7, M8, and M12.

Coal Seam
Number

Depth of
Coal Seams

(m)

Thickness (m) Coal Seam
Interlayer

Spacings (m)

Tonstein
Thickness (m)

Lithological Characters of Coal Seam
Roof and Floor

Stable and RecoverableMinimum–
Maximum

Minimum–
Maximum Coal Seam Floor Coal Seam Roof

Average Average

M6

400~1700

0.4~1.47
7.1

0.03~0.24
mudstone–siltstone mudstone–siltstone

relatively stable
locally recoverable0.94 0.11

M7
0.71~1.62 0.01~0.57

mudstone–siltstone mudstone
relatively stable

locally recoverable1.11
6.6

0.26

M8
0.83~6.43 0.03~0.58

sandstone–siltstone mudstone–siltstone stable
recoverable3.04

22.6
0.24

M12
0.31~3.33 0.01~0.1 siltstone–sandy

mudstone
siltstone–sandy

mudstone
relatively stable

locally recoverable0.86 0.04

The coal seams M6, M7, and M8 are located in the middle part of the Longtan coal
measure strata, with interlayer spacings of 7.1 m and 6.6 m. The thickness of the coal seams
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M7 and M8 revealed a trend of gradual increase as the depth increased. The coal seam
M12 is located in the lower part of the coal measure strata, with an interlayer separation of
approximately 22.6 m from the coal seam M8. The total thickness of the coal seam M6 is
0.4~1.47 m, with an average of 0.94 m, and it serves as an unstable coal seam, containing
0~1 layer of tonstein and 2 local layers. The total thickness of these tonsteins is 0.03~0.24 m,
with an average of 0.11 m. The coal seam is thinner at the junction of the Xiaoyutuo
and Daluo mines, with a thickness of less than 0.75 m. The overall thickness of the coal
seam M7 is 0.71~1.62 m, with an average of 1.11 m. It is a thin coal seam with a simple
structure and a stable thickness. In certain regions, the middle part of the coal seam is
interspersed with a 0.01~0.57 m thick layer of argillaceous tonstein. The most important
recoverable coal seam, M8, is 0.83~6.43 m thick, with an average thickness of 3.04 m, and is
a medium-thickness and stable coal seam. The structure of the coal seam is simple, and
the tonsteins are generally located in its upper part, with a total thickness of 0.03~0.58 m
and an average thickness of 0.24 m. The thickness of the zone delimiting the lower part
of the coal seam is generally 6~9 times that of the upper part, leading to the formation
of a three-layer tonstein structure with two coal layers and one tonstein layer. The coal
seam M12, situated in the plunging crown of the Yutiao anticline, is located in the area
including the coal seams M11 and M12. It is directly overlain by aluminum mudstone, of
which the east side is the independent stratification area of the coal seams M11 and M12.
The coal seam M11 is located above the coal seam M12, with a thickness of 0.41~3.41 m. The
coal seam M11 is partially recoverable, while the coal seam M12 does not have, generally, a
recoverable thickness, belonging to a nonrecoverable coal seam. In this study, the two coal
seams are jointly referred to as coal seam M12. The total thickness of the coal seam M12 is
0.31~3.33 m, with an average of 0.86 m, indicating that it is a thin coal seam; its general
thickness is between recoverable and critically recoverable, making it a relatively stable
coal seam.

3. Sampling and Methods

3.1. Evaluation of the Samples

Samples from three CBM wells (QD1, QM1, and QM2 wells) and more than eighty coal
exploration boreholes of the Upper Permian Longtan Formation in the Songzao coalfield
were collected, with burial depths ranging from approximately 400 to 1700 m, and the
distribution of CBM gas in the main coal seams is described. Then, 99 experimental
samples of high-rank coal from 3 drilling cores in the QD1, QM1, and QM2 wells and
5 coal exploration boreholes (ZK1, ZK4, SZK8-2, SZK10-3, and SZK10-2) in the coalfield
were analyzed in depth. The experimental materials were systematically extracted from
the coal seams M6, M7, M8, and M12 of the Longtan Formation to determine geological
parameters such as macerals, vitrinite reflectance (R0), total organic carbon (TOC), amount
of free hydrocarbons plus yield of residual hydrocarbons (S1 + S2), maximum pyrolysis
temperature (Tmax) in rock pyrolysis, pore structure, porosity, and permeability, gas content,
and components. All the materials were sealed with desiccators and then measured in the
laboratory of the Chongqing Mineral Resources Supervision and Testing Center, Chinese
Ministry of Land and Resources. Some data for the coal seams M6, M7, M8, and M12 of
the Songzao coalfield, such as thickness, CBM gas content, and macerals, were primarily
obtained from previous studies [14,31,33–35,37,40,41] and geological reports on the detailed
investigation of coal resources in various coal mines of the coalfield.

3.2. Analytical Methods

In this study, macerals and R0 were measured using a Leica DM4500P light micro-
scope (Leica, Wetzlar, Germany) with a 40× objective to analyze the volume percentages of
macerals and evaluate the thermal maturity of organic matter based on reflectance spec-
trometry, fluorescence, and transmission spectrometry. The analytical methods referred to
the Chinese oil and gas industry standards SY/T 6414-2014 [42] and SY/T 5124-2012 [43].
Five thermal evolution stages could be generally identified, i.e., immature (R0 < 0.5%),
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lowly mature (R0, 0.5~0.7%), mature (R0, 0.7~1.3%), highly mature (R0, 1.3~2.0%), and
overmature (R0 > 2.0%) stages.

To determine the original parent organic matter material in the hydrocarbon source rock,
coal samples were pyrolyzed using a China Haicheng Rock-Eval VIII instrument (Haicheng
Petrochemical Instrument Factory, Haicheng, China) with a flame ionization detector. The
program was carried out in accordance with the national standard GB/T 18602-2012 [44].

The pore structure was observed, and the pores were counted by scanning electron
microscopy (SEM) and high-pressure mercury intrusion porosimetry. SEM imaging was
performed using an American Thermo Fisher Scientific Apreo SHiVac-Type field-emission
scanning electron microscope (FE-SEM) (Thermo Fisher Scientific, Waltham, MA, USA)
and an American Gatan 697 Ilion II Argon ion-polishing mill (AMETEK, Berwyn, PA, USA)
to determine the pore characteristics in the coal samples based on the Chinese oil and gas
industry standard SY/T 5162-2014 [45]. The classification of the pore type referred to a
previous work, which described organic matter pores, interparticle mineral pores, intra-
particle mineral pores, and fracture pores [46]. Based on the guidelines of the International
Union of Pure and Applied Chemistry (IUPAC), pores in coal can be classified into three
categories, i.e., “micropores”, with a diameter between 0 and 0.002 μm (0~2 nm), “meso-
pores” with a diameter between 0.002 μm and 0.05 μm (2~50 nm), and “macropores” with
a diameter greater than 0.05 μm (>50 nm) [47]. The mercury instrusion porosimetry was
conducted via an American Mike Autopore IV 9500 mercury porosimeter (Micromeritics,
Atlanta, GA, USA) to determine different pore volumes under the national standard of
GB/T 21650.1-2008 [48].

The porosity and permeability were determined via an American CORETEST SYS-
TEMS Inc. AP-609 porosity–permeability tester (CoreTest, Atlanta, GA, USA) with the ana-
lyzed porosity ranging from 0.1 to 40%, and permeability ranging from 0.001 to 10,000 mD
on the basis of the national standard SY/T 6385-2016 [49].

The gas content and its components were determined by in situ gas desorption and
isothermal adsorption experiments and gas composition determination. The contour map
of CBM gas concentration was established by referring to two geostatistical methods, krig-
ing and triangulation, based on previous research and geological data on coal resources in
the Songzao coalfield. The in situ CBM desorption was measured using a self-developed
in situ gas-bearing test instrument from the Chongqing Institute of Geology and Mineral
Resources to evaluate CBM potential and sweet spot prediction. The in situ test methods
referred to the national standard GB/T 19559-2008 [50]. The isothermal adsorption ex-
periment was performed using a ZJ466 Rubotherm IsoSORP HP StaticIII-Type magnetic
suspension balance gravimetric high-pressure isothermal adsorption–desorption instru-
ment (Rubotherm, Bochum, Germany). The Langmuir volume pressure is referred to as the
Langmuir adsorption isothermal [51]. The gas composition was evaluated by using an ITQ
900 gas chromatographer (GC) (Thermo Fisher Scientific, Waltham, MA, USA) equipped
with a thermal conductivity detector and a flame ionization detector based on the national
standard GB/T 13610-2014 [52].

4. Results

4.1. Coal Geochemical Characterization

The coal geochemical parameters were directly obtained from the maceral, rock pyrol-
ysis, and R0 experiments. The coal maceral analysis of samples from the Datong mine and
the QD1 well revealed that the average content of organic components in the coal seams
M7, M8, and M12 was 81.5 to 88.0%, with the coal seam M8 having the highest content
(Table 2). The content of typical inorganic components varied from 12.0 to 18.5%, with the
coal seam M12 possessing the highest content. On average, vitrinite was found to contribute
60.1–69.0% of the organic components, whereas inertinite accounted for 14.3~25.3% of them.
Clay minerals appeared to be the most abundant inorganic component, followed by sulfide
minerals, while oxide and carbonate minerals were less prevalent.
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The four coal samples from the coal seams M6, M7, M8, and M12 in the QD1 well
had high TOC contents ranging from 31.49 to 51.32 wt% (Table 3). These studied coals
presented low S1 and S2 values in the ranges of 0.0916~0.12 mg/g and 4.3565~8.4797 mg/g,
respectively. The TOC and S1 + S2 values indicated that the coals are overmature, as
discussed below, and have a fair hydrocarbon generation potential. The Tmax values ranged
from 534 to 549 ◦C, with an average of 539 ◦C, suggesting that the coals experienced
thermal evolution to overmaturation. The hydrogen index (HI) values ranged from 13.83
to 16.52 mg HC/g TOC, with a mean value of 15.21 mg HC/g TOC, indicating that type
III kerogen (less than 200 mg HC/g TOC) is dominant in the coal seams M6, M7, M8, and
M12 of the Longtan Formation. The R0 values varied from 2.09 to 2.24%, averaging 2.17%.
In addition, the coals in the Longtan coal measure strata from Chongqing city contain
mostly semianthracite and anthracite, with R0 values of 1.88~2.6% on average, according to
previous studies [14,29,31], and underwent a highly thermal evolution process, leading to
high-rank coal with a post-thermal maturity and good potential for CBM accumulation.

Table 3. Geochemical parameters of the high-rank coal in the QD1 well.

Coal Seam Number S1 (mg/g) S2 (mg/g) Tmax (◦C) HI (mg/g) TOC (wt%) R0 (%)

M6 0.0975 7.183 534 15.66 45.86 2.13
M7 0.12 8.4797 535 16.52 51.32 2.09
M8 0.0916 7.3502 535 14.81 49.63 2.24
M12 0.1047 4.3565 549 13.83 31.49 2.2

Remarks: HI = S2 × 100/TOC, mg HC/g TOC.

4.2. Coal Reservoir Characterization
4.2.1. Pore Structure

The coal samples from the coal seams M6, M7, M8, and M12 analyzed by SEM showed
that the coal pores were mainly gas holes and erosion pores, which were distributed inside
the massive organic components. These pores’ diameters were generally 0.13~3.45 μm,
with a maximum of 10.69 μm (Figure 4). Coal fissures had not developed, and only a few
of them were visible. The width of these fissures was generally 1.0~7.18 μm. The fissures
were mainly shell-like and step-shaped. The organic components were distributed in flatter
blocks and strips, with clastic, agglomerate, and granular clay minerals dominating the
mineral composition of the coal.

The coal pore volumes in the study area varied from 1.48 to 48.40 × 10−4 cm3/g, with
an average of 10.86 × 10−4 cm3/g, and the average volume ratio was 33.33% (Table 4).
Meanwhile, the volume ratio of the coal seam M6 was more than 40%, and micropores were
predominant. The variation range of the micropore volumes was 2.34~48.40 × 10−4 cm3/g,
with an average of 11.78 × 10−4 cm3/g, and the average volume ratio of the micropores
was 32.28%. The variation range of the mesopore volume was 1.48~11.40 × 10−4 cm3/g,
with an average of 4.56 × 10−4 cm3/g. The volume ratio of the mesopores was 7.22~20.11%,
with an average of 13.59%. The mesopore volume in these coal seams was much smaller.
Moreover, the variation range of the macropore volumes was 7.87~27.24 × 10−4 cm3/g,
with an average of 16.22 × 10−4 cm3/g, and the volume ratio of the macropores ranged
from 28.12 to 81.37%, with an average of 54.14%. In summary, the coal in the coalfield
appeared to contain mainly macropores and micropores, and their total proportion was
greater than 80%. Among them, the coal seam M6 revealed a prevalence of micropores, and
the other coal seams presented a prevalence of macropores.

4.2.2. Porosity and Permeability

Depending on the porosity and permeability data of 19 coal samples from different
mines within the coalfield, it was determined that the coal porosity ranged from 2.36%
to 5.26%, with an average of 4.29%. The permeability varied from 0.0029 to 0.0221 mD,
with the majority of the samples having a permeability below 0.01 mD and an average
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permeability of 0.0069 mD and thus placed in the ultralow-permeability coal seam group
(Table 5). Except for the QM1 well, the coal permeability in the Daluo and Shihao mines
was found to be extremely low, with the highest permeability not exceeding 0.01 mD, and
the average being 0.006 mD, which is related to the fact that the tested coal samples were
taken from deep coal seams (buried more than 1000 m).

 

Figure 4. Microstructural photographs of coal from the coal seams M6, M7, M8, and M12. FI, fissure;
MP, macroscopic pore; Py, pyrite.

Table 4. Coal pore structure and volume parameters in the coal seams M6, M7, M8, and M12

determined by mercury injection porosimetry.

Coal Seam Number
Buried Depth

(m)
Pore Volume (10−4cm3/g) Pore Volume Ratio (%)

Well/Borehole Number
V1 V2 V3 Vt V1/Vt V2/Vt V3/Vt

M6

886.20 7.87 3.47 8.56 19.90 39.55 17.44 43.02 QM1 Well
1661.85 11.12 6.43 22.00 39.55 28.12 16.26 55.56 Daluo Mine, ZK1
1381.45 15.29 6.99 20.30 42.58 35.91 16.42 47.67 Daluo Mine, ZK4
912.41 15.32 5.16 13.70 34.18 44.82 15.10 40.08 Shihao Mine, SZK8-2

1074.34 25.22 11.40 48.40 85.02 29.66 13.41 56.93 Shihao Mine, SZK10-2
1444.85 19.75 6.89 15.50 42.14 46.87 16.35 36.78 Shihao Mine, SZK10-3

10
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Table 4. Cont.

Coal Seam Number
Buried Depth

(m)
Pore Volume (10−4cm3/g) Pore Volume Ratio (%)

Well/Borehole Number
V1 V2 V3 Vt V1/Vt V2/Vt V3/Vt

M7

1672.09 15.84 2.23 3.24 21.31 74.33 10.46 15.20 Daluo Mine, ZK1
1393.31 15.73 2.50 5.98 24.21 64.97 10.33 24.70 Daluo Mine, ZK4
917.76 14.77 3.32 6.52 24.61 60.01 13.49 26.49 Shihao Mine, SZK8-2

1452.42 14.39 5.27 6.55 26.20 54.92 20.11 25.00 Shihao Mine, SZK10-3
1081.12 14.64 3.12 10.00 27.76 52.74 11.24 36.02 Shihao Mine, SZK10-2
898.70 14.20 3.76 8.05 26.01 54.59 14.46 30.95 QM1 Well

M8

1685.02 18.97 2.19 3.54 24.70 76.80 8.87 14.33 Daluo Mine, ZK1
1400.17 14.54 3.16 9.11 26.81 54.23 11.79 33.98 Daluo Mine, ZK4
929.95 14.36 3.13 5.37 22.86 62.82 13.69 23.49 Shihao Mine, SZK8-2

1461.11 16.48 5.19 14.60 36.27 45.44 14.31 40.25 Shihao Mine, SZK10-3
1091.12 18.45 5.45 14.00 37.90 48.68 14.38 36.94 Shihao Mine, SZK10-2
905.90 16.68 1.48 2.34 20.50 81.37 7.22 11.41 QM1 Well

M12

1704.07 10.89 3.50 7.51 21.90 49.73 15.98 34.29 Daluo Mine, ZK1
1431.64 27.24 2.74 6.32 36.30 75.04 7.55 17.41 Daluo Mine, ZK4
1114.23 20.42 10.90 24.50 55.82 36.58 19.53 43.89 Shihao Mine, SZK10-2
934.30 14.76 2.10 3.14 20.00 73.80 10.50 15.70 QM1 Well

Remarks: V1, V2, and V3 are the pore volumes of macropores, mesopores, and micropores, respectively. Vt is the
total pore volume.

Table 5. Coal porosity and permeability data of samples from the coal seams M6, M7, M8, and M12.

Coal Seam Number Burying Depth (m) Porosity (%) Permeability (mD) Well/Borehole Number

M6

1662 4.25 0.0063 Daluo Mine, ZK1
1381 4.32 0.0065 Daluo Mine, ZK4
1445 3.82 0.0077 Shihao Mine, SZK10-3
912 4.57 0.0050 Shihao Mine, SZK8-2
1074 4.67 0.0063 Shihao Mine, SZK10-2

M7

899 2.36 0.0221 QM1 Well
1672 5.01 0.0062 Daluo Mine, ZK1
1393 3.95 0.0054 Daluo Mine, ZK4
918 5.08 0.0059 Shihao Mine, SZK8-2
1452 4.68 0.0086 Shihao Mine, SZK10-3
1081 3.54 0.0072 Shihao Mine, SZK10-2

M8

1685 3.95 0.0043 Daluo Mine, ZK1
930 5.26 0.0068 Shihao Mine, SZK8-2
1461 4.16 0.0094 Shihao Mine, SZK10-3
1091 4.19 0.0031 Shihao Mine, SZK10-2
1400 3.94 0.0050 Daluo Mine, ZK4

M12

1704 4.31 0.0075 Daluo Mine, ZK1
1432 4.21 0.0042 Daluo Mine, ZK4
1114 5.18 0.0029 Shihao Mine, SZK10-2

4.3. Coal Gas-Bearing Properties
4.3.1. Composition of CBM

According to the gas component data of the 15 coal samples from the QD1, QM1, and
QM2 wells (Table 6), the concentration of desorbed CH4 in the coal seams M6, M7, M8,
and M12 ranged from 88.62 to 99.41%, with an average of 94.45%. The content of C2+ was
0~0.18%, while the inorganic component comprised minor amounts of CO2 and N2. The
CO2 content ranged from 0.48 to 1.55%, while the N2 content was typically less than 9.71%.

4.3.2. Distribution of the CBM Gas Contents

Based on the in situ desorption analysis of the CBM gas content in the QM1, QM2,
and QD1 wells, the in situ desorption gas contents in the coal seams M6, M7, M8, and M12
were 12.5~15.3 m3/t, 21.4~25.8 m3/t, 15.9~25.6 m3/t, and 12.1~21.1 m3/t, respectively. The
gas contents in the main coal seams from the three CBM wells were more than 8.0 m3/t,
indicating a good material foundation for gas generation. Meanwhile, vertically, the gas
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contents in the coal seams M7 and M8 were relatively higher than those in the coal seams
M6 and M12.

Table 6. Gas component data of samples from the coal seams M6, M7, M8, and M12 in the QD1, QM1
and QM2 wells.

Well
Number

Coal Seam Number
Content without Air of Components (Volume)/%

N2 CO2 CH4 C2+

QD1 Well
M6

6.90 0.88 92.18 0.04
QM1 Well 2.56 1.12 96.21 0.11
QM2 Well 7.81 0.90 91.12 0.18
QM2 Well M7

1.51 0.90 97.44 0.16
QM1 Well 9.54 0.65 89.71 0.10
QD1 Well

M8

6.26 0.89 92.84 0.01
QM1 Well 6.72 1.05 92.15 0.08
QM1 Well 0.00 0.50 99.41 0.09
QM2 Well 9.71 1.55 88.62 0.13
QM2 Well 8.69 1.24 89.92 0.15
QM2 Well 2.08 1.24 96.50 0.18
QD1 Well

M12

3.72 1.23 95.05 0.00
QM2 Well 1.21 0.83 97.74 0.23
QM2 Well 0.45 0.53 98.85 0.17
QM1 Well 0.35 0.48 99.03 0.13

As can be seen from the distribution of the CBM gas contents in the coal seams M6, M7,
M8, and M12 from different mines (Figure 5 and Table 7), the average CBM gas content in
these coal seams in the Xiaoyutuo mine ranged from 12.47 to 21.45 m3/t, with the highest
content was found in the coal seam M8. The average CBM gas contents in the coal seams
of the Datong and Shihao mines showed a very similar variation trend and were only
11.99~16.98 m3/t and 11.15~17.42 m3/t, respectively. The average CBM gas content in the
coal seams of the Daluo mine ranged from 26.14 to more than 30 m3/t and was the highest
in the study area.

Table 7. Average CBM gas contents of the coal seams M6, M7, M8, and M12 in different coal mines of
the Songzao coalfield.

Coal Mine Coal Seam
Average Depth

(m)
Average Gas Content

(m3/t)

Xiaoyutuo

M6 776.98 12.47
M7 850.29 15.42
M8 918.95 21.45
M12 1057.1 18.14

Datong
M6 533.39 11.99
M7 640.27 15.92
M8 690.34 16.98

Daluo
M7 1152.59 26.14
M8 1549.19 26.25
M12 1587.06 28.18

Shihao

M6 885.48 11.17
M7 1025.49 17.42
M8 1076.72 17.02
M12 1079.65 11.51

12



Energies 2024, 17, 1262

 

Figure 5. Regional distribution of the CBM gas contents in high-rank coal from the coal seams M6,
M7, M8, and M12. Typical CBM gas content data are reported in Table S1.

The average CBM gas content in the coal seam M8 in the coalfield was usually higher
than 16 m3/t, and some areas with lower gas contents were found only at the junction of
the Datong, Xiaoyutuo, and Daluo mines and at the junction of the Datong and Shihao
mines. The highest CBM gas content in regional coal seams was above 30 m3/t, and these
high-content sites are mainly distributed in deep areas of the Xiaoyutuo, Daluo, and Shihao
mines along the Yutiao anticline. The total CBM gas content in these coal seams appeared
to increase from east to west and as the elevation of the coal seam floor decreased.

4.3.3. Adsorption–Desorption Characteristics

The isothermal adsorption results of CBM gas analysis revealed that the Langmuir
volume and the Langmuir pressure in the coal seam M6 were 6.40 cm3/g and 1.30 MPa,
respectively (Figure 6). The coal seam M8 was characterized by the largest Langmuir
volume of 24.88 cm3/g and a Langmuir pressure of 1.04 MPa. The Langmuir volume of the
coal seam M12 was 15.24 cm3/g, and its Langmuir pressure was only 0.91 MPa.
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Figure 6. Isothermal adsorption data of CBM gas in the coal seams M6, M8, and M12 from the
QD1 well.

The central depths (vertical depths) of the coal seams M6, M8, and M12 in the QD1
well were 888.1 m, 904.7 m, and 933.6 m, respectively. Based on the formation pressure
coefficient of 1.0 for the Xiaoyutuo mine, the formation pressures of the coal seams M6,
M8, and M12 were 8.88 MPa, 9.05 MPa, and 9.34 MPa, respectively. Combining these data
with the isothermal adsorption curve of the coal samples and the Langmuir isothermal
adsorption equation, the theoretical CBM gas contents of the coal seams M6 and M12 were
5.58 m3/t and 13.88 m3/t, respectively. However, the coal seam M8 showed the highest
theoretical gas content of 22.32 m3/t, appearing as the most promising candidate for CBM
exploration and development efforts.
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5. Discussion

5.1. Constraint of the Depositional Environment on Coal Formation

The depositional environment constrains the characteristics of coal accumulation,
the petrographic composition, and the spatial combinations of coal seams [14,31,53–55],
which largely provide the material basis for CBM generation. When the depositional
conditions are good, the coal seam thickness is large, and its distribution is stable, leading
to a significant possibility of CBM gas production. In contrast, when the subsidence
amplitude is not obvious, and the depositional conditions are poor, the coal seam thickness
is unevenly distributed, and CBM gas production may also be relatively small.

A set of lowland residual plain deposits, dominated by bauxitic mudstone and kaolin-
ite tonstein, developed steadily and were widely distributed throughout the weathering
and denudation substrate at the top of the Maokou Formation during the early Wuchiapin-
gian Period in the Songzao coalfield, as the crust started to sink slowly, and a large-scale
sea recession stopped (Figures 2 and 7a,b).

 

Figure 7. (a) Horizonal Wuchiapingian depositional pattern in the Songzao coalfield; (b) longitudinal
Wuchiapingian depositional system of the Songzao coalfield.

As the crust continued to sink, and the first transgression invaded the area from the
northeast to the southwest of Chongqing, the range of the marine–continental transitional
zone gradually expanded, and large-scale coal accumulation occurred throughout the
coalfield, resulting in the formation of the stably developed coal seam M12, which is the
product of regional transgression and is commonly presented during the initial stage of the
early Wuchiapingian Period.

After that, seawater continued to rise slowly, the effect of coal gathering ended, the
littoral tidal flat environment began to develop in a large region, and a set of fine clastic
sediments such as siltstone and silty mudstone generally formed. Meanwhile, under
the dual effects of further crust sinking and seawater rising, marine carbonate sediments
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appeared locally in the coalfield, and a thicker layer of limestone formed, represented by
the Guanyinqiao limestone, which was deposited in a shallow bay with varying amounts
of siliceous clastics. As the transgression stopped briefly, and the crust rose slowly, tidal
flat and lagoon deposits developed on the top of the Guanyinqiao limestone, consisting
primarily of sandstone, shale, and mudstone, locally interspersed with thin layers of
limestone and unstable coal seams such as the coal seams M10 and M11. The largest
transgression of the Wuchiapingian Period occurred after the deposition of the coal seams
M10 and M11, forming the Wenshui–Liangcun limestone of the shallow bay environment
throughout the whole coalfield. The Wenshui–Liangcun limestone represents the highest
position of the transgression during the Wuchiapingian Period, and then the depositional
sequence of lagoon and tidal flat redeveloped due to a seawater falling trend toward the
east side of the coalfield and a crustal basement imbalance, forming the coal seam M7,
which also reflects the fluctuating in and out movement of seawater. During this stage, the
coal seams M8 and M9 with regional spreading also formed, among which the coal seam
M8 is the best developed.

With the beginning of a new transgression, the crust sank, and seawater rose, and
the depositional sequence shallow bay–lagoon–tidal flat manifested again over a wide
range, forming fine clastic sediments dominated by siltstone and silty mudstone, thin
coal seams (the relatively stable coal seams M6 and M7), and thin marker limestone layers
(the Liyuanba, Zhangshiba, and Xianyuan limestone layers). During this stage, there
were several short periods of regression, and the coal measure strata better developed
to the west side of the coalfield. By the Changhsingian Period, a long-term and stable
shallow carbonate platform had emerged in the Songzao field, implying the end of the
Wuchiapingian marine–continental transitional environment.

However, the interpretation of the attributes of sparse vertical and horizontal sections
and of borehole data using a geologic model, due to the heterogeneity and the inability to
explain their spatial distribution, is difficult [56]. The traditional geostatistical interpolation
approaches identified unhandled uncertainty in the Wuchiapingian marine–continental
transitional environment pattern. This issue can be overcome by incorporating supplemen-
tal testing data to obtain more accurate inference results using hybrid techniques, such as
a hybrid ensemble-based automated deep learning methodology [56]. In conclusion, the
Songzao coalfield experienced repeated transgression and regression events from northeast
to southwest throughout the Late Permian Wuchiapingian Period, with shallow bay–tidal
flat–lagoon deposits dominating the depositional system (Figure 7a,b). Large-scale and
stable coal accumulation mainly occurred in the early and middle Wuchiapingian. After
the progressive rising of seawater and the variable fluctuation of the crust, no favorable
coal-forming environment developed; hence, few coal seams formed in the coalfield in the
middle to late Wuchiapingian.

5.2. Tectono-Thermal Evolution Constraining the CBM Production Potential

The Emeishan mantle plume activity was a large-scale tectono-thermal evolution
event in Southwest China that constructed the Emeishan large igneous province in the
latest middle Permian [57–59], triggering multistage intermediate-acidic volcanic eruptions
during the late Permian Wuchiapingian and Changhsingian [60–62]. This event, with
different development stages (emplacement, doming, and erosion of the Emeishan mantle
plume and continued volcanism), deeply impacted the marine sedimentary strata in this
time interval, forming a high geothermal field [63–67]. The Dongwu movement between
the middle and the late Permian was a rapid differential uplift of the crust caused by mantle
plume activity, and the top of the middle Permian Maokou Formation exposed at the
surface underwent weathering and denudation [38]. The resulting tectonic fractures, such
as the Huayingshan and Qiyueshan fault belts, provided migration channels for magmatic
upwelling, intrusion, and volcanic activity throughout some regions of Sichuan province
and Chongqing city in Southwest China (Figure 8a,b).
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As the crust subsided again, marine–continental transitional deposits began to de-
velop during the late Permian Wuchiapingian Period, forming the coal measure strata of
the Longtan Formation. In addition, some tonstein (or tuff) layers were found near or
within the coal seams of the Longtan Formation in southern Sichuan province, southern
Chongqing city, western Guizhou province, and eastern Yunnan province ([33,35,36,68–70]
and Figure 2), which belong to the outer zone of the Emeishan large igneous province and
resulted from the waning activity of the mantle plume (Figure 8a,b). The tonsteins (or tuffs),
originating from various partial melting conditions, indicated that the volcanic activities
were characterized by multiple eruptions, relatively short time intervals, and small scales
during peat accumulation. These geological conditions ensured the required temperature
and time for the overmaturation and the achievement of the corresponding thermal meta-
morphic degrees of the whole coal seams in the Longtan Formation. Multistage volcanic
eruptions during the late Permian could have resulted in pronounced increases in the
geothermal gradient and heat flow [62,64,67,71,72], promoting the thermal metamorphism
of the coal seams and accelerating CBM gas formation.

 

Figure 8. (a) Distribution of the Emeishan large igneous province showing the location of the Songzao
coalfield, modified after [73]; (b) middle–late Permian magmatic and tectonic-thermal responses to
the Emeishan large igneous province, modified after [59,65].

The reconstructed heat flow history modeling of the Emeishan large igneous province
region based on multiple paleogeothermal parameters indicated a high heat flow of
80~110 mW/m2 in the late Permian. The Longtan coal measure strata of the coalfield
are located within the region ([63,66] and Figure 8a,b), which could be viewed as direct
evidence of temperature anomalies related to mantle plume activity. Furthermore, thermal
metamorphism at higher temperatures could also change the molecular composition of
coal, resulting in an increase in the degree of coal metamorphism (high-rank coal) and
vitrinite reflectivity (1.88~2.14%). Thermal metamorphism may also lead to increases in
the local CBM pore volume (including gas hole and erosion pore numbers inside organic
components) and gas content, producing a huge amount of pyrolytic methane adsorbed in
the coal seams and further enhancing the gas production potential in high-rank coals.

5.3. Effect of the Regional Geological Structure on CBM Accumulation

The influence of regional geological structures on the CBM gas content is generally
significant. The structure may not only influence the folding, twisting, shape change,
fracture dislocation, and interbed sliding of coal seams [11,74,75], but also cause the escape
and redistribution of CBM stored in coal reservoirs, affecting the gas content in coal seams
in different structural sites [12,76,77]. In the Yuyang and Yangchatan mines of the Songzao
coalfield, several tiny reverse and normal faults have developed underground (Figure 1).
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Meanwhile, there is not much variation between the thickness of the coal seams M6, M7,
M8, and M12 of the Permian Longtan Formation in the two mines (Figure 3). However,
the CBM gas contents in the main coal seams in the Yuyang mine are significantly lower
than those in the Yangchatan mine (Figure 5). This implies that CBM is easily discharged,
and the gas content in the coal seams frequently decreases significantly in underground
tension fractures in the Yuyang mine. Nevertheless, in the Yangchatan mine, underground
compression fractures can effectively close and collect CBM, and the gas content in the coal
seams increases as the formation pressure increases. Few underground faults developed
in the other 10 mines of the Songzao coalfield, although the distribution of the CBM gas
content in the coal seams M6, M7, M8, and M12 has nearly always a certain regularity. For
instance, the coal seam M8 has a thickness of only 0.33 m at the plunging crown of the Yutiao
anticline, yet abundant tectonic coals developed inside it, with a CBM gas content of up to
32.77 m3/t. Furthermore, the CBM gas content of the coal seam M8 was found to be more
than 15 m3/t in the trap areas of the Yutiao and Yangchatan anticlines, such as the Datong
and Shihao mines. The coal seams of the adjacent Zhangshiba and Liyuanba mines are
monoclinic, with thickness ranging from 3.5 to 6.0 m. The gas content in the coal seam M8
normally fell between 12 and 20 m3/t. Moreover, the gas content in the coal seam M8 was
found to increase as the formation pressure rose in the northern and southern compound
structural areas at the plunging convergence site between the Lianghekou syncline and
the Yangchatan anticline, i.e., in the northern part of the Guanyinqiao mine, the southern
part of the Tonghua mine, and the southern parts of the Yangchatan and Shihao mines
(Figure 6). This case illustrates that whether the fold structure is enclosed is the most critical
element influencing variances in the lateral distribution of the CBM gas content. Tectonic
coals are very developed in the Songzao coalfield, with a high CBM gas content in strongly
folded areas or tightly bonded areas, such as the plunging crown of an anticline and the
trap area between two anticlines, destroying the original pores and fissures of coal seams
and increasing the CBM gas content to a high degree in certain enclosed areas.

6. Conclusions

(1) The high-rank coals in the coal seams M6, M7, M8, and M12 of the Permian Long-
tan Formation from the Songzao coalfield have high vitrinite and TOC contents
(60.1~69.0%, 31.49~51.32 wt%), high Tmax and R0 values (averaging 539 ◦C, 2.17%),
low HI values (averaging 15.21 mg HC/g TOC), high porosity and low permeability,
and comparatively high gas contents.

(2) The frequent changes among shallow bay, tidal flat, and lagoon depositional envi-
ronments triggered the formation of multiple coal seams and furnished the material
basis for CBM generation. The multistage tectono-thermal evolution caused by the
Emeishan mantle plume activity provided favorable temperatures and the necessary
time for the overmaturation and thermal metamorphism of the coal seams and the
acceleration of pyrolytic CBM formation.

(3) The effective regional structures, such as the enclosed fold regions like the plunging
crown of the anticline and the trap area between two anticlines, directly optimized
the conditions for CBM enrichment in the high-rank coals.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en17051262/s1, Table S1: Typical average CBM gas contents in
different coal seams from boreholes in the Songzao coalfield.
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Abstract: Core analysis is an accurate and direct method for finding the physical properties of oil
and natural gas reservoirs. However, in some cases coring is time consuming and difficult, and only
cuttings with the drilling fluid can be obtained. It is important to determine whether cuttings can
adequately represent formation properties such as porosity, permeability, and pore size distribution
(PSD). In this study, seven limestone samples with different sizes were selected (Cubes: 4 × 4 × 4 cm,
4 × 4 × 2 cm, 4 × 2 × 2 cm and 2 × 2 × 2 cm, Core: diameter of 2.5 cm and a length of 5 cm,
Cuttings: 1–1.7 mm and 4.7–6.75 mm in diameter), and low-field nuclear magnetic resonance (NMR)
measurements were performed on these samples to obtain porosity, PSD, and permeability. The
results showed that the porosity of cubes and cuttings with different sizes are consistent with cores,
which is about 1%. Whereas the PSDs and permeabilities of the two cutting samples (less than in
size 6.75 mm) differ significantly within cores. It is suggested that interparticle voids and mechanical
pulverization during sample preparation have a negligible effect on porosity and a larger effect on
PSD and permeability. Combined with factors such as wellbore collapse and mud contamination
suffered in the field, it is not recommended to use cuttings with a particle size of less than 6.75 mm to
characterize actual extra-low porosity and extra-low permeability formation properties.
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1. Introduction

Carbonate rocks are sedimentary rocks composed of authigenic carbonate minerals
such as calcite and dolomite. According to Roehl et al. [1], the global oil and gas reserves in
carbonate reservoirs account for about 40% of the total oil and gas reserves and their pro-
duction accounts for about 60% of the total oil and gas production. The high heterogeneity
and complex pore system of carbonate reservoirs lead to low accuracy of reservoir physical
property evaluation, which restricts exploration efficiency and reserve evaluation.

Cores, obtained by drilling core or sidewall coring, are generally used to analyze
reservoirs’ physical characteristics. At present, core analysis is an accurate and direct
measurement method. However, in many cases, such as loose formations, horizontal wells,
etc., coring is expensive and difficult. In these situations, drilling cuttings become the
only source of the physical properties of the reservoir. Thus, cuttings are always used to
characterize the mineralogy and lithology of the reservoir.

In recent decades, various methods for evaluating petrophysical characteristics using
cuttings have been proposed. Santarelli et al. [2] found that the feasibility of cuttings repre-
sents core properties in terms of acoustic, mechanical, and petrophysical properties. For
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sandstone, it is suggested that the minimum size of cuttings used to characterize porosity
is dependent on the porous medium structure, and that cuttings with diameter ≥ 3 mm
can provide an accurate porosity [3]. Yang et al. [4] analyzed four sets of cuttings ranging
from 0.42–4.0 mm in diameter and suggested that the error in porosity for cuttings with
larger grain size was smaller than that of cuttings with smaller particle size. With NMR
and μCT methods, Hübner et al. [5] found that cuttings with diameter of 1–10 mm can
provide an accurate porosity of sandstone. Lenormand and Fonta [6] believed that cuttings
from 0.5 mm to 5 mm can accurately provide porosity with an improved method for re-
moving interparticle moisture. Moreover, for tight sandstone, Solano et al. [7] believed that
cuttings with diameter > 1 mm provide accurate porosity and permeability. In addition,
Ortega and Aguilera [8] defined the minimum cutting size of tight sandstone that can
be used for porosity measurement to be >1 mm in diameter. For shale, Fellah et al. [9]
found that shale cuttings with 1–5 mm in diameter provide accurate porosity. For coal,
Chang et al. [10] found that the porosity and PSD of coal can be found using coal cuttings
with diameter > 1 mm. For both conventional reservoir (sandstone) and unconventional
reservoir (tight sandstone, shale, and coal), cuttings can provide porosity and PSD, but
there are minimum size limitations. For carbonates, Siddiqui et al. [11] measured the
porosity of cuttings with a diameter > 2.5 mm using CT scanning. Meanwhile, Egemann
et al. [12] measured the permeability of cuttings and found that the permeability of cut-
tings with size between 2 mm and 3 mm was consistent with that of cores. In general,
research on smaller-sized cuttings is limited. Therefore, the study on low-porosity and
low-permeability carbonate rocks is still weak.

NMR is a non-invasive technique that can provide information about the porosity, PSD
and permeability of the rock, with no restrictions on the size and shape of the sample [13,14].
Therefore, in this study, low-field NMR was used to analyze the influence of scale effect on
the physical parameters of carbonate rocks, and to provide suggestions on particle size of
cuttings for field application.

2. Geological Setting

The Bohai Bay Basin has a huge resource potential as one of the important oil and
gas basins in eastern China, with an area of about 20 × 104 km2 (Figure 1a) [15]. The
Bozhong Depression is located in the offshore part of the east-central Bohai Bay Basin and
is the main sedimentation and subsidence center of the Bohai Bay Basin. The study area
has undergone the superposed complex tectonic evolution of multi-stages faulting and
neotectonic movement; the overlapping structure of fault depression is developed. The
basement of the depression is mainly composed of Archean metamorphic rocks, overlying
Paleozoic carbonate rocks, middle to lower Jurassic clastic rocks, and upper Jurassic to
Lower Cretaceous andesite, limestone, and clastic rocks. The dark mudstone of Shahejie
Formation and Dongying Formation in Tertiary is the main source rock and cap rock in the
study area. The Majiagou Formation of Ordovician is one of the reservoirs in the study area,
which is the target seam of this study. Affected by Caledonian movement and Yanshan
and Himalayan movements, the upper boundary of Majiagou Formation is a regional
unconformity. The Lower Majiagou Formation is mainly composed of mudstone and
dolomite interbeds, and the Upper Majiagou Formation is mainly composed of limestone
(Figure 2) [16].
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Figure 1. Map showing the location of bohai bay basin in China. (a) Sampling location; (b) Outcrop
of Majiagou formation; (c) Photographs of limestone samples.

 

Figure 2. Stratigraphic lithology of the Bohong Depression Region [16].
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3. Experiments

3.1. Samples

Limestone samples were collected from the outcrop of the Upper Majiagou Formation
of the Bohai Bay Basin, China (Figure 1b,c). Eight sets of standard cylindrical core plug
(C1, C2, C3, C4, C5) were drilled with a diameter of 2.5 cm and a length of 5 cm. The
limestone samples were also cut into cube shapes with different size, Cube–4 × 4 × 4 cm,
Cube–4 × 4 × 2 cm, Cube–4 × 2 × 2 cm and Cube–2 × 2 × 2 cm. The remaining parts were
crushed and sieved into two groups of cuttings: Powder-a (4.7–6.75 mm in diameter), and
Powder−b (1–1.7 mm in diameter) (Figure 3). All samples were measured by 100% water
saturation NMR. For five core samples, the pulse attenuation method was used to measure
permeability. Moreover, the remaining parts of limestone samples were also taken for
characterizing pores via SEM analyses following the Chinese standard SY/T 5162-2014 [17].

 

Figure 3. Limestone samples of cores, cubic, and cuttings.

3.2. NMR and Centrifugal Experiments

The water-saturated NMR technique is based on the NMR relaxation behavior of
spinning hydrogen nuclei (1H) in fluids contained in rocks in the presence of uniformly
distributed static magnetic and radio frequency fields. The measured transverse relaxation
time (T2) consists of three components [18]:

1
T2

=
1

T2S
+

1
T2D

+
1

T2B
(1)

where T2S, T2D, and T2B are the surface relaxation time, diffusion relaxation time and bulk
relaxation time, respectively. Diffusion relaxation is the self-diffusion of fluid molecules,
which is formed by proton spin diffusion via a strong internal field gradient, and can be
expressed by the equation [19]:

1
T2D

=
DG2γ2T2

CP
12

(2)

where D is the free diffusion constant for the relevant molecule, G is the magnetic field
gradient, γ is the magnetogyric ratio, and TCP is the Carr–Purcell spacing (0.5 of the echo
spacing). In a uniform magnetic field, there is no magnetic field gradient, and thus the
diffusion relaxation time is not considered during the experiment. The bulk relaxation time
depends on the properties of fluid (chemical composition, viscosity, etc.), which is much
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larger than T2S. Therefore, for 1H bearing fluids in porous media, T2 is mainly affected by
surface relaxation, which is determined by pore size [19]. Thus, T2 is expressed as follows:

1
T2

≈ 1
T2S

= ρ2

(
S
V

)
= FS

ρ2

rc
(3)

where ρ2 is the surface relaxivity; S is the specific area of the pore; V is the volume of the
pore; FS is the pore geometry morphologic factor, with Fs = 3 for spherical pores [20]; and
rc is the diameter of the pores. Meanwhile, for the T2 spectra of a 100% saturated water
sample, the NMR signal intensity can be converted to porosity using a standard calibration
method [21]:

∅ =
Mp

M
× VP

V
× 100% (4)

where Vp is water volume in 100% water-saturated sample in cm3, V is water volume in the
standard sample in cm3, Mp is the total signal intensity of a 100% water-saturated sample,
and M is the total signal intensity of the standard sample.

To analyze the porosity characteristics and to determine the T2 cutoff values (T2C) of
the limestone samples, all samples at 100% water saturation (Sw) were set for NMR mea-
surement. Four core samples (C1, C2, C3, C4) were then centrifuged using a CSC-10 Super
Core Centrifuge to obtain an irreducible water condition with a 6000 RPM corresponding to
centrifuge pressure of 143 psi [22], after which NMR measurements were performed again.

Notably, for water-saturated cuttings samples, some water is distributed in the in-
tergranular spaces between individual cuttings, which may cause errors in porosity mea-
surements. Therefore, water on the surface of the saturated sample cuttings was carefully
removed by placing the saturated cuttings in a moist sponge and then pressing the sponge
for a few seconds to remove intergranular water between the cuttings [6].

In this study, NMR analysis was performed using an Oxford GeoSpec 12/53 core
analyzer with a uniform magnetic field of 12 MHz. All NMR measurements were performed
at 30 ◦C. the parameters of CPMG pulse sequence were set as follows: echo spacing of
0.1 ms, echo numbers of 13,158, recycle delay of 300 ms, and scan number of 16.

3.3. Permeability Measurement

The evaluation of rock permeability involves both direct and indirect methods. For
the five core samples (C1–C5), the absolute permeability (Kp) was obtained using pulse
attenuation method by flowing air through the core sample until the pressure at both ends
is equilibrated. For cubes and cuttings samples, it is difficult to measure permeability using
the direct method. Therefore, the Coates and SDR empirical models, based on NMR-T2
spectra, are used [23,24].

For the Coates model, a relationship between porosity, irreducible water condition,
and permeability is established as follows:

Kc = C∅4
(

1 − Sir
Sir

)2
(5)

where ∅ is the porosity, %; C is a constant; and Sir is the irreducible water saturation, %:

Sir =

∫ T2c
T2min

A(T2i)dT2∫ T2max
T2min

A(T2i)dT2
(6)

where T2min is the minimum T2 relaxation time, ms, T2max is the maximum T2 relaxation
time, ms; and A(T2i) is the signal amplitude corresponding to any relaxation time T2i. The
T2C value varies for different types of carbonates, which is related to different types of pore
space, pore structure, and mineral compositions [25]. Generally, T2C values are determined
using the centrifugal method [26],
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The SDR model takes pore size distribution into account to estimate permeability:

Ks = C1∅
4(T2g

)2 (7)

where ∅ is the nuclear magnetic porosity in %, C1 is a constant, and T2g is the geometric
mean of the T2 distribution.

4. Results

4.1. NMR Spectra Result for Cubes and Cuttings

Figure 4 shows the NMR-T2 spectra for different sizes of samples at 100% water
saturation. It is worth noting that the samples used in this experiment were of different
masses, thus the T2 spectra of all samples were normalized. For five core samples, the NMR-
T2 spectra show a single peak-like shape, overlapping well and centered at approximately
10 ms. According to Equation (2), T2 relaxation time was converted to pore diameter
size. The surface relaxivity is 37.33 for limestone [27]. Moreover, pores are classified into
micropore (<100 nm), mesopore (100–1000 nm), and macropores (>1000 nm) [28]. The
results show that the limestone samples are dominated by mesopores and macropores,
and the proportion of micropores is only about 10%. For cube samples, the NMR spectra
were generally consistent with the core samples. However, for two groups of cuttings, the
NMR spectra were shifted to the right (Figure 4b), which indicates that some changes have
occurred in the pore-size characteristics of this cuttings sample [11].

Figure 4. T2 spectra of water-saturated limestone samples: (a) core samples, (b) cubic and cuttings
samples.

4.2. NMR Results for Core Plugs at Sw and Sir

The NMR results of the cores under 100% water saturation (Sw) and irreducible water
saturation (Sir) are shown in Figure 5. After the high-speed centrifugation experiment, the
signal amplitude of the single peak of the sample decreases with the loss of the movable
moisture. The decrease or disappearance of the signals provides information about the
movable water in the limestone pores, and the remaining signals provides information on
the irreducible water in the limestone pores [29]. For the four core samples C1, C2, C3, and
C4, the Sirs were 95.72%, 93.60%, 94.06%, and 95.18%, respectively. This indicates that for
tight carbonate rocks, the irreducible water content is high and difficult to displace. It can
be inferred that a large amount of irreducible oil is difficult to extract due to low porosity
and low permeability conditions for this limestone reservoir.
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Figure 5. T2 distributions of core samples at 100% water saturation and after centrifuging to 143 psi,
showing the method to calculate a T2 cutoff value T2C.

The method of determining the T2C based on NMR centrifugal experiments is de-
scribed by Yao et al. [26]. First, the NMR T2 distribution of core samples in 100% water
saturation was transformed into a cumulative porosity curve (blue dashed line in Figure 5),
and the NMR T2 distribution of cores under the optimal centrifugal force of 143 psi was
transformed into a irreducible water cumulative porosity curve (red dashed line in Figure 5).
Then, based on the maximum cumulative porosity value under irreducible water condition,
a horizontal line parallel to the transverse T2 time was plotted to intersect the accumulation
curve for 100% water saturation at one point. Finally, based on this intersection point, a line
perpendicular to the transverse coordinate T2 time is plotted, and T2c is the intersection
of this line with the transverse axis. In this study, the centrifugation-T2C for the selected
sample cores ranged from 100 ms to 158.58 ms, which is consistent with the previous
studies [25]. The average value of the T2C of the four samples was chosen as the T2C for
this study, i.e., T2C = 120.75 ms.

4.3. Pore and Permeability Characterizations of Limestone Samples

The mineral composition of the limestone of the Ordovician Upper Majiagou Forma-
tion is mainly calcite and dolomite. As shown in the SEM microscopy results (Figure 6),
intergranular pores, dissolution pores, intercrystalline pores, and microfractures are devel-
oped in the limestone.
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Figure 6. SEM images of intergranular pores (a,b), dissolution pores (c), intercrystalline pores (d),
microfractures (e,f).

Intergranular pores included the residual intergranular pores between the deposited
particles and the intergranular dissolved pores formed by the residual intergranular pores
further expanding outwardly. Most of the intergranular pores observed under the mi-
croscope were residual intergranular pores, some of which are filled with authigenic
illite, which shows unevenly foliated grains with irregular grain boundaries under the
microscope [30] (Figure 6a), and some of these intergranular pores are filled with pyrite,
surrounded by calcite (Figure 6b). Under the microscope, the pyrite mainly appears
framboidal and spherical [31] and the calcite crystals mainly appear rhombohedra [32].
Dissolved pores are secondary pores formed via the dissolution of fragmented particles.
The dissolved pores in the study area are mainly calcite dissolved pores, and some of
them are filled with autogenous quartz and silky illite (Figure 6c). Intercrystalline pores
are micropores between matrix grains and between intercrystals such as authigenic clay
minerals. Microscopically observed intercrystalline pores of calcite are usually triangular
or polygonal in shape with smooth, straight edges (Figure 6d). The microfractures in the
study area are mainly related to tectonic movement [33]. There are many stages of fractures
in the study area; a large number of microfractures are unfilled (Figure 6e) and some are
filled with silky illite (Figure 6f).
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Moreover, Table 1 shows the results of the pulsed attenuation method for the core samples
and the porosity obtained by NMR. The porosity of the five core samples ranges from 0.96%
to 1.21%, with an average of 1.07%, and the permeability ranges from 0.00252 × 10−3 μm2

to 0.00502 × 10−3 μm2, with an average of 0.00379 × 10−3 μm2. Carbonate reservoirs
with porosity less than 4% and permeability less than 1 × 10−3 μm2 are classified as extra-
low porosity and extra-low permeability reservoirs in the China evaluation standard for
physical properties of sedimentary reservoirs of SY/T 6285-2011. Compared with the
experimental results, the Lower Paleozoic Ordovician carbonate reservoir is the extra-low
porosity and extra-low permeability reservoirs.

Table 1. The result of core samples.

Serial Vt (cm3) ∅n1(%) Sir (%) T2g (ms) Kp (×10−3 μm2)

C1 24.943 1.03 94.51 10.155 0.00252
C2 25.013 1.19 94.05 10.243 0.00502
C3 24.943 1.21 95.70 8.478 0.00313
C4 25.057 1.14 95.62 8.441 0.00329
C5 25.575 0.96 93.84 10.605 0.00353

Notes: Vt = total volume; ∅n1 = NMR porosity; Kp = permeability by pulse attenuation method.

Table 2 shows the results of the NMR porosity of the cubic and cutting samples. There
was little difference in porosity between the samples of different sizes, but the Sir and T2g
of the two sets of cutting samples was significantly different from that of the cubic and
core samples. This is due to a change in the pore size of the cuttings sample [5], which is
discussed in detail in Section 5.2.

Table 2. Cubic and cutting samples test results.

Serial m (g) ∅n2 (%) Sir (%) T2g (ms)

Cube–4 × 4 × 4 cm 178.04 1.05 92.22 11.305
Cube–4 × 4 × 2 cm 98.34 1.02 95.45 8.762
Cube–4 × 2 × 2 cm 44.48 0.89 91.76 9.278
Cube–2 × 2 × 2 cm 31.66 0.93 95.48 7.902

Powder–a 102.33 1.10 89.48 18.542
Powder–b 130.48 1.00 61.95 64.468

Notes: m = completely dry mass; ∅n2 = NMR porosity.

5. Discussion

5.1. Effect of Rock Sample Size on Porosity

As shown in Figure 7, the porosity of the cube and cuttings is basically equal to the
average porosity of the core; the relative error is between 1.87–16.82% and the average
relative error is 7.63%. In this work, the relative standard deviation (RSD) was used to
evaluate the differences between the porosity of samples with different sizes. For core
samples of the same size, RSD = 9.60%. In comparison, the RSD of the four groups of
cube samples of different sizes is 7.71%, the RSD of the two groups of cuttings samples is
6.73%, and the RSD of the cube and cuttings samples of different sizes is 7.74%, all of which
are less than 9.60%, indicating that the porosity is independent of the sample shape and
size. Therefore, for carbonate rocks, cubic samples and cuttings samples larger than 1 mm
porosity can be used to represent reservoir porosity.
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Figure 7. Porosity of limestone samples with different sizes.

5.2. Effect of Rock Sample Size on PSD

According to the transformation method of T2 relaxation time to PSD and the clas-
sification of pores, the percentage of micropore, mesopore, and macropore of limestone
samples were obtained (Figure 8). For five core samples, the average proportions of mi-
cropores, mesopores, and macropores are 9%, 38%, and 53%. For four cube samples, the
proportions of the three types of pores are close, which are 12%, 34%, and 54%; For the
two groups of cuttings samples, the pore proportions are quite different. For cuttings with
particle size of 4.7–6.75 mm, the proportions of micropores, mesopores, and macropores
are 6%, 25%, and 69%, respectively. For cuttings of 1–1.7 mm, the proportions are 4%,
10%, and 86%, respectively. The above results show that for core and cubic samples the
proportion of the three types of pores is almost the same. Compared with the cuttings
sample, the proportion of micropores and mesopores decreases while the proportion of
macropores increases significantly as the particle size of cuttings decreases. This result is
mainly related to the mechanical pulverization effect and to the interparticle void effect.
The mechanical pulverization effect during the process of cutting and pulverizing samples
can cause the proportion of macropore to increase and the proportion of micropore and
mesopore to decrease. Arson and Pereira [34] showed that undamaged and damaged
rocks have different PSD characteristics. Han et al. [35] showed that pulverization has
a negligible effect on the 2 nm micropores and that the damage of the sample will form
secondary pores and cracks, which are mainly macropores and mesopores. In this study, for
cube samples, the mechanical pulverization effect was small and the vast majority of pores
remained intact. Meanwhile, for cuttings samples, the mechanical pulverization effect was
large and most of the pores were destroyed, causing some micropores or mesopores to
open or form cracks. Moreover, SEM images of the samples show that most of the pores of
the limestone samples are filled with minerals. During the crushing process, the discrete
minerals filled in the pores are easily separated, resulting in an increased proportion of
macropores. The remaining water in the interparticle void can also increase the NMR
measurement of macropores. Smith and Schentrup [36] demonstrated that larger size
particles contained larger interparticle pores. Lenormand and Fonta [6] suggested that for
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cuttings with smaller particle sizes, the amount of liquid trapped by capillarity between the
cuttings is very large, and some methods can be used to reduce the influence of interparticle
water. Although we performed pretreatments between NMR tests to eliminate the effect of
interparticle voids, this interparticle space effect may still affect the results of macropore
measurements.

Figure 8. Distribution of pore sizes of different sized chert samples.

5.3. Effect of Rock Sample Size on Permeability

For both the Coates and SDR models, the key is to obtain the constants C and C1 in
Equations (4) and (6) from the experiment data. The constants C and C1 vary significantly
for different rocks; for example, C in the Coates model for sandstone is generally 0.0001.
For carbonate, the C1 in the SDR model is 0.1, according to Fleury et al. [37]. Moreover,
according to Amabeoku et al. [38], for rocks with the same lithology, the constant C and C1
are selected differently in different regions. Therefore, in this study, the optimal constant
C and C1 was obtained by mathematical fitting of the permeability Kp and NMR data
of five cores. As shown in Figure 9a, the optimal value of the Coates model C is 0.7487,
with R2 = 0.8655; in Figure 9b, the optimal value of the SDR model C1 is 0.00003, with
R2 = 0.9146.

Figure 9. Determination of the Coates model constant C (a) and the SDR model constant C1 (b).
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Figure 10 shows the error between the Coates model and the SDR model and the
measured permeability. The small error indicates that the two models can accurately
predict the permeability of limestone samples. Permeability of cubic samples and cuttings
samples is shown in Figure 11. For the four cubic samples, the prediction results of the
Coates model and the SDR model are slightly different from the core permeability. For the
two groups of cuttings, the prediction results of the two models are significantly different
from the core results, with an error of one–two orders of magnitude; the smaller the particle
size of the debris, the larger the error. This situation is highly similar to the change in PSD
described above. And previous studies have suggested that the permeability is largely
dependent on the grain size [39].

Figure 10. The error between the model’s predicted value and the measured value.

At the same time, for these samples, the larger values of T2 in the cuttings (especially
powder-b) imply much larger permeabilities than the other samples, which is consistent
with the larger pore size. For powder b, the permeability of the Coates model is significantly
higher than that of the SDR model. This is because the Coates model considers that the
permeability mainly depends on the macropores with good connectivity in the sample
and considers the effect of movable porosity on the permeability, while the SDR model
introduces T2g, the contribution of pores of different sizes to permeability was averaged to
reduce the effect of macropores on permeability. This reminds us that when using these
two models for permeability prediction, the PSD characteristics and pores connectivity of
the sample should be considered to improve the applicability of the model.
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Figure 11. Permeability results of cubic samples and cuttings samples.

6. Applications

Cuttings analysis is a common practice in laboratory settings, and the selection of an
appropriate cutting size to substitute intact cores is crucial in determining the petrophysical
property of reservoir. The results of this study show that carbonate samples with >1 mm
cutting can be used to obtain porosity; however, for PSD and permeability, the use of
cuttings < 6.7 mm in diameter is not recommended.

Moreover, it is important to extrapolate the application of cuttings from the laboratory
to the field. When the laboratory analysis is applied to the field, it must also consider the
representative problems of the field cuttings, such as wellbore collapse, particle gravity
differentiation, and drilling mud contamination. Due to gravitational particle divergence,
the lag times calculation is used to identify which reservoir the cuttings are coming from.
This method is often considered to be accurate in vertical Wells, with significant errors in
horizontal and deviated Wells [12]. Some of the cuttings with particle sizes more than 5 mm
may have resulted from the collapse of boreholes in unknown stratigraphic positions [10].
From a cuttings transport and dispersion point of view, cuttings with small particle size are
easily contaminated by drilling mud [40]. Meanwhile, according to the results of this study,
the cuttings permeability of 1–1.7 mm is much larger than standard core permeability. Thus,
the use of cuttings with a particle size of less than 6.75 mm to represent the actual formation
physical properties is not recommended.

7. Conclusions

The aim of this paper is to verify the feasibility of substituting intact cores with drilling
cuttings in carbonate rocks and the effect of size on sample physical properties using low-
field NMR techniques. The following conclusions are drawn from experimental results:

(1) In laboratory analyses using NMR techniques, cuttings with a size of 1–1.7 mm can
accurately measure porosity;

(2) In laboratory analyses using NMR techniques, cuttings with a particle size of less
than 6.75 mm do not accurately characterize the properties of extra-low porosity and
extra-low permeability rocks, because of deviations in permeability and PSD;

(3) For millimeter-sized limestone cuttings, PSD and permeability are severely affected
by mechanical pulverization effect and interparticle water.
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Abstract: The development of fractured oil fields poses a formidable challenge due to the intricate
nature of fracture development and distribution. Fractures profoundly impact core resistivity, making
it crucial to investigate the mechanism behind the resistivity response change in fracture cores. In
this study, we employed the theory of a stable current field to perform a numerical simulation of the
resistivity response of single-fracture and complex-fracture granite cores, using a full-size granite core
with cracks as the model. We considered multiple parameters of the fracture itself and the formation
to explore the resistivity response change mechanism of the fracture core. Our findings indicate
that, in the case of a core with a single fracture, the angle, width, and length of the fracture (fracture
occurrence) significantly affect core resistivity. When two fractures run parallel for a core with
complex fractures, the change law of core resistivity is similar to that of a single fracture. However,
if two fractures intersect, the relative position of the two fractures becomes a significant factor in
addition to the width and length of the fracture. Interestingly, a 90◦ difference exists between the
change law of core resistivity and the change law of the resistivity logging response. Furthermore,
the core resistivity is affected by matrix resistivity and the resistivity of the mud filtrate, which
emphasizes the need to calibrate the fracture dip angle calculated using dual laterolog resistivity with
actual core data or special logging data in reservoirs with different geological backgrounds. In the
face of multiple fractures, the dual laterolog method has multiple solutions. Our work provides a
reference and theoretical basis for interpreting oil and gas in fractured reservoirs based on logging
data and holds significant engineering guiding significance.

Keywords: fractured reservoir; core resistivity; numerical simulation; fracture occurrence;
logging interpretation

1. Introduction

As traditional oil and gas resources continue to dwindle, reservoir exploration and
development technology is reaching new heights of sophistication [1,2]. The focus has
shifted towards exploiting complex, unconventional reservoirs like volcanic oil and gas,
shale oil and gas, and tight oil and gas on a global scale [3,4]. Among these reservoir types,
fractures play a pivotal role as reservoir spaces and permeable pathways for oil and gas in
igneous rock reservoirs, tight reservoirs, and shale reservoirs. The development of fractures
stands out as a key characteristic influencing reservoir storage capacity [5]. In China’s
major oil and gas fields, low-permeability fractured reservoirs are prevalent and are poised
to serve as a crucial resource base for bolstering reserves and production in the country’s
oil industry moving forward [6]. The increase in rock density in low-permeability fractured
reservoirs leads to heightened rock strength and brittleness [7]. When subjected to tectonic
stress, rocks exhibit varying degrees of fracturing, giving rise to fractured low-permeability
reservoirs. The intricate development and distribution of fractures in these reservoirs
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pose challenges in terms of logging response and physical property evaluation, presenting
significant technical hurdles in reservoir exploration and development endeavors [8].
Consequently, investigating how logging technology can be leveraged to economically and
efficiently develop such reservoirs holds immense engineering importance.

For fractured reservoirs, core resistivity experiments play a critical role in evaluating
hydrocarbon properties from logging data. However, due to laboratory constraints, these
experiments often provide a limited perspective, making it challenging to fully charac-
terize the resistivity response of cores with various fracture patterns [9]. As a result, an
increasing number of scholars have turned to numerical simulation as a viable alternative.
Presently, the most common approach involves characterization using imaging logging
data. Consequently, scholars have undertaken successive numerical simulation studies
on the computational model of electric imaging logging for fracture width, primarily
employing the three-dimensional finite element method [10]. Factors examined include
fracture inclination, formation resistivity, mud resistivity, distance between the instrument
and the well wall, length of lateral extension of the fracture, and fracture spacing [11].
In 1990, Luthi et al. [12] pioneered the use of electric imaging instruments to study the
relationship between electrical signals and fracture parameters. Their 3D finite element
modeling simulated the current emitted from a single-button electrode in front of the frac-
ture, solving Laplace differential equations for the electric field in and around the borehole
on an adaptive 3D mesh. Their findings established a link between fracture width and
anomalous current area, formation resistivity in the flushing zone, mud filtrate resistivity,
and instrumentation-related coefficients. Subsequently, in 2001, Wang Dali [13] developed a
simplified model of the electrode system structure for real micro-resistivity imaging logging
and established a finite element numerical simulation method. His research revealed that
mud resistivity significantly impacts the additional current relative to formation resistivity.
However, the study’s limitations were acknowledged, particularly regarding the finite
element mesh node division of the orthotropic model, which was constrained by computer
hardware conditions. In 2002, Ke et al. [14] advanced the field by developing a full-space
numerical simulation program using the three-dimensional finite element method to in-
vestigate the relationship between logging response and fracture characteristics. They
proposed a new formula for calculating fracture opening, showcasing the potential for in-
novation in this area of study. Continuing this trajectory, Aixin Chen’s 2006 work involved
numerical simulations of micro-resistivity imagers in non-uniform media [15], presenting
further advancements in the 3D finite element method. This was followed by Yu Cao’s [16]
exploration of the response of micro-resistivity scanning imaging logging instruments to
fractures, which delved into the instrument’s resolution for different fracture scenarios. In
2015, Ponziani et al. [17] conducted a comprehensive investigation using a full borehole
formation micro-resistivity imaging logging instrument through numerical simulation.
Their findings demonstrated a linear relationship between fracture width and measured
additional current, offering valuable insights into the measurement of fracture width and
associated parameters. Ammar [18] utilized Comsol software (Comsol Multiphysics model,
CMM, version 4.4, 2014) to construct a numerical simulation model for studying the resistivity
of fracture-containing rock saturated with water. The study explored resistivity orthotropy
and investigated the relationship between porosity and fracture parameters. Epov et al. [19]
employed the finite element method to analyze the impact of tilted uniaxial anisotropy on
electric logging, offering a new approach to studying the physical and electrical properties of
carbonate reservoirs. He et al. [20] proposed a non-destructive method for testing the radial
resistivity of cylindrical core samples, comparing different methods and using numerical simu-
lations to highlight the variations in measurement results based on testing approaches, thereby
enhancing the foundation for field interpretation. Tan et al. [21] utilized a three-dimensional
finite element method to identify cracks in shale reservoirs and introduced a novel calcu-
lation method for crack porosity. Their conclusions, supported by comparisons with actual
data, yielded significant results. Deng et al. [22] numerically simulated the lateral response of
high-resolution azimuthal resistivity in fractured strata, linking azimuthal resistivity to fracture
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tilt and orientation and providing essential insights for logging interpretation in fractured
reservoirs. With advancements in logging technologies, follow-drill logging has gained traction.
Liu et al. [23] applied an adaptive hp-FEM algorithm to simulate the resistivity response of
fractured reservoir cavities during follow-drill operations, offering advantages over tradi-
tional methods and establishing a theoretical basis for a quantitative evaluation in interpreting
seam–hole type reservoirs. Kang et al. [24] used a three-dimensional finite element method
to interpret the logging response of a drill-following resistivity imaging tool. By integrating a
new borehole calculation model, they revealed relationships between the borehole diameter,
current contrast, and formation-resistivity contrast, particularly influenced by fracture dip
angles. Zhao et al. [25] conducted simulations using the finite element method on digital
cores, highlighting the significant impact of fractures on partially saturated rock formations.
They emphasized directional variations in resistivity within fractured samples and concluded
that conventional methods may not accurately determine the saturation index in fractured
reservoirs, necessitating the consideration of fracture characteristics. Wang et al. [26] established
a stratigraphic fracture model for shale reservoirs using the finite element method and digital
core analysis. Their study evaluated the effect of different fracture characteristics on bi-lateral
logging responses, providing insights into the relationship between fracture parameters and
resistivity for evaluating shale fractures. Kim et al. [27] proposed a new theoretical evaluation
method for determining cylindrical core samples, including a theoretical framework for
perimeter electrode setup and verification through finite element numerical simulations.
Despite these notable advancements, the resistivity response measured using the instru-
ment is influenced by numerous factors (for example, instrument type, surrounding rock
pressure, mud filtrate, temperature, etc.), both in numerical simulations and actual field
logging data [28]. For the core with cracks, the current research is mostly aimed at a single
crack, and it is considered that the crack’s length, width, and angle significantly affect the
core resistivity. For the core of two complex fractures, there is little literature to conduct
separate research and exploration, especially to discuss the influence of core resistivity
when the angle of the two fractures changes. Such a comprehensive investigation would
greatly enhance our understanding of fractured reservoirs and inform future exploration
and development endeavors.

Therefore, considering the obvious influence of fractures on core resistivity, this study
is guided by the theory of a stable current field and uses the full-diameter granite core
with fractures as a model through the finite element method. Numerical simulations of
the resistivity response of the single-fractured and complex-fractured granite core are
carried out, respectively. Considering the multiple parameters of the fracture itself and the
formation, these parameters include the matrix resistivity of the reservoir lithology, the
resistivity of the mud filtrate, and the angle, length, and width of the fracture. Moreover,
we explored the mechanism of the change in the resistivity response of the fracture core and
summarized its change law. These mechanisms and conclusions can provide a reference
and theoretical basis for the oil and gas interpretation of fractured reservoirs based on
logging data. Especially for complex fractured reservoirs, the model can calculate fracture
parameters more accurately and judge the physical changes in the formation corresponding
to the change in resistivity, which has engineering guiding significance.

2. Methods and Principles

2.1. Fundamentals of Finite Element Theory

The finite element method (FEM) can be used to solve the approximate solution of
the boundary value problem of partial differential equations. The basic idea of the finite
element principle is to divide a continuous structure into a finite number of small elements
and use a set of simple functions within each small element to approximately describe the
behavior of the structure. The analytical results of the whole structure are finally obtained
by decomposing the whole structure into a finite number of small elements and then
analyzing each small element.

40



Energies 2024, 17, 1386

In the finite element boundary value problem, it is defined that there are control
differential equations and boundary conditions in the solution region [29]:

LΦ = f (1)

where L is the differential operator, Φ is the variable to be solved, and f is the source
of excitation.

The Ritz and Galerkin methods are mainly used to solve boundary value problems [30–32].
The basic principle of the Ritz method is that the boundary value problem is expressed using
a function. The minimum value of the function corresponds to the governing differential
equation of the given boundary condition, and the solution of the equation is approximately
obtained by solving the minimum value of the function. The Galerkin method is a weak-
form solution, which transforms the partial differential equation into a weak form and then
uses the weighted residual method to obtain an approximate solution. In this study, the
Ritz method is used to solve the problem.

The finite element analysis process entails several key steps, beginning with establish-
ing a geometric model and subdivision of the structure or region into a finite number of
small elements, known as finite elements. Subsequently, the constraints of each node are
determined based on the boundary conditions of the actual problem, encompassing aspects
such as displacement and force constraints. This forms the foundation of the finite element
model, where a suitable mathematical model and equation are selected to accurately de-
scribe the problem at hand, taking into account material parameters and loading conditions.
Once the model is established, the equations representing the problem are systematically
solved, yielding crucial information such as displacement, stress, and temperature at the
nodes. This enables the derivation of analytical results for the problem under consideration.
It is imperative to subject the calculation results to thorough verification and optimization,
ensuring that the model and parameters are fine-tuned and resolved to uphold the accuracy
and reliability of the obtained results. This iterative process serves to validate the analytical
outcomes, ultimately enhancing their robustness and applicability.

2.2. The Basic Equation of a Stable Current Field

The stable current field refers to the electric field in which the strength and distribution
of the current do not change with time. The current intensity is defined as the amount of
electricity flowing through a certain section in a unit of time. The current intensity is also
called current, expressed by I (Equation (2)):

I =
dq
dt

(2)

Current density: The current density is a vector used to describe the physical quantity
of the current intensity and flow direction at a certain point in the circuit. Its size is the
amount of charge that vertically passes through the unit area in unit time. The direction
is the direction of movement of the positive charge, represented by J, and the interna-
tional unit is ampere per square meter (A/m2). The current density can be approximately
proportional to the electric field, that is

J = σE = E/R (3)

where σ is the conductivity reciprocal of the resistivity, E is the electric field, and R is
the resistivity.

Therefore, the current intensity dI passing through any directed area element dS can
be expressed as:

dI = J × dS (4)

The current I through any section S is the integral of dI on the section S:

I =
∫
S

J × dS (5)
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The stable current field is similar to the electrostatic field, and its electric field strength E
and potential u satisfy the following relationship:

E = −grad(u) (6)

2.3. Simulation Principle and Model Construction of Core Resistivity Response

In conjunction with the density and occurrence characteristics of fractures within the
formation, our study delved into numerical simulations of single and complex fractures
(namely double fractures). A three-dimensional model of a full-diameter core replete
with cracks was employed for the former. In contrast, the simulation of complex joints
encompassed both parallel and cross-joint cases. It is worth noting that due to the substan-
tial computational power required for simulating complex fractures, it is often difficult
to meet such demands using conventional computer technology. As an alternative, a
two-dimensional model may be constructed to substantially reduce the computational load
without compromising the reliability of our findings.

Conventionally, core resistivity measurement involves the usage of a cylindrical core,
whereby power supply and receiving electrodes are attached at both ends of the core. By
measuring the total current intensity flowing through the core as well as the potential
difference (voltage) at both ends, the resistance can be calculated and, subsequently, the
resistivity of the core is derived using Equation (7):

ρ = K × U
I

(7)

where ρ is the core resistivity; K = S
L is the conversion coefficient; S is the core cross-

sectional area, cm2; L is the core length, cm; U is the voltage applied at both ends of the
core; and I is the total current flowing through the core.

The measurement of core resistivity uses the electrode method. This method is the
same as the conventional rock electrical experiment method. The core size is larger and
larger, and it is generally a full-diameter core. This study simulates the full-diameter
core resistivity measurement of the electrode method. According to the principle of core
resistivity measurement and quasi-static electric field theory, the definite solution problem
of the scalar potential field in the core area can be obtained:⎧⎪⎨

⎪⎩
∂

∂x
(σ ∂u

∂x
) + ∂

∂y
(σ ∂u

∂y
) + ∂

∂z
(σ ∂u

∂z
) = 0

u |x=0= θ
u |x=L= V0

(8)

where V0 is the voltage of the power supply electrode, V; σ is the core conductivity, and its

spatial distribution is σ =

{
σ1, Conductivity o f f racture f illing medium
σ2, Rock resistivity

.

For the basic model, the model length of the given core is 10 cm, and the diameter
of the core is 7.5 cm. Combined with the characteristics of granite, the matrix resistivity
is set to 1000 Ωm, and the initial mud filtrate resistivity is set to 0.1 Ωm. The basic model
uses the tetrahedral element, the solution space is meshed, and the corresponding potential
distribution map is given. The schematic diagram of the single-fracture core model is
shown in Figure 1.

The complex fracture model under investigation presents an intriguing scenario
involving the consideration of two cracks. Moreover, we explore two distinct cases based
on the relative position of these cracks, each offering unique insights into fracture behavior.
The first case involves parallel cracks, as visually depicted in Figure 2, while the second case
features intersecting cracks, as illustrated in Figure 3. To further delve into the simulation
of intersecting cracks, this study explores two additional scenarios: one focuses on fixing
one crack at a specific level, altering only the angle between the other crack and the central
one, while the other scenario initiates with an initial dip angle for one crack, subsequently
modifying the angle between the two cracks.
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(a) (b) (c)

Figure 1. The single-fracture core model solves the regional grid subdivision results.
(a) Three-dimensional core model; (b) grid subdivision diagram; and (c) potential distribution map.

(a) (b) (c)

Figure 2. The parallel fractures core model solves the regional grid subdivision results.
(a) Three-dimensional core model; (b) grid subdivision diagram; and (c) potential distribution
map (Different colors represent different potential differences).

(a) (b) (c)

Figure 3. Model sketch of intersecting fractures. (a) Cross-seam example; (b) grid subdivision results;
and (c) potential distribution diagram (Different colors represent different potential differences).

With careful attention to detail, numerical simulations were diligently performed for
both the single-slit and complex-slit models. By meticulously analyzing the outcomes of
these simulations, we aim to unravel the intricate dynamics of fractured formations and
gain profound insights into their behavior.

The flow chart of this study is shown in Figure 4. Firstly, based on the finite element
method of the stabilized current field, the single-fracture full-diameter core model and the
double-fracture full-diameter core model were established, respectively.
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Figure 4. The research process diagram of this study.

In the second step, the effects of the fracture angle, width, and length on the core
resistivity were investigated for the core with a single fracture.

In the third step, for the core with a double fracture, the effects of the core resistivity
were investigated for the two cases: for the parallel fracture with different fracture an-
gles and the intersecting fractures and the effect of two fractures with different angular
relationships on core resistivity.

Finally, the effects of matrix resistivity and mud filtrate resistivity on core resistivity
were investigated to summarize the laws of the above research contents and clarify the
research’s practical significance.

3. Results

3.1. The Resistivity Response Mechanism of a Single-Fracture Model
3.1.1. Core Resistivity Response Characteristics of Different Fracture Widths and Angles

For the influence of fracture width, the response of core resistivity is simulated when
the fracture of different angles is close to the source and the fracture width is changed.
The process is as follows: add 1A current source to the upper end of the core model, and
the lower end is grounded (0 V). The voltage difference of the source surface is measured
for each set of fracture parameters, and the core resistivity is calculated using Ohm’s law.
Considering different fracture dip angles, the corresponding core resistivity changes when
the fracture width changes from 100 μm to 1000 μm are simulated. The results are shown
in Figure 5. With the increase in the fracture dip angle, the resistivity of the core decreases.
Compared with the low-angle fracture, the influence of changing the fracture width on
the resistivity of the core is relatively large. When the high-angle fracture and the fracture
width are within 400 μm, the response of the core resistivity changes the most.
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Figure 5. The relationship between the resistivity of the core and the width of the fracture under
different fracture angles.

In exploring the impact of fracture angles on core resistivity response, a series of
calculations were conducted by varying the fracture angle across different fracture widths.
The dynamic shift in fracture angle is meticulously illustrated in Figure 6, offering a
visual representation of the evolving characteristics. Accompanying this analysis, Figure 7
provides the potential distribution diagrams corresponding to various fracture angles,
shedding light on the intricate relationship between geometry and resistivity response.
Figure 8 showcases the calculated outcomes of core resistivity in response to changes in
fracture angle, unveiling compelling insights into this phenomenon. Our analysis reveals a
clear trend: as the fracture dip angle increases, core resistivity demonstrates a decreasing
trend. Furthermore, as the fracture width expands, there is a corresponding decrease
in core resistivity, albeit with a relatively modest range of change, aligning closely with
the patterns observed in Figure 5. Delving deeper into the nuances of fracture angles,
our findings unveil intriguing patterns. In fractures characterized by low angles (0–30◦),
variations in core resistivity remain minimal across different fracture widths, with decreases
of less than 10%. Conversely, high-angle fractures (60–90◦) exhibit a gradual stabilization
in core resistivity reduction. Notably, the transition from low to high angles (30–60◦)
elicits the most substantial decrease in core resistivity, indicating heightened sensitivity of
resistivity to changes in angle orientation. These findings underscore the intricate interplay
between fracture characteristics and core resistivity dynamics, enriching our understanding
of subsurface formations.

Figure 6. Schematic diagram of different fracture angle models.
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Figure 7. The potential distribution diagram of different fracture angle models (Different colors
represent different potential differences).

Figure 8. The relationship between the resistivity of the core and the fracture angle under different
fracture widths.

3.1.2. Core Resistivity Response Characteristics of Fracture Length

In addition to considering the width and angle of the fracture, it is also necessary
to consider the influence of the length of the fracture on the core resistivity. In the basic
model, the models with fracture lengths of 4.5 cm, 5.5 cm, 6.5 cm, 7.5 cm, and 8.5 cm are
constructed, respectively. The results for resistivity changes are shown in Figure 9. The
analysis shows that, with an increase in fracture length, the core resistivity decreases, but
when the fracture angle is 0◦, that is, when the horizontal fracture is changed, the length of
the fracture has the least influence on the core resistivity. When the fracture angle is vertical
(the fracture angle is 90◦), the length of the fracture has the greatest influence on the core
resistivity. With the increase in the fracture angle, the influence of the fracture length on the
core resistivity gradually increases.
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Figure 9. The relationship between the resistivity of the core and the length of the fracture at different
fracture angles.

3.1.3. Core Resistivity Response Characteristics of Mud Resistivity

The influence of different mud types on core resistivity was also analyzed for mud
types with different salinity. For fractures with different angles, the core resistivity response
characteristics of mud resistivity are simulated by changing the mud resistivity at the
fracture position, as shown in Figure 10. The results show that the resistivity of low-angle
fractured cores is not sensitive to the change in mud resistivity. The increased fracture
angle makes the core resistivity more sensitive to the mud resistivity. The resistivity of
high-angle fractured cores increases significantly with the increase in mud resistivity. In
the non-logarithmic scale diagram, it can be found that, the higher the fracture angle, the
greater the degree of influence. The change in mud resistivity is not a simple linear change
for the same angle of fracture.

Figure 10. The relationship between the resistivity of the core and the resistivity of the mud at
different fracture angles.

3.2. Resistivity Response Mechanism of Complex Fracture Model
3.2.1. Core Resistivity Response Characteristics of Parallel Fractures

The initial simulation in our investigation addresses the complex fracture scenario
involving two parallel fractures. Within this simulation, we systematically vary the dip
angle of the fractures from 15◦ to 90◦, with a step size of 15◦. Notably, the dip angle
is defined as the angle between the horizontal line and the upper crack. Readers can
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refer to Figures 6 and 7, which show a schematic diagram of the seven dip angles. It
is imperative to note that when the angle exceeds 90◦, the crack assumes a symmetrical
shape relative to the angle preceding 90◦, thus warranting exclusive consideration of
angles within 90◦. Furthermore, the simulation encompasses a range of fracture widths,
specifically 100 μm, 200 μm, 400 μm, 600 μm, 800 μm, and 1000 μm. The results are
presented in Figure 11. Our analysis unveils a consistent decrease in core resistivity with
increasing fracture angle. Notably, within the 30–60◦ interval of fracture dip angle, the
core resistivity exhibits the most significant variation. Beyond a 60◦ angle, the resistivity
demonstrates a tendency toward stabilization. Additionally, as fracture width increases,
there is a discernible decrease in core resistivity, albeit with a minimal magnitude of change.

Figure 11. The relationship between the resistivity of the core and the fracture angle under different
fracture widths in the parallel fracture model.

3.2.2. Core Resistivity Response Characteristics of Intersecting Fractures

For the simulation of cross cracks, the first is to consider different crack widths, fix one of
the crack levels, and realize the simulation of mesh cracks by changing the angle between
another crack and the middle crack. The calculation formula of resistivity is as follows:

R = U/J × S (9)

However, considering that the complex seam is simulated in a two-dimensional case,
that is, because the area S in Equation (9) does not exist, the coefficient S that does not exist
needs to be calibrated. The calibration method adopted by S is to remove the crack, known
potential, and resistance (the resistance is the established matrix resistivity); a certain
current value can be obtained, and then the current value and the current density are
divided, and the coefficient between the two is calculated, which is the coefficient to be
calibrated. Combined with the matrix resistivity of 1000 Ωm in the simulation of this
study, the calibrations of 0.001, 0.1, 10, and 1000 Ωm were carried out, and the calibration
coefficient in a range was obtained (Table 1). It should be noted that the selection of
this value is based on the resistivity of the mud filtrate and the resistivity of the matrix.
This calibration method is a geometric simplification method. According to the cross-slit
experiments at different angles, it is found that the change in the angle in the core is actually
a reflection of the change in the volume of the fluid. Therefore, the coefficient can be used
to simplify the volume change, and the purpose is to extract the resistivity calculation
formula of the complex seam.

It can be determined that the calculation coefficient of the matrix resistivity of
1000 Ωm is 0.08, which can be substituted into Equation (9) to calculate the resistivity, and thus
the relationship diagram, as shown in Figure 12, is obtained: as the angle increases, the core
resistivity decreases. The attenuation amplitude of the core resistivity within the angle of less
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than 45◦ is significantly higher than that of the angle of more than 45◦. The attenuation
of the resistivity is the largest when the angle is between 30◦ and 45◦. When the angle is
greater than 75◦, the attenuation of the core resistivity is the smallest. The core resistivity
is the smallest for the same fracture width when the angle is 90◦. As the fracture width
increases, the core resistivity decreases relatively.

Table 1. Coefficient calibration statistical table.

U R I J Coefficient

100 0.001 100,000 1,250,000 0.08
100 0.1 1000 12,500 0.08
100 10 10 125 0.08
100 1000 0.1 1.25 0.08

Figure 12. The plotted relationship between the resistivity of the core and the angle of the fracture
under different fracture widths in the mesh fracture model with a fixed fracture level.

This study also simulated a given initial dip angle of a crack and then changed the angle
of the two cracks. Because the simulated matrix resistivity does not change, the calibrated
coefficient in Table 1 can still be used. In this simulation, the initial inclination angle is 30◦ and
60◦, the corresponding angle is 15–165◦, with 15◦ as the change step, and the crack width is
100 μm, 200 μm, 400 μm, 600 μm, 800 μm, and 1000 μm. The matrix resistivity is still 1000 Ωm,
and the mud filtrate resistivity is 0.1 Ωm. The simulation results are shown in Figure 13 when
the initial inclination angles are 30◦ and 60◦. For the initial dip angle of 30◦ (Figure 13a), when
the angle is between 15◦ and 105◦, the core resistivity changes with 60◦ as the symmetry
center. When the angle is greater than 75◦, the core resistivity continues to increase with
the increase in the angle, and between 105◦ and 120◦, the core resistivity increases sharply.
For the initial dip angle of 60◦ (Figure 13b), the core resistivity shows obvious fluctuation
changes, and the core resistivity changes in the angle range of 75–90◦ and 150–165◦ are the
most obvious compared with other angles. The change in core resistivity in the range of
75–165◦ is symmetrical. Similarly, with the increase in fracture width, the change range of core
resistivity decreases. It should be noted that when the initial dip angle is 60◦, the resistivity
curve of the core resistivity with the angle is symmetrical when the angle is 75–160◦. Then, if
one of the two fractures is vertical, the resistivity curve changes with the angle of 90◦ as the
symmetry center. As the angle increases, the core resistivity increases first and then decreases,
showing a symmetrical change.
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(a) (b)

Figure 13. The relationship between the resistivity of the core and the angle of the fracture under
different fracture widths in the mesh fracture model under different initial dip angles. (a) The initial
inclination angle is 30◦; (b) the initial inclination angle is 60◦.

In the realm of core resistivity analysis, the presence of a crack introduces an angle
parameter ranging from 0 to 90◦. Notably, when considering a uniform mud filtrate
composition, core resistivity exhibits a gradual decline with increasing crack angle. This
observed trend holds true for both single fractures and parallel fractures, highlighting a
consistent behavior across varying fracture configurations. However, the dynamics shift
when examining cross fractures, where core resistivity modulation is contingent upon
the geometric relationship between the two fractures. Specifically, a notable decrease
in core resistivity is observed in scenarios featuring high-angle fractures on both planes.
Furthermore, when the sum of the dip angles of the two fractures totals less than 180◦,
a distinct pattern emerges: the core resistivity diminishes as the combined dip angles
increase. This intricate interplay underscores the nuanced influence of fracture orientation
on core resistivity responses, shedding light on the complex interactions within subsurface
formations and their electrical properties.

4. Discussion

4.1. The Difference between Core Resistivity and Logging Resistivity

There is a difference between the response of core resistivity and the response of
actual logging resistivity. The measurement angle of core resistivity is 90◦ different from
the logging angle. As shown in Figure 14, the logging data correspond to the radial
direction (Figure 14a), while the core resistivity is vertical (Figure 14b); that is, there is a
difference of 90◦ between the simulation results and the response of logging data. For the
response of logging data, taking a single fracture as an example, the resistivity response
increases with the increase in fracture angle, and the corresponding core resistivity is a
low-angle fracture, which is also consistent [33]. For the solution of fracture angle, many
scholars use dual laterolog data. The research results show that for a single fracture,
this method can distinguish the angle categories of fractures without considering mud
invasion [21,26]. However, there are multiple solutions for multiple cracks, especially when
the angle between the two cracks is large. In the actual logging data, the fractured reservoir
is obviously affected by the invasion. Therefore, when using the dual laterolog data to
calculate the fracture angle, it is also necessary to analyze whether the formation is invaded.
Considering the gap between drilling time and logging time, the larger the porosity is, the
more developed the fracture is, the faster the invasion is, the deeper the depth is, and the
more obviously the resistivity logging formation is invaded.
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(a) (b)

Figure 14. Logging data and core resistivity measurement diagram. (a) Logging data measurement
diagram (The black arrow represents the direction of the resistivity logging measurement.); (b) core
resistivity measurement diagram.

4.2. The Core Resistivity Response of The Cross Fracture Is Affected by the Background Value of the
Matrix and the Resistivity of the Mud

For complex reservoirs, there are also differences in rock mineral content. For different
lithologies, resistivity logging response will also be affected. Therefore, it is considered
to be studied by changing the matrix resistivity in the simulation. Based on the mesh
fracture model with an initial dip angle of 60◦, the matrix resistivity of 1000 Ωm is changed
to the matrix resistivity of 450 Ωm, and then the simulation is carried out to explore the
response law of the fracture angle and the fracture width to the core resistivity under the
change in the matrix resistivity. The results are shown in Figure 15. Through comparative
analysis, the simulation results of the matrix resistivity of 450 Ωm are the same as those of
the matrix resistivity of 1000 Ωm, but there is a numerical difference in the measured core
resistivity in the two cases. The difference in core resistivity in different angle fractures is
different. For the same angle, the larger the fracture width, the smaller the influence of
matrix resistivity change on core resistivity. On the contrary, the smaller the fracture width,
the more sensitive to the change in matrix resistivity. Therefore, when using dual laterolog
resistivity to solve the fracture angle, in addition to considering the influence of invasion, it
is also necessary to consider the lithology of the reservoir. The conductivity difference of
different lithologies will also affect the reliability of the calculation results.

Figure 15. Comparison of mesh fracture simulation results under different matrix resistivity conditions.
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Similarly, the resistivity of the mud will also have an impact on the measurement of
core resistivity. For the mesh fracture model with an initial dip angle of 60◦, the resistivity
of the set 0.1 Ωm mud is changed to 0.5 Ωm, and the mesh fracture model is explored. In
the case of changes in mud resistivity, the response of fracture angle and fracture width
changes the core resistivity. Considering that the matrix resistivity of this simulation is
1000 Ωm, the resistivity calculation coefficient of 0.08 calibrated by the previous matrix
1000 Ωm can be used to calculate the resistivity of this simulation. The results obtained
are compared with the simulation results of the mesh fracture with the initial dip angle of
60◦ and the mud resistivity of 0.1 Ωm (Figure 16). The overall law and change trend is the
same as that of the mud resistivity of 0.1 Ωm, without any change, and the core resistivity
value increases in multiples; when the mud resistivity increases from 0.1 Ωm to 0.5 Ωm,
the corresponding core resistivity increases with the increase in fracture width, but it is not
five times, which is different due to the change in fracture angle. The influence of mud
resistivity change on core resistivity has a greater relationship with fracture width and a
smaller relationship with fracture angle.

Figure 16. The comparison diagram shows the simulation results of the mesh seam under different
mud filtrate resistivity conditions.

4.3. The Contribution of This Study and the Limitations of the Research

This work studies and summarizes the influence of a single fracture and two fractures
on core resistivity when the fracture angle, width, and length change. Compared with
previous studies, most research has been conducted from the perspective of logging, and
analysis of the core is relatively rare.

Compared with previous work, this research studies the factors that can affect the
resistivity of fractured cores, especially in the case of two fractures. The results also show
that when there is only one fracture, the dual laterolog resistivity can be used to calculate
the fracture angle, but when there are two non-parallel fractures, the traditional calculation
method is not applicable. This study reveals this phenomenon through the results of
numerical simulation. The same resistivity will correspond to different fracture angles, and
it is difficult to determine the specific occurrence of the two fractures. At the same time,
for different lithologies, the fracture angle is demonstrated by changing the resistivity of
the matrix, which also shows the complexity of the fractured reservoir and needs to be
simulated in combination with the actual work area background.

The work of this study also provides a theoretical basis for the interpretation of the
oilfield site. For the fractured reservoir, the change in resistivity will be affected by the
fracture. The results show that the angle of the fracture has the most obvious influence on
the core resistivity, and the fracture angle also has an effect on the reservoir permeability.
The results of this study provide more possibilities for the logging interpretation of fractured
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reservoirs and a further accurate understanding of resistivity logging. It is also helpful
for saturation evaluation. After the fracture information is clarified, the correction model
of the saturation calculation method can be determined according to the actual situation.
The influence of fractures on the cementation index or the coefficient in the conductivity
efficiency model can be further studied to improve the accuracy of reservoir evaluation
and provide a theoretical basis and model support for the formulation of subsequent
development plans.

The work of Reference [20] is aimed at the measurement of core resistivity, but it is
aimed at the influence of the measurement method on resistivity response. In the study, the
resistivity measurement of different fractured cores is carried out using the same method,
aiming to reveal the influence of fractures on core resistivity. However, for the form of
numerical simulation and the content of the study, the intersection point of the cross
fracture is located in the center of the fracture, which is different from the corresponding
situation of the actual logging data measurement. Therefore, the trend is usually consistent
in the application of the research conclusion, and additional correction is needed. In the
face of the actual data of the fracture development zone, there will be differences between
the quantitative calculation results and the actual data. The research is mainly based on
theoretical work and explores the influence of fracture parameters on core resistivity. In
practical work, resistivity logging is affected by many factors, which is also supplemented
in the introduction. At present, the fractured reservoir is extremely complex, and it is
difficult to link the two. With the development and maturity of digital core technology, the
characterization of fractures will gradually be refined [4,34].

5. Recommendations

For the actual field operation, the research results of this paper prove that it is feasible
to use the dual laterolog resistivity to calculate the fracture angle for a single fracture, but
for two fractures, there will be multiple solutions, which also shows that the fieldwork
needs to consider the number of fractures when calculating the fracture angle, rather than
calculating the dip angle only by resistivity logging. The results of this study can also
provide suggestions for on-site work:

1. For fractured reservoirs, especially igneous reservoirs, imaging logging is necessary
because when the fractures are crossed and irregular, using the resistivity method to
determine the fracture occurrence is unreliable, and there are multiple solutions. At
this time, imaging logging can be used to solve the fracture parameters finely, which
provides more reliable data support for the subsequent calculation of permeability
and saturation.

2. The discussion part of Reference [6] reveals the influence of the invasion phenomenon
on resistivity measurement, and the fractured reservoir is more obviously affected by
the invasion. In order to ensure the reliability of resistivity logging response value, the
interval between drilling time and logging time should be shortened as much as possible.

3. The calculation of permeability can be corrected by referring to the angle of fracture, and
the permeability model can be corrected according to the actual working area and the
research results of this study, which can improve the reliability of reservoir evaluation.

6. Conclusions

This study used the finite element method to conduct numerical simulations of core
resistivity responses in single-crack and complex-crack configurations. Using full-diameter
cores containing cracks as models, we comprehensively considered various parameters re-
lated to the cracks and subsurface formations. Our results demonstrate that the inclination
angle, width, and length significantly affect core resistivity for single cracks. An increase
in crack angle under typical background values of resistivity and mud filtration leads to
a decrease in core resistivity, whereas increasing crack width and length has the opposite
effect. Moreover, there is a 90◦ difference between core resistivity and resistivity logging
response, whereby an increase in fracture angle corresponds to a decrease in core resistivity
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but an increase in resistivity logging response. When two cracks are parallel for complex
fractures, the pattern of core resistivity change mirrors that of a single crack. However,
in cross fractures, the position of the two cracks plays a more prominent role than crack
width and length in determining core resistivity. Calculating the crack angle using bilateral
resistivity may lead to polytropic results, making it challenging to accurately determine the
crack angle. Additionally, the resistivity response to varying lithology and mud filtrate is
nonlinearly correlated with fracture production, necessitating the integration of fracture
parameterization with actual logging responses to account for different geological back-
grounds. The research results of this study show the influence of complex fractures on
resistivity logging results and prove that, for a single fracture, the dual laterolog method
can be used to calculate the fracture angle. At the same time, it shows that the traditional
method has multiple solutions when calculating the angle of cross fractures, which provides
a new idea for field interpretation in the face of abnormal resistivity changes. Our research
provides a reference and theoretical basis for interpreting hydrocarbon content in fractured
reservoirs based on logging data.
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Abstract: The diagenetic facies of tight oil reservoirs reflect the diagenetic characteristics and micro-
pore structure of reservoirs, determining the formation and distribution of sweet spot zones. By
establishing the correlation between diagenetic facies and logging curves, we can effectively identify
the vertical variation of diagenetic facies types and predict the spatial variation of reservoir quality.
However, it is still challenging work to establish the correlation between logging and diagenetic
facies, and there are some problems such as low accuracy, high time consumption and high cost.
To this end, we propose a lithofacies identification method for tight oil reservoirs based on hybrid
intelligence using the Fuyu oil layer of the Sanzhao depression in Songliao Basin as the target
area. Firstly, the geological characteristics of the selected area were analyzed, the definition and
classification scheme of diagenetic facies and the dominant diagenetic facies were discussed, and
the logging response characteristics of various diagenetic facies were summarized. Secondly, based
on the standardization of logging curves, the logging image data set of various diagenetic facies
was built, and the imbalanced data set processing was performed. Thirdly, by integrating CNN
(Convolutional Neural Networks) and ViT (Visual Transformer), the C-ViTM hybrid intelligent model
was constructed to identify the diagenetic facies of tight oil reservoirs. Finally, the effectiveness of the
method is demonstrated through experiments with different thicknesses, accuracy and single-well
identification. The experimental results show that the C-ViTM method has the best identification
effect at the sample thickness of 0.5 m, with Precision of above 86%, Recall of above 90% and F1 score
of above 89%. The calculation result of the Jaccard index in the identification of a single well was 0.79,
and the diagenetic facies of tight reservoirs can be identified efficiently and accurately. At the same
time, it also provides a new idea for the identification of the diagenetic facies of old oilfields with
only logging image data sets.

Keywords: tight oil reservoirs; diagenetic phases; log recognition; hybrid intelligence; reservoir
prediction

1. Introduction

With the continuous exploration and development of unconventional oil and gas
resources, tight oil reservoirs have attracted increasing attention [1,2]. China’s tight oil
reservoirs are mainly distributed in Songliao Basin, Ordos Basin, Bohai Bay Basin and
Junggar Basin [3,4]. Tight oil reservoirs are deeply buried and have the characteristics
of coexistence of source rock and reservoir, low porosity and low permeability, complex
pore structure and strong heterogeneity after complex diagenetic processes [5–9]. The
analysis of the influence of diagenetic change on reservoir quality can effectively guide
the exploration and development of tight oil reservoirs, so the study of diagenetic facies
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is of great significance for the quality evaluation of tight oil reservoirs and “sweet spots”
prediction [10,11].

At present, there is no standard definition for diagenetic facies. The meaning of diage-
netic facies has been expressed by scholars from different perspectives, but it is generally
believed that diagenetic facies are the integration of diagenetic type, diagenetic degree
and diagenetic mineral combination [12,13]. The high cost and discontinuity of coring
make it relatively difficult to study the diagenetic facies space [14,15]. For this purpose,
many scholars have utilized the multidimensional nature and continuity of logging data
to establish the correlation model between diagenetic facies and logging data, identify
diagenetic facies and screen favorable reservoirs [16]. Common methods for identifying
diagenetic facies logging include rendezvous diagram method, spider diagram method
(also known as radar chart method), diagenetic facies strength calculation method and
mathematical method. The rendezvous diagram method establishes the identification
criteria of each type of diagenetic facies by selecting different types and quantities of log-
ging curves. Ran [17] and Shi [18] et al. used the logging rendezvous diagram method
to quantitatively characterize the diagenetic facies of tight oil reservoirs in Ordos Basin
and established the logging quantitative identification standard of diagenetic facies. The
spider diagram method maps the logging responses of various types of diagenetic facies to
the axis to identify diagenetic facies types. Lai [19] et al. proposed the method for identi-
fying diagenetic facies with spider diagram logging and distinguished different types of
diagenetic facies with graphs. The identification plates of the rendezvous diagram method
and spider diagram method are simple to make, but require a lot of time for experienced
domain experts to complete, and the identification effect is affected by the number of
logging curves. The diagenetic facies strength calculation method achieves quantitative
characterization of diagenetic facies by calculating diagenetic strength parameters such as
compactional and cementational porosity loss. Ozkan [20] et al. calculated the intergranular
volume, compactional porosity loss and cementational porosity loss based on established
point data, and realized diagenetic facies type judgment and reservoir quality evaluation in
combination with logging data. This method has a high identification accuracy, but requires
a large amount of experimental data support and high cost. Based on the logging response
characteristics, the mathematical method realizes the identification of typical diagenetic
facies types by identifying the morphological characteristics of logging curves. It mainly
includes principal component analysis and neural network prediction methods. Cui [21]
and Zhu [22] et al. established a diagenetic facies prediction model based on principal
component analysis, but this method only applies to the case where the degree of overlap
is less than 15%. Qi [5] et al. proposed a logging identification method for the diagenetic
facies of tight oil reservoirs based on CNN. This method completes the identification of
diagenetic facies type by extracting local features from logging curve images. However,
due to the insufficient learning of the overall features of logging curve images by CNN
and the long training time, it still needs to be further improved. In order to improve the
deficiency of CNN algorithm in learning the overall features of images, Dosovitskiy [23]
et al. proposed the Vision Transformer (ViT) method and applied the image patch sequence
converter to complete the task of image classification and identification.

In summary, the existing methods have problems such as dependence on domain
experts, high time cost and the need to improve identification accuracy. To this end,
we referred to the hybrid intelligent algorithm design idea of “complementary advan-
tages” [23–25] and proposed the intelligent identification method for the diagenetic facies
of tight oil reservoirs based on the integration of CNN and Vision Transformer, C-ViTM. The
overall process of the method is shown in Figure 1. The hybrid intelligent algorithm idea
of this method is mainly reflected in the following: the local features of logging curves in
samples are extracted with CNN, and the ViT is applied to learn the global features of each
logging curve, realizing the rapid and accurate intelligent identification of diagenetic facies.
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Figure 1. C-ViTM method process.

The remaining parts of this study are organized as follows. The second section elabo-
rates the geological setting. The diagenetic facies types and logging response characteristics
are analyzed in the third section. The fourth section provides a detailed introduction
to the C-ViTM method. The experimental scheme is described in the fifth section. The
experimental results are discussed in the sixth section. The seventh section is about the
summary of the research work and the prospects for future work.

2. Geological Setting

Fuyu reservoir (K1q4) at the top of Quantou Formation (K1q) is a typical tight oil reser-
voir in Sanzhao Sag of north Songliao Basin, China, and it belongs to the lacustrine delta
sedimentary system [26], as shown in Figure 2. The depth of reservoir rock is 1043–2302 m,
and the diagenesis mainly includes compaction, cementation and dissolution, and the
lithology is mainly siltstone, mudstone and fine sandstone [27,28]. Due to strong com-
paction, Fuyu reservoir has a low porosity and permeability, with an average porosity of
10.8% and air permeability of 0.64 mD [29]. There is a good linear relationship between
porosity and permeability, indicating that Fuyu reservoir is a typical porous tight sandstone
reservoir [30].

 
Figure 2. Structural locations of Fuyu reservoir of Sanzhao sag in Songliao Basin: (A) Location of
Songliao Basin; (B) Study area Fuyu oil layer location; (C) Location of research wells.
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Fuyu reservoir in Sanzhao Sag has the characteristics of fine particle size and high
shale content [31]. Generally, reservoir compaction strength is positively correlated with
the burial depth of sediments [28]. By observing cast thin sections, it is found that due
to compaction, the brittle particles are broken, the clastic particles are mainly in linear
contact, and the long particles are arranged semi-directionally, as shown in Figure 3a. The
types of cement in the reservoir include carbonate cement, authigenic clay minerals, quartz
secondary enlargement, authigenic feldspar, etc., all of which produce destructive effects on
the physical properties of the reservoir, as shown in Figure 3b,d,e. Through the dissolution
of feldspar, lithic fragment, calcite cement, argillaceous matrix and other components, new
pores are created or the original pores are enlarged, and the physical properties of the
reservoir are improved, as shown in Figure 3c,e,f.

 
Figure 3. Photo of Fuyu reservoir in Sanzhao Sag: (a) Fang 186-32 Well, 1848.09 m, cast thin section,
unipolar light, ×40, feldspar fine sandstone. Due to compaction, the clastic particles are in linear
contact, and the long particles are arranged semi-directionally; (b) Fang 188-138 Well, 1789.4 m, cast
thin sheet, unipolar light, ×100, feldspathic lithic fine sandstone, quartz authigenic enlargement,
calcite stained. It is presumed that calcite cementation is later than quartz secondary enlargement;
(c) Fang 186-132 Well, 1847.0 m, cast thin sheet, unipolar light, ×40, lithic feldspar fine sandstone.
Interparticle and intragranular dissolution pores are visible, feldspar particles undergo dissolution,
and calcite is stained; (d) Fang 186-32 Well, 1831.59 m, ×920, intergranular calcite cement; (e) Fang
186-32 Well, 1835.6 m, ×4680. Soda feldspar particles undergo dissolution to form intragranular
dissolution pores, which are filled with lamellar illite; (f) Fang 188-138 Well, 1793.0 m, ×1820. Feldspar
particles undergo dissolution to form secondary pores, with filamentous illite visible on the surface
of particles.

3. Diagenetic Facies Classification and Logging Response Analysis

This section elaborates the definition and classification scheme of diagenetic facies.
Based on the screening of logging curves, the logging response characteristics of different
types of diagenetic facies were analyzed.

3.1. Definition of Diagenetic Facies

As a response to the combined results of different diagenetic histories, diagenetic
facies reflect the comprehensive features of diagenetic types, diagenetic degrees, diagenetic
mineral composition types and their evolution, and determine the formation and distri-
bution of sweet spots in tight reservoirs, and it is an important basis for the evaluation
of tight reservoirs [21,32–34]. Zou et al. [13] defined diagenetic facies as a comprehensive
description of sedimentary diagenesis and diagenetic mineral evolution under diagenesis
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and tectonism. Zhang et al. [35] defined diagenetic facies as the product of diagenesis
and evolution of sediments under fluid and tectonic action, which is a comprehensive
characterization of minerals such as rock particles, cements, fabrics and fracture-caves.
Duan et al. [36] defined diagenetic facies as the product of sediments reflecting petro-
logical and geochemical characteristics after diagenetic and tectonic processes in specific
sedimentary and physicochemical environments, including comprehensive characteristics
such as rock particles, cements, fabrics, pores and fractures. We define diagenetic facies
as the stratigraphic unit of sediments that reflects the diagenetic degree, diagenetic type
and diagenetic mineral composition through fluid, tectonic and diagenetic processes in
sedimentary and physicochemical environments, which can be identified based on thin
section analysis and logging response, including compaction, lithology, cementation and
dissolution [2,20,21,37–39].

3.2. Classification of Diagenetic Facies

The diagenetic facies types of Fuyu reservoir in Sanzhao Sag were classified based on
compaction, lithology, cementation and dissolution. The compaction effect increased with
the burial depth, and the porosity decreased from 25.5% to 17.5% when the burial depth
reached 1800 m. Cements such as carbonate minerals and quartz secondary enlargement fill
the reservoir, which inhibits the compaction and pressure dissolution to some extent. The
porosity increased from less than 15% to 20.7% when the burial depth exceeded 1800 m, be-
cause the dissolution of feldspar, rock debris and carbonate cement results in the formation
of interparticle dissolution pores and intragranular dissolution pores to form secondary
pore development zones, which improves the reservoir performance [31]. According to the
buried depth of 1800 m, Fuyu reservoir compaction was divided into weak compaction
(buried depth ≤ 1800 m) and medium to strong compaction (buried depth > 1800 m).
According to the logging response, the lithology is mainly divided into fine sandstone, silt-
stone and mudstone [3]. Cementation and dissolution are divided into weak cementation
dissolution and weak dissolution cementation according to the action strength. In addition,
diagenetic facies whose lithology type is mudstone have poor reservoir performance, so
they are classified into one class. According to the above standards, the diagenetic facies
types of Fuyu reservoir in Sanzhao Sag are divided as follows: weakly compacted weakly
cemented dissolved siltstone phase (Wip), weakly compacted weakly cemented dissolved
fine sandstone phase (Wap), medium to strong compaction of weakly cemented dissolved
fine sandstone phase (Map), medium to strong compaction of weakly cemented dissolved
siltstone phase (Mip), medium to strong compaction of weakly dissolved colluvial fine
sandstone phase (Msap) and mudstone phase (Mp).

Wip: buried depth ≤ 1800 m, mainly siltstone, with loose samples and good particle
sorting. The pores are relatively developed, mainly interparticle dissolution pores, with
a maximum of 60 μm, and have connectivity. There are a few calcite cements, which are
distributed in a scattered way. The rock exhibits the oil impregnation phenomenon and
good reservoir properties.

Wap: buried depth ≤ 1800 m, mainly fine sandstone, with loose samples and good
particle sorting. The pores are relatively developed, mainly interparticle dissolution pores,
with a maximum of 60 μm, and have connectivity. There are a few calcite-filled interparticle
metasomatic particles. The rock exhibits the oil impregnation phenomenon and good
reservoir properties.

Map: buried depth > 1800 m, mainly fine sandstone, with loose samples and good
particle sorting. The pores are relatively developed, mainly interparticle dissolution pores,
with a maximum of 80 μm, and have connectivity. There are a few calcite-filled interparticle
metasomatic particles. The rock exhibits the oil impregnation phenomenon and good
reservoir properties.

Mip: buried depth > 1800 m, mainly siltstone, with loose samples and good particle
sorting. The dissolution pores are relatively developed, mainly interparticle dissolution
pores, granular dissolution pores and intragranular dissolution pores. The interparticle
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dissolution pores can reach up to 50 μm, and have certain connectivity. There are calcite-
filled interparticle metasomatic particles. The rock exhibits good reservoir properties.

Msap: buried depth > 1800 m, mainly fine sandstone, with loose samples and gen-
eral particle sorting. The pores are relatively developed, mainly interparticle dissolution
pores, with a maximum of 60 μm, and have certain connectivity. There are calcite-filled
interparticle metasomatic particles. The rock exhibits good reservoir properties.

Mp: mainly mudstone, with relatively dense or dense samples and general particle
sorting. The pores are undeveloped and unevenly distributed, and there are interparticle
dissolution pores and muddy micropores, which have poor connectivity. The interstitial
materials are argillaceous, calcite and quartz secondary enlargement. The rock exhibits
poor reservoir performance.

According to the reservoir properties of different diagenetic facies types, Class I reser-
voir, Class II reservoir and Class III reservoir were classified. Class I reservoir corresponds
to Wip, Wap and Map. Class II reservoir corresponds to Mip and Msap. Class III reservoir
corresponds to Mp.

3.3. Diagenetic Facies Logging Response Characteristics

In order to establish the correlation between diagenetic facies and logging, and analyze
the logging response characteristics of various diagenetic facies, the importance of each
logging curve was scored by using the decision tree scoring method. Gamma ray (GR),
spontaneous potential (SP), borehole compensated acoustilog (AC), deep lateral resistivity
(RLLD), shallow lateral resistivity (RLLS) and caliper (CAL) were selected as the response
curves [40].

Wip: GR shows low-amplitude micro-tooth shape, RLLD and RLLS present small-
amplitude frame shape, and AC has low-amplitude micro-tooth shape characteristics. Wap:
GR has a stable shape, and RLLD and RLLS exhibit a high-amplitude bell shape. Map:
GR shows low-amplitude smoothness, RLLD and RLLS are box or bell shaped, and AC
is in a symmetrical tooth shape. Mip: GR shows low-amplitude smoothness, RLLD and
RLLS values are lower, and AC exhibits a low-amplitude finger type. Msap: GR shows
low-amplitude smoothness, RLLD and RLLS are box or toothed curves, and AC is finger
shaped. Mp: GR value is higher, RLLD and RLLS values are lower, and AC is bell shaped.
See Figure 4 for details.

Figure 4. Logging response characteristics of different diagenetic facies.
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4. C-ViTM Method

In this section, the research process of the C-ViTM method is introduced in detail,
including five steps of logging data analysis, data set establishment, imbalanced data set
processing, diagenetic facies identification model design and model training.

4.1. Logging Data Analysis

Logging data and core analysis data provide accurate lithology and physical property
information, and they are the main basis for diagenesis and diagenetic facies logging
identification [3,40]. The cumulative logging depth of 30 wells in Fuyu reservoir is 3064.5 m,
as shown in Table 1. The well locations in the study area are shown in Figure 1.

Table 1. Log data statistics of Fuyu reservoir in Sanzhao depression.

Order Well
Coring Depth (m)

Length (m) Order Well
Coring Depth (m)

Length (m)
Top Bottom Top Bottom

1 B7 1872.700 2081.100 208.40 16 F464 1835.039 1939.989 104.95
2 B17 1858.025 2043.475 185.45 17 H23-6 1800.020 1831.170 31.15
3 B18 1836.001 2139.951 303.95 18 S52 1719.000 1872.000 153.00
4 B102 1914.500 1963.400 48.90 19 S541 1818.025 1946.975 128.95
5 B183 1895.012 1906.962 11.95 20 S55 1754.000 1793.950 39.95
6 B211 1775.000 1792.550 17.55 21 X18 1943.025 2021.975 18.95
7 B351 1982.981 2021.181 38.20 22 X21 2182.000 2228.000 46.00
8 BF59-51 1720.690 1854.940 134.25 23 X23 2068.000 2138.000 70.00
9 F13 1787.300 1998.800 211.50 24 X141 2030.000 2095.981 69.95

10 F27 1755.125 1843.125 88.00 25 Z11 1810.000 2004.700 194.70
11 F29 1843.000 1875.000 32.00 26 Z22 1695.800 1798.900 103.10
12 F98-16 1760.000 1870.950 110.95 27 Z43-251 1800.030 1861.830 61.80
13 F186-16 1920.040 2024.990 104.95 28 Z43-251-1 1800.009 1876.959 76.95
14 F188-138 1767.100 1858.050 90.95 29 Z43-261 1800.049 1885.999 85.95
15 F361 1765.325 1890.475 125.15 30 Z44-251 1773.950 1880.900 106.95

The quantity and thickness of various diagenetic facies were preliminarily counted
according to the logging curve data of the above 30 wells, and the statistical results are
shown in Figure 5. According to the statistical results, there is an imbalance in the data of
various diagenetic facies, among which the number of Mip is the highest (486), and the
number of Wap is the lowest (57), with a quantity difference of 429. The maximum thickness
of Mp is 753.45 m, and the minimum thickness of Wap is 68.75 m, with a thickness difference
of 684.70 m. According to the thickness statistics, the thickness of various diagenetic facies
is mainly in the range of 0 m–1.50 m. The external factor leading to this result may be that
the logging data are not standardized, so the standardization of logging curves is necessary
in the data establishment process to verify the accuracy of logging data.

4.2. Establishment of the Diagenetic Facies Image Data Set

To ensure the accuracy of the logging data, the GeoSoftwareSuite9.1 software was
applied to standardize the logging data. The standardized results of Well f188-138 are
shown in Figure 6. After the completion of standardization, the Plot method was used to
convert logging curve data into logging curve images, and the Resize method was applied
to convert logging curve images into a 224-pixel × 224-pixel logging curve image data
set. In addition, based on the statistical results of diagenetic facies thickness (Figure 5a),
we sampled the logging curve images according to the longitudinal uniform thickness
units of 0.50 m, 0.75 m, 1.00 m and 1.25 m to obtain the best diagenetic facies identification
effect. The obtained image sample data set is shown in Table 2 (1.50 m samples are not
displayed due to insufficient quantity). According to Table 2, there is an imbalance in the
number of samples of different diagenetic facies types. This imbalance will result in higher
identification accuracy of diagenetic facies type (Mp) with a large number of samples,
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and lower identification accuracy of diagenetic facies type (Wap) with a small number of
samples. For this reason, we conducted imbalance processing on the sample data set.

 

 

(a) (b) 

Figure 5. Statistical results of quantity and thickness of various diagenetic facies in Fuyu reser-
voir: (a) Statistics on the number of different thickness intervals; (b) Thickness statistics of various
diagenetic facies.

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure 6. Standardization results of each logging curve of Well f188-138 in Fuyu reservoir: (a) AC
standardization results; (b) CAL standardization results; (c) GR standardization results; (d) SP
standardization results; (e) RLLD standardization results; (f) RLLS standardization results.
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Table 2. Statistics of the number of logging curve image samples of different thickness units.

Diagenetic Facies
Longitudinal Thickness Unit Interval

0.50 (m) 0.75 (m) 1.00 (m) 1.25 (m)

Wip 267 151 97 72
Wap 110 64 45 31
Map 442 242 150 105
Mip 768 449 290 194

Msap 364 183 114 70
Mp 1342 831 587 439

4.3. Processing of Imbalanced Data Sets

Over-sampling and under-sampling were combined to process various diagenetic
facies logging curve image samples, so as to reduce the influence of sample quantity
imbalance on the identification effect of diagenetic facies.

For Wap, Wip (0.50 m) and Msap (0.50 m) with a small number of samples, sliding
overlap-tile sampling was used for up-sampling. That is, based on the original diagenetic
facies logging curve image samples, a sliding window with a certain step size was set
on the image samples, and the sample interval was taken as the sampling window for
overlap-tile along the depth downwards to increase the number of samples [41]. We used
50% of the sample interval length as the sliding step size for overlap-tile sampling, as shown
in Figure 7. The total number of samples after sampling can be calculated by Equation (1).

N =
2 × (B−T)

SI
(1)

where N represents the total number of samples, B represents the bottom depth, T represents
the top depth, and SI represents the sample interval.

Figure 7. Wap sliding overlap-tile sampling process.

The random under-sampling method was used for the sampling of diagenetic facies
(Mp) with a large number of samples, so that the sample size was the same as the average of
the total number of other 5 types of diagenetic facies samples, to ensure the overall sample
balance. The number of samples of various diagenetic facies obtained after screening is
shown in Table 3. We divided the training set and the testing set at a ratio of 8:2.
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Table 3. Statistics of the number of samples of various diagenetic facies after imbalance processing.

Diagenetic Facies
Longitudinal Thickness Unit Interval

0.50 (m) 0.75 (m) 1.00 (m) 1.25 (m)

Wip 600 150 95 70
Wap 525 150 110 80
Map 440 240 150 105
Mip 765 445 290 190

Msap 515 180 110 70
Mp 570 235 150 105

4.4. Design of Identification Model for the Diagenetic Facies of Tight Oil Reservoirs

To improve the identification efficiency and accuracy of the diagenetic facies of tight
oil reservoirs, we transformed the problem of diagenetic facies type identification into
the problem of logging curve image identification based on the characteristics of different
diagenetic facies logging curves. By referring to the ideas of Mo Zhao et al. [25], the
identification method for the diagenetic facies of tight oil reservoirs (C-ViTM) based on
hybrid intelligence was constructed by integrating the CNN network model and ViT model
structure, as shown in Figure 8. The C-ViTM model uses the ResNet101 network in CNN to
extract features of logging curves from image samples and applies ViT to learn the overall
features of each logging curve in image samples. The C-ViTM model gives full play to the
local feature extraction ability of ResNet101 and the global information control ability of
ViT. The specific process is described as follows:

Figure 8. C-ViTM model structure.
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The local feature extraction of logging curve images using the ResNet101 network
includes 1 image input layer, 1 convolutional layer, 1 BatchNorm, 1 Relu activation function,
1 maximum pooling layer, 3 Conv Block layers and 27 Density Block layers. The ResNet101
network model structure is shown in Figure 9. ViT learns the global information of logging
curve images, including 1 Patch Embedding layer, 1 Class Embedding layer, 1 Position
Embedding layer, 2 Layer Norms, 1 Multi-Head Attention, 2 Dropout layers and 1 MLP
Head. See Figure 8 for details.

Figure 9. ResNet101 network model structure.

Patch Embedding was used to divide the three-dimensional matrix [224, 224, 3] of the
image after feature extraction using the ResNet101 network into a two-dimensional vector
matrix [196, 768] according to the patch size of 16 × 16, to provide a basis for meeting the
input requirements of ViT. The specific process is shown below:

[224, 224, 3] → 196 × [16, 16, 3] → 196 × [768]
Images patch num patch patch num token

patches tokens
(2)

where patches represent the total number of patches. Token represents a one-dimensional
vector mapped from a single patch. Tokens represent the total number of tokens.

Class Embedding represents the sequence for the classification of diagenetic facies.
The principle is to concatenate a vector of length 168 with tokens [196, 768] generated from
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logging curve images, to generate the two-dimensional vector [197, 768] that meets the
input requirements of ViT. The specific process is shown below:

[196, 768] → Concat(token, [class]token) → Concat([196, 768], [1, 768]) → [197, 768] (3)

Position Embedding superimposes the position information encoding for curve fea-
tures in each patch to record the position of features. Layer Norm normalizes vector data
containing logging curve information to accelerate the learning speed. The role of Multi-
Head Attention is to improve the learning ability. Dropout mitigates the phenomenon of
model over-fitting. MLP Head outputs the diagenetic facies identification results.

4.5. Training of the Identification Model for the Diagenetic Facies of Tight Oil Reservoirs

The training process of the C-ViTM method includes two stages. In the first stage,
the transfer learning technology [42] was applied for pre-training of the C-ViTM model to
improve the learning efficiency of the model. In the second stage, the adaptive gradient
descent method (Adam) [43] was used to update the model training parameter θt and
complete iterative training. The update process of training parameter θt is described below:

Step 1: Calculate the gradient information gt of small batch samples.

gt = ∇θ J(θ, Xt, yt) (4)

where J(θ, Xt, yt) represents the objective function and Xt and yt represent the features and
labels of a small batch of samples, respectively.

Step 2: Calculate the first matrix estimator St and the second matrix vector Rt.

St = β1St−1 + (1 − β1)gt (5)

Rt = β2Rt−1 + (1 − β2)g2
t (6)

where St represents the first matrix estimation vector and Rt represents the second ma-
trix estimation vector. β1 and β2 represent the decay rate, with values of 0.9 and 0.999,
respectively.

Step 3: Calculate the gradient information g′t after bias correction.

∧
St =

St

1 − βt
1

(7)

∧
Rt =

Rt

1 − βt
2

(8)

g′t =
α
∧
St√ ∧

Rt + ε

(9)

where
∧
St and

∧
Rt represent the first matrix estimation vector and the second matrix estima-

tion vector after bias correction, respectively. α indicates the learning rate. ε represents the
smoothing item, with a value of 10−8, preventing division by 0.

Step 4: Update the model parameter θt.

θt = θt−1 − g′t (10)

The iterative process loss is shown in Figure 10. It can be seen from the figure that the
70th epoch model tends to be stable.
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Figure 10. Iterative process loss.

5. Experimental Scheme

The experiment was divided into three parts: experiment of identification effect for
different thickness units, accuracy comparison experiment and single-well identification
effect. The specific parameters of the experimental devices are shown below: Intel Xeon
Silver 4210R CPU, 64 G memory, RTX 6000/8000 GPU; Ubuntu 20.04.3 operating system;
PyTorch 1.7.1 experimental framework.

5.1. Experiment of the Identification Effect for Different Thickness Units

The experiment of identification effect for different thickness units took mean Average
Accuracy (mAA) [44] and mean Average Precision (mAP) [45] as evaluation indicators.

mAA denotes the average of the identification accuracy of multiple diagenetic facies
types. Accuracy represents the proportion of the number correctly identified in the to-
tal, which is expressed by Equation (11), where TP is the number of correctly identified
diagenetic facies, and N is the total number.

Accuracy =
TP
N

(11)

mAP represents the average of the average precision (AP) of multiple diagenetic facies
types. AP refers to the area below the Precision—Recall curve. Precision represents the
proportion of the correct number in the identified diagenetic facies types, which can be
represented by Equation (12). Recall represents the proportion of the correct number in the
actual composition, which can be expressed by Equation (13). The value of mAP is in the
range of [0, 1]. A larger value indicates a better identification effect.

Precision = TP/(TP + FP) (12)

Recall = TP/(TP + FN) (13)

where TP represents a true positive test; FP represents a false positive test; FN represents a
false negative test.

In the experiment process, data sets of the same number with intervals of 0.50 m,
0.75 m, 1.00 m and 1.25 m were selected to calculate the Accuracy and AP values of the
C-ViTM algorithm for the identification results of various diagenetic facies, and the mAA
and mAP values were calculated. The number of various diagenetic facies is shown in
Table 3.

5.2. Accuracy Comparison Experiment

In the accuracy comparison experiment, the Precision, Recall and F1 score [46] of the
identification results of diagenetic facies types were calculated as evaluation indicators by
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establishing the confusion matrix. The meanings and calculation methods of Precision and
Recall are the same as those in Section 5.1. The F1 score was calculated based on Precision
and Recall, and can be expressed by Equation (14). The value of F1 score is in the range of
[0, 1]. A larger value indicates a better identification effect.

F1 =
2 × (Precision × Recall)
(Precision + Recall)

(14)

In the experiment process, data sets of the same number were selected, CNN algorithm,
ViT algorithm and C-ViTM algorithm were used to identify diagenetic facies, and Precision,
Recall and F1 score were calculated to verify the effectiveness of the C-ViTM algorithm.

5.3. Single-Well Identification Effect Experiment

The Jaccard index [47] was used as the evaluation indicator in the single-well identi-
fication effect experiment. The Jaccard index completes the judgment by calculating the
intersection over union between the thickness of various diagenetic facies in a single well
judged by geologists (A) and the thickness of various diagenetic facies identified by C-ViTM
(B). The Jaccard index can be expressed by Equation (15).

J(A, B) =
|A ∩ B|
|A ∪ B| , 0 ≤ J(A, B) ≤ 1 (15)

6. Results and Discussion

6.1. Experimental Results of the Identification Effect for Different Thickness Units

The calculation results of mAA and mAP in the identification effect of diagenetic
facies with different thickness units are shown in Figure 11. Figure 11 shows that the
identification effect of various diagenetic facies is the best at the thickness unit of 0.5 m.
The Accuracy and mAA values of the identification result of various diagenetic facies are
all above 0.9, and the calculation results of AP value and mAP value are above 0.76. This is
because the mAA and mAP values of different diagenetic facies are related to the thickness
of various diagenetic facies and the thickness of sample intervals. In addition, Mip and
Mp have higher scores at the thickness units of 1.00 m and 1.25 m, possibly due to the
larger thickness of their diagenetic facies samples. This phenomenon is also verified by the
statistical results in Figure 4.

  
(a) (b) 

Figure 11. Calculation results of mAA and mAP in the identification effect of various diagenetic
facies at different thickness units: (a) Calculation results of Accuracy and mAA values in the identifi-
cation effect of various diagenetic facies; (b) Calculation results of AP value and mAP value in the
identification effect of various diagenetic facies.
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Since the 0.5 m thickness unit realized the best identification result, the sample of 0.5 m
thickness unit was used for the accuracy experiment.

6.2. Accuracy Comparison Experiment Results

To verify the accuracy of the C-ViTM method in identifying diagenetic facies, the
confusion matrix of the C-ViTM, CNN and ViT methods was constructed, and the influence
of geological characteristics on the method was analyzed, as shown in Figure 12. The
calculation results of Precision, Recall and F1 score are shown in Figure 13.

   
(a) (b) (c) 

Figure 12. Identification results of diagenetic facies: (a) C-ViTM identification results; (b) CNN
identification results; (c) ViT identification results.

  
(a) (b) (c) 

Figure 13. Calculation results of Precision, Recall and F1 score: (a) Precision calculation results;
(b) Recall calculation results; (c) F1 score calculation results.

According to Figure 12, the C-ViTM method has the best effect on the identification
of diagenetic facies, and the CNN method has a higher identification accuracy than ViT,
proving that the proposed method can identify diagenetic facies of tight reservoirs better
than a single CNN model and ViT model. Due to the limited number of selected target data
sets, the CNN method shows a better identification effect compared to the ViT method.
This phenomenon has been verified in natural image identification [23]. In addition, it
can be seen from Figure 12 that Wip is mainly misjudged as Mip and Mp; Wap is mainly
misjudged as Msap and Map; Map is mainly misjudged as Wap, Mip and Wip; Mip is mainly
misjudged as Wip, Mp and Map; Msap is mainly misjudged as Wap and Map; Mp is mainly
misjudged as Wip and Wap. The cause of misjudgment is related to the internal structural
characteristics during the formation of diagenetic facies, which makes the logging curves
have similar characteristics [46]. At the same time, it is found that although the diagenetic
facies of the same type are subjected to similar compaction, cementation and dissolution,
the different action intensity and diagenetic grade result in different particle size sorting
and pore connectivity of their components, which affect the reservoir performance.
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Figure 13 shows that the Precision, Recall and F1 score of C-ViTM method are higher
than those of the CNN method and ViT method, and those of the CNN method are higher
than those of the ViT method. It is known from Figure 13a that the three methods have
the lowest efficiency for Wap, mainly because Wap and Msap logging curves have similar
characteristics, so that some Msaps are misjudged as Wap, reducing the Precision. The
same phenomenon also exists in Wip and Mip. The C-ViTM method has a Precision of over
86% for various diagenetic facies, indicating its high Precision. It is learned from Figure 13b
that the three methods have the lowest efficiency for Map, mainly because its sample size
is relatively small, and some Maps are misjudged. The C-ViTM method has a Recall of over
90% for various diagenetic facies, indicating its good Recall. In Figure 13c, the C-ViTM
method has the highest FI scores, which are all above 89%, indicating that it has a good
identification effect on various diagenetic facies and can meet the accuracy requirements
for identifying the diagenetic facies of tight reservoirs. In addition, the labeling of sample
labels also affects the identification efficiency of the three methods.

6.3. Experimental Results of the Single-Well Identification Effect

To further validate the effectiveness of the C-ViTM method, a well from Fuyu reservoir
in Sanzhao Sag, Songliao Basin (not involved in the training) was randomly selected for
verification, and the identification results are shown in Figure 14. The Original Diagnostic
Facies in the figure are the results of manual identification, and the division of diagenetic fa-
cies is mainly based on core data and logging response characteristics. Predicted Diagenetic
Facies are the identification results of the C-ViTM method (the color is slightly deepened
for distinction). The calculation results of the Jaccard index for various diagenetic facies
are shown in Table 4. Table 4 shows that the Jaccard index of various diagenetic facies in a
single well is above 0.74, and the average Jaccard index is 0.79, indicating that the C-ViTM
method has a good single-well identification effect and can be applied to the identification
of diagenetic facies of tight reservoirs, with good application effect. Since the selected single
well is the well in the target area and has the same depositional environment, it has a good
identification effect. For the identification of diagenetic facies of other tight reservoirs with
similar geological characteristics, further research is needed according to the logging data.

Table 4. Calculation results of Jaccard index for various diagenetic facies.

Diagenetic Facies

Wip Wap Mip Map Msap Mp

Jaccard 0.78 0.74 0.75 0.74 0.81 0.91

6.4. Application Prospect and Limitation Analysis of the C-ViTM Method in Diagenetic
Facies Identification

As a diagenetic facies identification method based on hybrid intelligence, the C-ViTM
method has higher identification accuracy, and can replace the manual identification of
the diagenetic facies of tight reservoirs to a certain extent to determine the location of
high-quality reservoirs. However, due to the influence of sedimentation and diagenesis on
the characteristics of tight reservoirs, various diagenetic facies have similar characteristics
to some extent, resulting in misjudgment. At the same time, the identification effect of the
C-ViTM method is easily affected by the quantity of various diagenetic facies samples, the
geometric characteristics of logging curves and the design of model structure, so it needs to
be further optimized in the identification of the diagenetic facies of other types of reservoirs
such as carbonate reservoir and volcanic reservoir.

71



Energies 2024, 17, 1708

Figure 14. Identification results of single-well diagenetic facies.

7. Conclusions

Based on the intersection of geological big data and artificial intelligence, a new
C-ViTM method for the identification of the diagenetic facies of tight oil reservoirs was
proposed in this study, which solves the problems such as difficulty in the identification of
the diagenetic facies of tight oil reservoirs, time cost and human cost.

(1) Based on core data and logging response characteristics, the diagenetic facies of tight
reservoirs of Fuyu reservoir in Sanzhao Sag were classified into seven types: Wip, Wap,
Mip, Map, Msap, Mp, etc. The relationship between diagenetic facies and reservoir
performance was established. Wip, Wap and Mip were classified as Class I reservoirs;
Map and Msap were classified as Class II reservoirs; Mp was classified as a Class
III reservoir. The reservoir performance was completed while realizing diagenetic
facies identification.

(2) By comparing the identification results of diagenetic facies at different thickness inter-
vals of 0.50 m, 0.75 m, 1.00 m and 1.25 m, it was found that the best identification effect
can be realized at the sample thickness of 0.50 m, indicating that the identification
results are related to the thickness of various diagenetic facies and the thickness of
sample intervals.

(3) Compared with the single methods of CNN and ViT, C-ViTM has a better identification
effect, with Precision of above 86%, Recall of above 90% and FI score of above 89%.
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The C-ViTM method is suitable for the identification of the diagenetic facies of tight
reservoirs, but the identification effect is easily affected by the number of samples and
the similarity of the internal structural features of diagenetic facies (the similarity of
logging curve features), such as Wip and Mip.

(4) The average Jaccard index calculated by using the C-ViTM method in diagenetic facies
identification of a single well is 0.79, indicating that the C-ViTM method has a good
identification effect and wide application prospects.

In future work, we expect to optimize the C-ViTM method so that it can be better
applied to the identification and evaluation of diagenetic facies in other reservoirs such as
shale oil reservoirs, and evaluate the potential application of this method.
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Abstract: The shales of the Taiyuan Formation and Shanxi Formation in the North China Basin
have good prospects for shale gas exploration and development. In this study, Well KP1 at the
northern margin of the North China Basin was used as the research object for rock mineral, organic
geochemical, and elemental geochemical analyses. The results show that brittle minerals in the shales
of the Taiyuan Formation and Shanxi Formation are relatively rare (<40%) and that the clay mineral
content is high (>50%). The average TOC content is 3.68%. The organic matter is mainly mixed and
sapropelic. The source rocks of the Taiyuan Formation and Shanxi Formation are mainly felsic, and
the tectonic background lies in the continental island arc area. The primary variables that influenced
the enrichment of organic materials during the sedimentary stage of the Taiyuan Formation were
paleosalinity and paleoproductivity. Paleosalinity acted as the primary regulator of organic matter
enrichment during the sedimentary stage of the Shanxi Formation.

Keywords: North China Basin; Taiyuan and Shanxi Formations; marine–continental transitional
shale; depositional environment; organic matter enrichment

1. Introduction

In recent years, China has made major breakthroughs in the exploration and devel-
opment of marine and continental shale, and it has discovered several huge shale gas
fields [1–3]. Compared with the development research of marine shale, the exploration
and development of marine–continental transitional shale is still in the early stages [4–6].
The sedimentary environment of marine–continental transitional shale is relatively com-
plex, generally deposited in the transitional environment from the surface ocean to the river
delta [7–10]. Marine–continental transitional shale is widely distributed in China, including
in the North China Basin, Qinshui Basin, Ordos Basin, and Bohai Bay Basin [11–13]. These
resources are rich in shale gas reserves, accounting for about one-quarter of the total shale
gas resources, and they represent potentially important areas for unconventional oil and
gas exploration [4,5]. Among them, multiple sets of marine–continental transitional shale
distributed in the Carboniferous–Permian system in the northern North China Basin are
characterized by diverse kerogen types, large changes in organic matter abundance, high
maturity, and medium clay abundance. They have become the current research hotspots
for the exploration and development of shale gas [14–16].

The abundance of shale organic matter affects the generation and accumulation of
shale oil and gas, but the enrichment and preservation of organic matter are complex
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physical and chemical processes [17–21]. Previous studies have shown that organic matter
enrichment and preservation are jointly controlled by the depositional environment (ter-
rigenous input, sedimentation rate, paleoclimate, paleoredox, paleosalinity, and primary
productivity) and the source of organic matter [19–24]. The controlling factors of the de-
positional environment and organic matter enrichment of marine–terrestrial transitional
shale are more complex [21,25]. Due to the intense tectonic movement of the North China
Basin in the Late Paleozoic, the North China Basin transitioned from a surface sea to a
river delta environment [14,26]. This led to changes in the depositional environment and
provenance. Changes in the sedimentary environment and provenance affect the growth of
paleontology in sedimentary water bodies and the enrichment and preservation of organic
matter. Furthermore, this leads to differences in the abundance of organic matter in shale at
different depositional stages [27–31]. Therefore, it is necessary to reveal the main factors
controlling the enrichment of organic matter in the marine–continental transitional shale in
the northern part of the North China Basin and to determine the optimal conditions for the
enrichment of organic matter in marine–continental transitional shale.

The primary purpose of this study is threefold: (1) to reveal and compare the abun-
dance of organic matter and the characteristics of reservoir physical properties in Late
Paleozoic marine–continental transitional shale (specifically that of the Taiyuan and Shanxi
Formations) based on rock mineral analysis and organic geochemistry; (2) to identify
the source characteristics, structural background, and paleoenvironmental factors of the
marine–continental transitional shale within the Taiyuan and Shanxi Formations of the Late
Paleozoic through an elemental geochemical analysis combined with numerical analysis
methods, and to determine the main controlling factors of organic matter enrichment
in these shale formations; and (3) to establish an organic matter enrichment model for
marine–terrestrial transitional shale and determine the optimal conditions for shale or-
ganic matter enrichment. Our study holds great significance for evaluating the potential
of marine–continental transitional shale and provides a theoretical basis for optimizing
reservoir selection for marine–continental transitional shale gas exploration in the North
China Basin.

2. Geological Setting

The North China Basin is adjacent to the Taihang Mountain uplift to the west, the
Bohai Sea to the east, and the Yanshan Fold uplift to the north (Figure 1a). Because of the
staggered ups and downs of faults, several secondary tectonic units have developed [32].
The sedimentary evolution process of the North China Basin can be roughly divided into
four stages: the stages of early Paleozoic uplift and late Paleozoic sea–land alternation; the
early Mesozoic filling of the intracontinental lake basin depression; and the late Mesozoic
and Cenozoic rifting stages [33,34].

The North China Basin was in the land–sea alternation stage during the Carboniferous–
Permian period, which was crucial for the basin’s ecosystem to change from an intraconti-
nental lake to an epicontinental sea. Well KP1 (latitude N39◦ 45′ 46.8′′, longitude E118◦ 21′
25.2′′) in the study area is located in Fengnan District, Tangshan City, Hebei Province, and
its structural position belongs to the east wing of the Kaiping syncline. The Taiyuan Forma-
tion has a thickness of 71.33 m and is primarily made up of sandstone, thin limestone, coal
seams, and black shale, according to KP1 drilling data in the research region. The Shanxi
Formation has a thickness of 69.5 m and is primarily made up of sandstone, shale, and thin
coal seams (Figure 1b).
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Figure 1. Structural maps (a) and borehole lithology histograms (b).

3. Samples and Analysis

3.1. Samples and Experimental Method

A total of 25 representative samples were collected and analyzed in this study: 19 sam-
ples from the Shanxi Formation and 6 samples from the Taiyuan Formation. The sam-
ples were taken from the shale core of Well KP1, with sampling depths ranging between
1695 and 1886 m. The main lithology of the samples comprises shale and carbonaceous
shale (Figure 1b).

The analysis of shale samples includes total organic carbon content (TOC) detection,
major- and trace-element content detection, XRD whole-rock mineral quantitative analysis
detection, clay mineral X-ray diffraction quantitative analysis detection, rock pyrolysis analysis
detection, and kerogen maceral identification. The above analysis and testing are carried out
in the laboratory of the Shandong Coal Geological Planning and Exploration Institute.

The content of major elements in the 25 samples was determined according to the
Chinese standard GB/T21114-2019 by using the refractory X-ray fluorescence spectrum
chemical analysis melting glass method [35]. The XRD whole-rock mineral quantitative
analysis test and clay mineral X-ray diffraction quantitative analysis test were carried
out using a Rigaku SmartLab9 X-ray diffractometer (Rigaku Company, Tokyo, Japan).
According to the national standard SY/T5163-2018, 17 samples were analyzed and tested
to further determine the brittleness of the shale [36]. By using an OGE-VI rock pyrolysis
instrument, 25 samples were analyzed according to the Chinese standard experimental
method GB/T18602-2012, and the hydrocarbon generation potential of the shale organic
matter was further analyzed [37]. The process of identifying and categorizing kerogen
macerals by the use of transmission light fluorescence is known as identification. According
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to the Chinese standard experimental method SY/T5125-2014, 25 samples of shale were
analyzed, and the analysis results were further used for kerogen-type identification [38].

3.2. Data Processing

The majority of trace elements in sediments are made up of terrigenous debris and
authigenic components. Only the authigenic components in sediments can reflect the
evolutionary characteristics of the sedimentary environment in geological history. How-
ever, rock composition is complex and diverse, and there is some deviation in judging
its enrichment only by the content of trace elements and standard shale. To eliminate
terrigenous detrital components from having an impact on authigenic components, the
trace-element concentration is usually standardized by using the Al element with relatively
stable properties during diagenesis [39]. In this study, the upper crust content (UCC) was
used for a standardized calculation. The enrichment factor (EF) of elements was calculated
as follows:

X-EF = (X/Al)sample/(X/Al)UCC (1)

The EF of element X is represented by X-EF, the measured concentrations of elements
X and Al in the examined samples are represented by (X/Al)sample, and the X/Al ratio in
the UCC is represented by (X/Al)UCC. X-EF greater than 1 means that some element is
richer than the UCC, while X-EF less than 1 means that an element is more deficient than
the UCC.

To assess paleoproductivity more accurately, the Ba bio content in the sediments was
also calculated [40] utilizing the equation below:

Babio = Basample − Alsample × (Ba/Al)PAAS (2)

Here, Basample is the measured content of element Ba in the samples under study,
(Ba/Al)PAAS are the ratios of Ba/Al in post-Archean Australian shale (PAAS), and Babio
represents the Ba content produced by biological processes; the estimated content in
terrigenous debris is generally subtracted from the total amount in the sample.

There are multiple indicators that can characterize the paleoredox conditions of sed-
imentary water bodies in the shale deposition stage, such as V/Cr, V/Sc, and Ce/La.
In this study, the data sets composed of different element indexes representing paleoredox
conditions were processed using the normalization method. The average value obtained
after the normalization of the different element indexes was used as the representative
parameter of the paleoredox conditions. The calculation formula is as follows:

Paleo- = {[(V/Cr)sample − (V/Cr)min]/[ (V/Cr)max − (V/Cr)min] + [ (V/Sc)sample − (V/Sc)min]/

[(V/Sc)max − (V/Sc)min] + [(Ce/La)sample − (Ce/La)min]/[ (Ce/La)max − (Ce/La)min]}/3 (3)

In the formula, Paleo- is the representative parameter of the paleoredox conditions;
(V/Cr)sample, (V/Sc)sample, and (Ce/La)sample are the ratios of V/Cr, V/Sc, and Ce/La,
respectively; (V/Cr)min, (V/Sc)min, and (Ce/La)min are the minimum values of the V/Cr,
V/Sc, and Ce/La ratios, respectively; and (V/Cr)max, (V/Sc)max, and (Ce/La)max are the
maximum values of V/Cr, V/Sc, and Ce/La, respectively.

Based on the above calculation data, by using Origin (2021) software and combining
the discriminant templates and analysis methods developed by previous researchers, the
mudstone provenance and tectonic background characteristics, sedimentary environment,
and water retention environment of the Taiyuan Formation and Shanxi Formation are
discussed. By using SPSS Pro (Education version) software, the main controlling factors
of shale organic matter enrichment in the Taiyuan Formation and Shanxi Formation are
discussed and analyzed.
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4. Results

4.1. Lithological Characteristics

Through a detailed observation of the core samples from Well KP1, the source rock sec-
tions were found to have strong heterogeneity. The core lithology of the Shanxi Formation’s
interbedded sandstone and mudstone in Well KP1 is mostly composed of dark-grey sandy
mudstone with a thin overlay of dark-grey fine sandstone (Figure 2a). The vertical variation
in the core lithology of the Taiyuan Formation shows that grey-white coarse sandstone
and medium sandstone were transformed into dark-grey and black-grey silty mudstone
(Figure 2b). The core lithology of the Taiyuan Formation is interbedded with dark-grey
siltstone, fine sandstone, and grey-black sandy mudstone, mainly sandstone (Figure 2c).

 

Figure 2. Core lithology maps of the Taiyuan Formation and Shanxi Formation of Well KP1 in the
study area. (a) The dark-grey fine sandstone of the Shanxi Formation is interbedded with a thin
layer of dark-grey sandy mudstone. (b) Grey-black sandy mudstone of the Taiyuan Formation.
(c) The interbedded deep grey siltstone, fine sandstone, and grey-black sandy mudstone of the
Taiyuan Formation.

The brittle mineral content of shale in the Shanxi Formation was between 22.5% and
48.4% (average = 40.02%), mainly quartz minerals (Figure 3b). The Taiyuan Formation
shale had a comparatively high brittle mineral concentration, ranging from 34.1% to 58.5%
(average = 47.7%) (Figure 3b). The brittle mineral content of shale in the Taiyuan and Shanxi
Formations fulfilled the minimum fracturing feasibility standard (brittle mineral = 40%).
However, the contents of clay minerals in the shales of the Taiyuan and Shanxi Formations
were high, with averages of 46.1% and 40.6%, respectively [41] (Figure 3b).

Figure 3. Ternary diagrams of clay mineral content and mineral content in mud shale of Well KP1.
(a) Ternary diagram of clay mineral content. (b) Ternary diagram of mineral content.
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The clay minerals in the Taiyuan and Shanxi Formations were mainly illite–montmorillonite
mixed layer minerals (average values of 57.27% and 65.83%, respectively) and kaolinite (average
values of 38.72% and 27%, respectively). This slightly differs from the clay mineral composition
of the Woodford shale (Figure 3a). Therefore, compared with the North American marine gas
shale (Barnett and Woodford shales), the brittle mineral content of the Taiyuan and Shanxi
Formations shale is relatively low, barely meeting the hydraulic fracturing standard, and the
clay mineral content is relatively high, making fracturing more difficult (Figure 3a).

4.2. Organic Matter Abundance

According to the experimental results, the TOC content of the shale of the Shanxi
Formation was between 0.20% and 15.39% (average = 2.60%). Furthermore, 47.37% of the
shale samples met the standards for excellent source rocks, and 89.47% of the shale samples
met the standards for medium source rocks (Figure 4; Table 1). The TOC content of the
shale of the Taiyuan Formation was between 1.71% and 12.15%, with an average of 6.84%.
Moreover, 85.71% of the shale samples met the standards for excellent source rocks, and all
samples met the standards for good source rocks (Figure 4; Table 1).

Figure 4. The frequency distributions of organic matter abundance of source rocks in Well KP1.
(a) Hydrocarbon potential (S1 + S2) diagram. (b) TOC content (%) diagram.

Table 1. Evaluation criteria for organic matter abundance of continental source rocks.

Index
Non-Source

Rocks
Poor Source

Rocks
Medium Source

Rocks

Good
Hydrocarbon
Source Rocks

TOC (%) <0.4 0.4–0.6 >0.6–1.0 >1.0–2.0
S1 + S2(mg/g) - <2 2–6 >6–20

According to the curve fitting equation of shale samples, log10(S1 + S2) = 1.49log10
(TOC) − 1.18 (R2 = 0.86), indicating that TOC content has a good correlation with hydrocar-
bon generation potential. According to Figure 5, most of the Well KP1 shale samples fell
into the organic-rich and non-organic-rich shale areas, and only one sample fell into the
non-effective shale area [42].
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Figure 5. Plot of the hydrogen index (S1 + S2) versus the TOC, outlining the source potential of
different lithotypes and the relationship between the TOC and S1 + S2 from the KP1 shale.

4.3. Organic Matter Type

The maceral characteristics of kerogen can effectively provide the biogenic composition
of organic matter and determine the kerogen type. According to the discriminant diagram,
the shale samples in Well KP1 were mainly of the mixed type and a small amount of the
sapropel type (Figure 6).

 
Figure 6. Triangle diagram of kerogen maceral composition of source rock in Well KP1.

This study showed that the shale of the Taiyuan and Shanxi Formations has abundant
sapropelic components, indicating that organic matter mainly originates from lower aquatic
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algae. The analysis showed that the source rocks of the Taiyuan and Shanxi Formations
have rich oil and gas generation potential.

4.4. Element Geochemical Characteristics

According to the test results for the major elements, the shale samples of the Taiyuan
and Shanxi Formations had the highest Al, Si, and Fe contents. The Si content was the
highest. The Si contents in the Taiyuan and Shanxi Formations were between 44.52% and
66.57% (average = 56.22%) and between 52.81% and 64.92% (average = 56.42%), respectively.
In addition to these three elements, there were some elements with relatively high contents,
such as Mg, K, Ca, and Ti, with average contents of 2.72%, 4.30%, 2.59%, and 1.04%,
respectively (Table 2).

The trace-element content results show that the shale samples are mainly enriched
in V, Sr, Zr, and Ba, with contents generally greater than 100 ppm. Their average contents
were 138.45 ppm (48.2–175 ppm, n = 25), 201.88 ppm (98–434 ppm, n = 25), 199.68 ppm
(131–430 ppm, n = 25), and 473.2 ppm (276–880 ppm, n = 25), respectively. The total rare
earth element abundance (∑REE) of the Well KP1 shale samples ranged from 179.16 to
390.52 μg/g (average = 249.73 μg/g) (Table 3).
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5. Discussion

5.1. Provenance and Tectonic Setting

The location of source rock deposition in petroliferous basins influences the preserva-
tion state of organic matter in the source rocks [43,44]. The shale material composition is
easily altered by sedimentary cycles [45]. Therefore, determining the sedimentary cycle
rate of shale samples is a prerequisite for an accurate reflection of their provenance charac-
teristics and tectonic background [43]. Previous studies have shown that the trace elements
Zr, Th, and Sc can effectively represent the degree of sediment recycling and changes in
rock mineral composition [45,46]. Based on this, a Th/Sc–Zr/Sc diagram was established to
determine the degree of sediment recycling [46]. The results show that the average Th/Sc
and Zr/Sc ratios of the Well KP1 samples in the northern North China Basin were 0.78 and
13.13, respectively (Figure 7), which are close to the elemental composition characteristics of
the PAAS samples (Th/Sc = 0.91; Zr/Sc = 13.12) [47]. This indicated that the shale samples
were less affected by weathering, denudation, transportation, and sedimentary recycling.
Geochemical shale data can be used to accurately identify the source rock and its tectonic
background characteristics.

Figure 7. Th/Sc–Zr/Sc bivariate diagram of shales and carbonaceous marls to show their sediment
recycling.

REE and trace elements (such as Sc, Hf, and Zr) play directional roles in tracing the
source area of hydrocarbon source rocks and distinguishing the tectonic background [13,43,48].
The results of the La/Th–Hf provenance discrimination showed that most shale samples from
the Shanxi Formation originated in a source area with felsic volcanic rocks. This indicates
that the shale source area may be related to acidic magmatic activity. The mud shale samples
from the Taiyuan Formation basically fell into the mixed area of felsic and basic rocks and
the felsic source area (Figure 8a). In addition, the La/Yb–REE binary diagram is an effective
index for distinguishing the source characteristics of source rocks [49]. According to Figure 8b,
the samples from the Taiyuan and Shanxi Formations originated from a granite (felsic) source
area, and only a single sample originated from the basic basalt source area. In summary, the
source rocks of the Taiyuan and Shanxi Formations of Well KP1 chiefly originated from felsic
(granite) source areas.
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Figure 8. Provenance identification plots for the samples of KP1 well: (a) La/Th vs. Hf and (b) La/Yb
vs. ∑REE.

The tectonic background of the source area can be determined using trace and rare earth
element discriminant diagrams (La–Th–Sc, Th–Co–Zr/10, and Th–Sc–Zr/10) [3,50]. As shown
in Figure 9, the shale samples from Well KP1 were located in or near the continental island arc
area. This is consistent with the previous studies showing that the North China Basin was in a
stable platform subsidence area during the Late Carboniferous–Permian [50].

Figure 9. La–Th–Sc, Th–Co–Zr/10, and Th–Sc–Zr/10 plots of the shales from the Taiyuan and Shanxi
Formations in the Well KP1 for tectonic discrimination: (A) oceanic island arc; (B) continental island
arc; (C) active continental margin; and (D) passive margin.

5.2. Paleoclimatic Conditions

Paleoclimatic conditions not only regulate the weathering and denudation degree of
source rocks and the growth and prosperity of paleontology but also affect the enrichment
and preservation of organic matter in sediments [13,28].

Trace elements Sr, Cu, and Rb are sensitive to climatic conditions. Under warm and
humid climatic conditions, Sr is preferentially lost, whereas Cu and Rb remain stable.
Therefore, the concentration ratios of Sr/Cu and Rb/Sr can indicate the characteristics of
paleoclimatic conditions [28,32]. When the Sr/Cu ratio is between 1 and 10, it represents
warm and humid climatic conditions. When the Sr/Cu ratio is greater than 10, it indicates
hot and dry climatic conditions. In addition, the Rb/Sr ratio reflects the characteristics of
precipitation during the sedimentary stage. The larger the ratio, the more abundant the
precipitation and the stronger the hydrodynamic conditions. The smaller the ratio, the
lower the precipitation and the worse the hydrodynamic conditions [51].

According to the correlation analysis of Rb/Sr and Sr/Cu in the shale samples, the
curve-fitting equation of the shale samples in Well KP1 was y = 0.28 + 0.28/(x − 1.14)
(R2 = 0.59) (Figure 10). When the Sr/Cu ratio was less than 10, the Rb/Sr ratio increased
rapidly. When the Sr/Cu ratio exceeded 10, the Rb/Sr ratio decreased slowly. This shows
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that the Sr content is sensitive to climate. When rainfall is rich, the Sr content is lost rapidly,
which causes the Rb/Sr ratio to increase rapidly. When the climate was dry, the Sr content
remained stable, causing the Rb/Sr ratio to decrease slowly (Figure 10). This indicates that
paleoclimatic conditions correlate well with precipitation. The Sr/Cu ratio in the shale
samples from Well KP1 in the study area was between 1.78 and 17.25, and the Rb/Sr ratio
was between 0.19 and 0.82 (Table 4). The average value of Sr/Cu in the Taiyuan Formation
to the Shanxi Formation is on the rise (increased from 2.18 to 5.13). The average Rb/Sr ratio
was maintained at approximately 0.4. This suggests that the warm, humid paleoclimate
gave way to a hot, dry one. From the Taiyuan Formation to the middle and lower parts of
the Shanxi Formation, the Sr/Cu ratio was less than 10, and the Rb/Sr ratio remained low
(close to 0.4). This indicates that during this sedimentary stage, the climate changed from
warm and humid to hot and dry, precipitation decreased, and hydrodynamic conditions
weakened. Subsequently, precipitation increased, and warm and humid conditions were
experienced again.

Figure 10. Relationship diagram between the proxies of paleoclimatic conditions of shale samples in
northern North China Basin.

Table 4. Paleoclimatic conditions analysis by trace-element ratio.

Ratios Index
KP1 Well Formation

Wet and Warm Dry and Hot
C2t P1s

Paleoclimatic
Sr/Cu 1.78 (a)–17.25 (b)

(5.13) (c)
2.18 (a)–7.70 (b)

(2.18) (c) 1–10 >10

Rb/Sr 0.19 (a)–0.82 (b)

(0.44) (c)
0.25 (a)–0.68 (b)

(0.42) (c) -

(a) Maximum; (b) minimum; (c) average.

The Taiyuan Formation has a constant warm and humid climate. The climate of the
Shanxi Formation shows a reciprocating change with increasing and decreasing rainfall,
and the paleoclimatic conditions were even worse.

5.3. Paleoredox Conditions

According to Figure 11a, the Mo/TOC values of the Taiyuan and Shanxi Formations
in the northern North China Basin are between 0.06 and 10.1 (average = 1.04). Only a single
sample with medium retention intensity was in the Cariaco Basin model, and the remaining
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samples were in the Black Sea model. This indicated that the sedimentary environment was
a strong water-retention environment [19,32,52] (Figure 11a). According to the U-EF–Mo-EF
covariation diagram, the samples of the Taiyuan and Shanxi Formations were consistent
with the comprehensive evaluation index, and all data points in the study area were mainly
near the anoxic area. The samples from the Taiyuan Formation had a high degree of
hypoxia and were in a strong water-retention environment, indicating that the sea level was
relatively stable. The samples from the Shanxi Formation were in an oxygen-poor area as a
whole, and the sedimentary environment was mainly a medium–strong water-retention
environment. It is speculated that the stranded environment will change owing to changes
in sea level (Figure 11b).

Figure 11. (a) Relationship between Mo and TOC in the shale of the Taiyuan and Shanxi Formations
in the northern part of North China Basin. (b) U-EF and Mo-EF covariation diagram of shale in
Taiyuan and Shanxi Formations in northern North China Basin.

In general, the paleoredox conditions of the sedimentary water in the study area were
mainly anoxic reduction conditions in a medium–strong water-retention environment.
The sedimentary basin of Well KP1 in the northern part of the North China Basin was in
the Taiyuan Formation sedimentary stage during the Late Carboniferous. The sedimentary
water body had an anoxic reduction and a strong water-retention environment. During the
sedimentary stage of the Permian Shanxi Formation, the paleoredox level and retention
environment of the sedimentary water fluctuated with changes in sea level; however, it
was still an anoxic reduction and medium–strong water-retention environment.

5.4. Multivariate Statistical Analysis of Organic Matter Enrichment Control Factors

Organic matter enrichment may result from interactions between multiple environ-
mental factors. However, a single environmental factor cannot explain the enrichment
of organic matter. Therefore, grey correlation and multiple linear regression analyses of
organic matter enrichment can systematically characterize the organic matter content under
the combined effects of various environmental factors.

The principle of a grey correlation analysis is that the degree of correlation between
curves can be reflected by determining the geometric similarity between the reference
sequence (the TOC content) and several comparative data columns (paleoproxy water
columns) [53,54] (Table 5). The grey correlation method can be used to explore the cor-
relation between the organic matter content and paleoenvironmental factors (such as
paleoclimate, paleosalinity, paleoproductivity, terrigenous clastic input, sedimentation rate,
and paleoredox). The primary and secondary relationships between the paleoenvironmen-
tal factors and TOC content were determined by comparing the grey correlation degree of
each paleoenvironmental factor in the system.
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Table 5. Data table of organic matter content and paleoenvironmental factors of mud shale samples
in Well KP1.

Stratum
Sample

No.
TOC (%) Sr/Cu Ti (%) Babio Paleo- Mo-EF U-EF

Shanxi
Formation

KP1-1 2.15% 2.88 1.25% 657.89 0.32 1.28 0.25
KP1-2 1.22% 1.94 1.17% 422.59 0.38 0.10 0.25
KP1-3 2.52% 2.07 1.15% 476.39 0.30 0.26 0.40
KP1-4 4.89% 16.56 0.84% 637.86 0.52 0.30 0.70
KP1-5 0.87% 1.78 0.81% 496.57 0.22 0.17 0.27
KP1-6 1.47% 2.00 0.83% 498.26 0.27 0.38 0.29
KP1-7 0.20% 17.25 1.00% 870.33 0.48 0.44 0.23
KP1-8 3.43% 4.26 1.11% 408.84 0.36 0.79 0.39
KP1-9 0.30% 2.61 0.89% 376.11 0.50 0.17 0.38
KP1-10 0.86% 1.80 1.32% 357.08 0.34 0.09 0.27
KP1-11 1.72% 2.63 1.17% 406.56 0.44 0.20 0.39
KP1-12 2.52% 2.56 1.26% 355.96 0.24 0.45 0.35
KP1-13 1.03% 2.20 1.12% 377.08 0.32 0.13 0.30
KP1-14 2.27% 3.98 1.14% 384.51 0.28 0.28 0.36
KP1-15 2.31% 3.00 1.21% 302.89 0.47 0.24 0.21
KP1-16 3.95% 10.21 1.31% 351.33 0.39 0.29 0.38
KP1-17 1.04% 6.14 0.95% 505.49 0.37 0.24 0.40
KP1-18 1.24% 6.28 0.88% 503.29 0.46 0.34 0.40
KP1-19 15.39% 7.22 1.00% 267.82 0.48 0.81 0.33

Taiyuan
Formation

KP1-20 2.36% 7.70 0.84% 507.34 0.48 0.14 0.43
KP1-21 11.05% 6.34 0.77% 594.56 0.43 2.05 0.96
KP1-22 11% 6.03 0.88% 466.01 0.48 0.59 0.92
KP1-23 2.82% 4.44 0.98% 526.94 0.48 0.20 0.46
KP1-24 1.71% 3.47 1.00% 560.33 0.24 0.19 0.46
KP1-25 12.15% 2.19 1.31% 305.17 0.37 0.18 0.61

The correlation coefficient heat map between various influencing factors and the
TOC content of the shale samples from the Shanxi Formation shows that the correlation
from strong to weak is paleosalinity (Sr/Ba), paleoproductivity (Babio), paleoredox (Paleo-
), paleoclimate (Sr/Cu), debris flow (Ti, %), and deposition rate (La/Yb) N. The grey
correlation coefficient between the paleosalinity index and the TOC was the highest (0.99),
and there was no significant correlation between the other influencing factors and the TOC
content. This shows that sea-level fluctuations play a decisive role in the enrichment of
shale organic matter in the Shanxi Formation in the study area (Figure 12).

According to Figure 11b, the grey correlation degree of each influencing factor of
Taiyuan Formation shale from strong to weak is paleosalinity (Sr/Ba), paleoproductivity
(Babio), sedimentation rate (La/Yb) N, debris flux (Ti, %), paleoredox (Paleo-), and paleo-
climate (Sr/Cu). The correlation coefficient between the paleosalinity index and the TOC
was the highest (0.99), followed by paleoproductivity, and the coefficient was −0.48. This
indicates that sea-level fluctuations have a significant effect on the enrichment of organic
matter in Taiyuan Formation shale, and the ancient production conditions also play a
certain role in controlling the enrichment of organic matter. The remaining control factors
have little effect on the enrichment of organic matter in the Taiyuan Formation in the study
area (Figure 12).

Moreover, a multiple linear regression analysis can be used to effectively study the
uncertain interdependence and restrictive relationship between organic matter enrichment
and various paleoenvironmental factors. This relationship can be mathematically expressed.
The purposes of this are to determine the image-specific performance of the organic matter
enrichment process and to use unknown variables to predict or test the accuracy of the
change [55,56].

90



Energies 2024, 17, 1780

Figure 12. The correlation coefficient heat maps of paleoenvironmental factors of mud shale samples
from Well KP1 in the northern part of North China Basin. (a) Shanxi Formation correlation coefficient
heat map. (b) Taiyuan Formation correlation coefficient heat map.

A regression analysis must first establish a regression equation. Using the data of
dependent variable Y (the TOC content) and independent variable X (paleoproxy water
column), the regression parameters (a1, a2, · · · , am) were estimated based on the classical
least-squares principle (VˆT PV = min). However, there were errors in both the depen-
dent and independent variables. The classical least-squares principle was not robust.
When data, especially geochemical data, have gross errors, they have a destructive ef-
fect on the parameters of the entire regression equation. In a robust regression analysis,
the variance–covariance of gross error observations is continuously increased through
successive iterative adjustments to automatically eliminate gross errors. Thus, a robust
regression is recommended for geochemical data with gross errors. Therefore, the TOC
content ensured the accuracy of the regression parameters as much as possible under the
premise of gross errors in the paleoenvironmental parameters.

According to the shale data of Well KP1 in the study area, the dependent variable was
the TOC content, and the independent variables were the paleoenvironmental parameters
that may have a greater impact on the TOC content, namely, paleosalinity (Sr/Ba), deposi-
tion rate (La/Yb)N, paleoclimate (Sr/Cu), detrital flux (Ti, %), paleoproductivity (Babio),
and paleoredox (Paleo). A robust regression method was used for the calculations.

The fitting parameters of the shale samples from the Shanxi Formation in Well KP1
were determined using the robust least-squares method. When the significant p-value of
the paleoenvironmental factor parameter was closer to zero, the parameter had a significant
effect on organic matter enrichment. In the process of organic matter enrichment in the
Shanxi Formation, the p-values of detrital flux (Ti, %), deposition rate (La/Yb)N, and
paleosalinity (Sr/Ba) were all <0.01 (Table 6). This indicates that these three factors had a
significant effect on the enrichment of organic matter in the Shanxi Formation, whereas
the other factors had little effect. Furthermore, a multiple linear regression model was
developed based on robust regression as follows:

TOCcontent = −0.017 − 0.0 × Paleoclimate (Sr/Cu) + 1.563 × Detrital flux (Ti%) + 0.001 × Paleoredox

(Paleo-) + 0.0 × Deposition rate (La/Yb)N + 0.01 × Paleosalinity (Sr/Ba) (4)
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Table 6. Robust regression solving fitted parameters for KP1 well mud shale.

Fitting
Parameters

Shanxi Formation Correlation
Coefficients

R2

Taiyuan Formation Correlation
Coefficients

R2
Parameter

Value
Significance

p-Value
Whether

Significant
Parameter

Value
Significance

p-Value
Whether

Significant

Sr/Cu 0 0.993 No

0.997

−0.002 - -

0.987

Ti% 1.563 0.0001 Yes 2.95 - -
Babio 0 0.095 No 0 - -

Paleo- 0.001 0.603 No −0.001 - -
(La/Yb)N 0 0.006 Yes 0.003 - -

Sr/Ba 0.01 0.0001 Yes 0.007 - -
Constant

value −0.017 0.025

The error between the fitted and actual values was small, and the correlation coefficient
was R2 = 0.997 (Figure 13). The two curves were well-fitted and showed strong accuracy.
The sample size of the Taiyuan Formation was small, and a robust regression analysis could
not be performed. The samples from the Taiyuan Formation were analyzed using the ridge
regression method in least-squares regression. According to ridge regression, a multiple
linear regression model was obtained as follows:

TOCcontent = 0.025 − 0.002 × Paleoclimate (Sr/Cu) + 2.95 × Detrital flux (Ti%) − 0.001 × Paleoredox

(Paleo-) + 0.003 × Deposition rate (La/Yb)N + 0.007 × Paleosalinity (Sr/Ba) (5)

 

Figure 13. Curves of fitted and true values of regression analysis of mud shale samples from KP1 well.

Because of the small number of samples, the significance of each factor at that level
was low, and it was impossible to determine the factors that had a decisive influence on
organic matter. However, the error between the fitted and true values was small (Figure 13),
and the correlation coefficient was R2 = 0.987 (Table 6).

Based on these results, it is considered that the enrichment of organic matter in the
Taiyuan Formation in the study area is controlled by paleosalinity and paleoproductivity.
During the sedimentary stage of the Shanxi Formation, paleosalinity was the main factor
controlling the enrichment of organic matter, while the remaining paleoenvironmental
conditions had little effect.
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5.5. Organic Matter Accumulation Model

Based on the comprehensive research results, an organic matter enrichment model
of the Carboniferous–Permian Taiyuan and Shanxi Formations is discussed. During the
sedimentary stage of the Taiyuan Formation, a tidal flat–lagoon environment developed
in the study area. A stable and gentle transgression phase brought large amounts of
deep-marine nutrients to the sea surface. Moreover, warm and humid climatic conditions
promoted the growth of plankton, such as marine algae. This laid a material foundation for
the mechanism-rich shale deposition of the Taiyuan Formation. The transgression process
moved the sedimentary basin far away from the land. This made it difficult for terrigenous
debris to reach, and the input of terrigenous debris decreased. Therefore, the input of
terrigenous debris had little effect on organic matter enrichment (Figure 14a).

 

Figure 14. Organic matter enrichment pattern maps of Taiyuan and Shanxi Formations marine–
continental transitional shale in northern North China Basin. (b) Shanxi Formation sedimentary stage.
(a) Taiyuan Formation sedimentary stage.

During the sedimentary stage of the Shanxi Formation, a tidal-dominated delta–lagoon
environment was developed in the study area. The sea level was in a stage of change,
which caused the input of terrigenous debris to fluctuate and changes in the deposition rate.
Moreover, the processes of transgression and regression changed the degree of retention of
sedimentary water. The Shanxi Formation continues to remain in an anoxic reduction and
medium–strong water-retention environment, providing better preservation conditions for
organic matter. However, frequent regressions and transgressions caused the degree of
enrichment of shale organic matter to differ. Therefore, the Shanxi Formation forms a set of
shales with a lower organic matter content (Figure 14b).
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Based on this research and analysis, the enrichment of organic matter in marine–
continental transitional shales is more dependent on ancient water salinity conditions.
The processes of transgression and regression not only control the amount of source debris
inflow but also affect the deposition rate. In addition, they affect the redox state of the
sedimentary water and the degree of water retention, thereby affecting the enrichment of
organic matter. It was further proven that the enrichment of organic matter was controlled
by various paleoenvironmental factors, and the optimal conditions for the generation and
preservation of organic matter in shale were determined. This study reveals the mechanism
of organic matter enrichment in shale and provides a theoretical basis for the exploration of
transitional shale gas.

6. Conclusions

The brittle mineral content in the shales of the Taiyuan and Shanxi Formations was
relatively low (<40%), and the clay mineral content was high (>50%). The average TOC
content was 3.68%. The organic matter was mainly mixed and sapropelic. The felsic
(granite) source area was the main source area of shale in the Taiyuan and Shanxi Formations
of Well KP1, indicating that the samples were deposited in a continental island arc area.

According to the paleoclimate index and paleoredox index, the source rocks of the
Taiyuan Formation in Well KP1 were mainly formed under warm and humid paleoclimate
conditions and in an anoxic reduction–strong water retention environment. The source
rocks of the Shanxi Formation were mainly formed under complex and changeable paleo-
climate conditions and in an anoxic reduction–medium-to-strong water retention environ-
ment. The factors influencing organic matter enrichment in the shales of the Taiyuan and
Shanxi Formations of Well KP1 in the northern North China Basin were determined using
the grey correlation method and a robust regression analysis. The analysis showed that the
enrichment of organic matter in Taiyuan Formation shale is controlled by paleosalinity and
paleoproductivity. During the sedimentary stage of the Shanxi Formation, paleosalinity
was the main factor controlling the enrichment of organic matter. The remaining ancient
environmental conditions had little effect.

During the sedimentary stage of the Late Carboniferous–Early Permian in the northern
North China Basin, paleosalinity conditions controlled the input of terrigenous debris,
changes in deposition rate, redox of sedimentary water, and the degree of water retention in
the study area. This provided better preservation conditions for organic matter enrichment
and formed organic-rich shale in the marine–continental transitional facies.
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Abstract: This study focuses on understanding the association of rare earth elements (REE; lan-
thanides + yttrium + scandium) with organic matter from the Middle Devonian black shales of the
Appalachian Basin. Developing a better understanding of the role of organic matter (OM) and thermal
maturity in REE partitioning may help improve current geochemical models of REE enrichment in
a wide range of black shales. We studied relationships between whole rock REE content and total
organic carbon (TOC) and compared the correlations with a suite of global oil shales that contain
TOC as high as 60 wt.%. The sequential leaching of the Appalachian shale samples was conducted to
evaluate the REE content associated with carbonates, Fe–Mn oxyhydroxides, sulfides, and organics.
Finally, the residue from the leaching experiment was analyzed to assess the mineralogical changes
and REE extraction efficiency. Our results show that heavier REE (HREE) have a positive correlation
with TOC in our Appalachian core samples. However, data from the global oil shales display an
opposite trend. We propose that although TOC controls REE enrichment, thermal maturation likely
plays a critical role in HREE partitioning into refractory organic phases, such as pyrobitumen. The
REE inventory from a core in the Appalachian Basin shows that (1) the total REE ranges between 180
and 270 ppm and the OM-rich samples tend to contain more REE than the calcareous shales; (2) there
is a relatively higher abundance of middle REE (MREE) to HREE than lighter REE (LREE); (3) there is
a disproportionate increase in Y and Tb with TOC likely due to the rocks being over-mature; and
(4) the REE extraction demonstrates that although the OM has higher HREE concentration, the organic
leachates contain more LREE, suggesting it is more challenging to extract HREE from OM than using
traditional leaching techniques.

Keywords: rare earth elements; organic matter; thermal maturity; black shales; Appalachian Basin

1. Introduction

To meet the high demands for rare earth elements (REE) needed for energy transition
technologies, recent and ongoing research has been focused on identifying and evaluating
unconventional sources of REE like coal mine drainage and coal-related products such
as refuse, coal-fired power plant ash, overburden, underclays, and, more recently, black
shales [1]. The Appalachian Basin, situated in the eastern U.S., has been one of the largest
producers of oil and natural gas in the last two decades [2,3]. This basin, which includes
Middle Devonian black shales of varying total organic carbon (TOC) content and spatial
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maturity, is an important exploration target for REE within the volume of waste material
like shale cuttings from horizontally drilled oil and natural gas extraction wells. Our study
is an attempt at understanding the modes of REE occurrence in the different phases of
black and calcareous shales in the Appalachian Basin. While the modes of association with
carbonates, sulfides, framework silicates, and clays are well documented [4,5], there is a
lack of understanding regarding the role of organic matter (OM) in REE enrichment [5,6].
Furthermore, the linkage between the thermal maturity of shales and their elemental
enrichment has also not been addressed adequately. Therefore, to our knowledge, this
study is one of the first that attempts to develop an REE inventory in Middle Devonian
black shales, with particular focus on developing a holistic geochemical model of REE
distribution in the organic fraction, and finally, establishing a relationship between the
thermal maturity of shales and REE enrichment.

2. Geochemical Background

2.1. Role of Organic Matter (OM) in REE Partitioning

Black shales preserve critical mineral deposits like transition metals and rare earth
elements [7]. They also act as recorders of changes such as shifts in redox conditions,
diagenetic processes, and thermal influences on mineral composition. REE are categorized
into light (LREE) (La–Nd, Sc), middle (MREE) (Sm–Ho, Y), and heavy (HREE) (Er–Lu)
using the scheme proposed by Yang et al., 2017 [5]. Variations in REE concentrations in
rocks of different thermal maturities result from processes like element mobilization during
catagenesis, the segregation of REE-rich mineral phases, and sediment mixing. Typically,
rivers and seawater show an enrichment of MREE relative to HREE, except in cases of acidic
waters with a pH below 7 [8–10]. Estuaries are a unique zone where a significant number of
lanthanides are scavenged by suspended matter or complexed with Fe–Mn oxyhydroxides,
which results in a decrease in REE concentration in seawater relative to rivers (10 times
higher levels) [11]. In seawater, during the early stages of diagenesis, sedimentary OM,
oxyhydroxides, and trace elements like REE, Th, U, and Pb may migrate to sediment
porewaters. This can be due to sediment dewatering, clay mineral transformations, and Fe-
Mn reduction, leading to the preferential release of incompatible elements [12–14]. When
oxic degradation in OM occurs, REE are released in the order LREE > MREE > HREE
due to increasing complexing efficiency across series with carbonate species [14–17]. As
depth increases, this results in an increase in HREE concentration in seawater closer to the
sediment–water interface, similar to those of trace elements that behave as micronutrients,
such as vanadium (refer to Discussion Section 6.2). HREE enrichment in carbonate minerals
may result from higher stability of HREE complexes with carbonate ions or similarity
in ionic radius between heavy lanthanides and Ca2+ [9]. In samples without a positive
correlation between Ca and HREE, it may be due to replacement of Ca by HREE [18]. Also,
the rate of OM degradation significantly impacts the association of HREE with carbonates,
as seen in Haley et al. (2004) [19], that may arise from factors such as episodic OM input,
slower carbon burial rates, an increase in thermally labile OM contributions, or some
combination of these. The relative changes in HREE and LREE content in sediment pores
can vary with depth and geochemical processes at the sediment–water interface [19]. Ratios
such as HREE/LREE or MREE/LREE emphasize fractionation processes to remove the
effect of individual concentrations. At shallow depths (0–2 cm), while HREE is at higher
levels due to stable complexations, LREE is released from particulate organic matter due to
remineralization. At greater depths (2–4 cm), the incomplete remineralization of OM may
decrease LREE mobility and relatively increase HREE concentration. This phenomenon
explains the source of REE in oxic, suboxic, and anoxic seawaters in the absence of Fe-
oxides [20]. However, OM has also been proposed to play a role in the absence of carbonate
complexation. The REE profiles show a good correlation with redox-sensitive elements,
such as Cu, that are known to be strongly associated with OM and organic ligands [21].
This suggests that OM might play a key role in concentrating REEs in mudstones (see
Discussion Section 6.2).
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Variations in OM sources, OM composition (Figure 1), and lithology can also affect
the REE distribution prior to thermal maturation [22–30]. During the burial, diagenesis,
and formation of authigenic minerals such as apatite, clay transformations can significantly
change the source rock REE signatures. For example, apatite has a strong affinity for
MREE and therefore acts as a sink for those elements only when the P2O5 content is
greater than 0.5% [31]. Other minerals like authigenic clays and Fe–Mn oxyhydroxides
can scavenge REE from highly enriched pore water. It is assumed that shale diagenesis
occurs in closed systems and the overall rock chemistry remains the same even though
the elemental compositions in individual mineralogical phases may differ from the source
rock [18,32]. However, in nature, mudrocks or black shales can also act as open systems,
leading to a significant loss or gain of old and new material, respectively [12,33,34]. At
mildly high temperatures, humic acid production in the pores may increase, affecting the
REE mobility and complicating the reconstruction of paleo-depositional environments ([18],
and references therein).

Figure 1. Constituents of shale organic matter.

2.2. Role of Thermal Maturity in HREE Partitioning

The process of thermal maturation significantly affects OM structure and can impact
REE distribution. When thermal maturation progresses, OM loss may be significantly
high [35], particularly for source rocks with high aliphatic carbon content [36]. The extent to
which OM may be retained or lost during catagenesis was addressed in one of the pioneer
studies conducted to explain the preservation of alkanes (or soluble OM) in highly mature
Canadian black shales [37]. It is one of the first studies to have reported higher HREE
abundance in mature black shales. The OM is found in three different forms: Insoluble
remobilized bitumenite, insoluble in situ bitumenite, and soluble OM. Pyrobitumen is the
type of insoluble solid bitumen (Figure 1) that represents the residue from oil, and it is
generated at a later stage along with gas during the cracking of oil [38,39]. Soluble OM is
expected to be eliminated from the shale at the onset of regional metamorphism [37]. The
physical properties of the shale, such as the porosity, permeability, and alignment of the
foliated minerals seem to be linked to controlling the amount of soluble OM retained in
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the formation [37]. Photomicrographs of highly mature black shales demonstrate that the
mobility of previously soluble bitumen and OM that is now insoluble pyrobitumen is due
to the alignment of maximum permeability along foliated phyllosilicates in the direction
perpendicular to that of the increasing diagenesis and metamorphism. Consequently, some
alkanes were incorporated into recrystallizing minerals such as phyllosilicates, during the
generation of pyrobitumen associated with increased maturation. While OM characteriza-
tion is beyond the scope of this work, it is plausible that the rocks in our study area have
been subjected to similar geological processes due to their high maturation (see Discussion
Section 6.1).

In xenotime, Y is known to occur at the interstices of pyrobitumen nodules and
may also be present either in the structure or occur as nanoparticles [40]. The HREE in
general tend to be more abundant in pyrobitumen than LREE. A detailed micro-particle
induced X-ray emission (μPIXE) study of massive pyrobitumen isolates indicate the pres-
ence of HREE in the structure or as nanoparticles [40]. Recent advances in research on
tetrapyrrolic and porphyrin complexes demonstrate that the heavier lanthanides and Y
have strong hydrophilic properties [41]. These compounds are critical in the context of
our study as it has been long known that high concentrations of Ni and V in crude oils
are because of their ability to form tetrapyrrole complexes [42] that have high thermal
stability [43,44], resistance to strong acids [45,46], and inertness to cation exchange re-
actions [47]. Furthermore, the high tenacity of tetrapyrrolic compounds is enhanced by
metalation, bivalency, and small ionic radii, and all three factors are conveniently satisfied
by Ni and V [43,45,48–51]. Conversely, owing to the large ionic radii and high coordination
numbers, REE are also well-suited to form sandwich double- and triple-decker complexes
with porphyrins, phthalocyanines, and related macrocycles [40,41,52–56]. The most fa-
vorable conditions in accumulating sediments for such bonding to occur are a reducing
(Eh < 0) and anaerobic environment that supports tetrapyrrole preservation [57–59].

3. Geology of Study Area

The Appalachian Basin represents a continuous stratigraphic sequence in the eastern
U.S. spanning a large area across several states [60–66]. The Middle Devonian sequence
was deposited in an asymmetric foreland basin (Figure 2) [67] during the Acadian orogeny.
During deposition, there were intermittent stages of active volcanism and quiescence,
characterized by layers of volcanic materials and trace elemental proxies, such as Th, Rb,
Cs, Ta, and LREE [68]. Organic-rich black shales were deposited during periods of reduced
sediment influx into the Appalachian Basin due to its distal location. Besides the prevailing
tectonic influences, rising sea level is considered the dominant factor controlling Middle
Devonian black shale deposition. Three major tectophases occurred in the Devonian.
The second tectophase (Eifelian–early Givetian) triggered the deposition of the Marcellus
Shale, which marked an abrupt transition from the Onondaga Limestone platform [69].
This lithological transition is attributed to the combined effect of rapid subsidence due
to tectonic loading and eustatic sea level rise [61]. Furthermore, various studies using
proxies such as concentrations of Mo and U, degree of pyritization, Mo and S isotopes,
rare earth patterns in organic-rich and organic-lean sections, and I/Ca ratio in sediments
have concluded that these black shales or mudrocks were deposited under fluctuating
redox conditions [60,63,70–78]. As the orogeny advanced in the craton-ward direction, the
organic-rich sediment underwent clastic dilution, and the deposits became successively
poorer in carbonates and OM.
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Figure 2. Paleogeographic map during the Middle Devonian (385 Ma) Acadian orogeny. Black oval
indicates the general location of the study area; black arrows indicate paleo-wind direction. Modified
from Blakey, 2005 [79].

The current stratigraphic divisions link the fine-grained Marcellus subgroup of the
distal western margin of the basin with the proximal eastern basin such that the Marcellus
Shale is defined as a part of a generally shallowing upwards trend of basinal black shale to
nearshore sandstone and alluvial deposits [80–82]. The Purcell member of the Marcellus
Shale comprises bedded and nodular fine-grained limestone [80,81]. The limestone occurs
between the upper and lower Marcellus subgroups above the Union Springs member of
the Marcellus Shale but is relatively thinner than the black shales. The Union Springs
member at the base of the lower Marcellus subgroup above the Onondaga platform is
characterized by the black shale of the Shamokin member of the Marcellus Shale [81]. The
Union Spring’s basal section exhibits exceptionally high radioactivity and low density, and
is composed of quartz, pyrite, TOC, and lower clay content [81]. In contrast, the upper part
of the formation reports a less prominent radioactive response and increased bulk density
due to relatively lower OM content and a higher content of framework silicates [83].

4. Materials and Methods

The samples given in Table 1 were collected from a cored well in the Appalachian Basin
(exact well location and stratigraphic unit names and depth information are proprietary).
The general location is represented in Figure 2. These samples are labeled from A1 (bottom-
most) to D1 (topmost) in decreasing order of depth. A few samples have the same identifier
suggesting that those were collected from different depths of a particular formation. For
example, the first A2 sample at the bottom of Table 1 is a deeper sample than the overlying
A2. To screen the samples and identify an appropriate set for this study, preliminary ele-
mental concentrations were obtained using energy dispersive-X-ray fluorescence (ED-XRF;
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hand-held Bruker Tracer 5i) from the slab core face at 1.0-inch intervals. TOC and total
sulfur values were determined using Leco analyzer from the powders drilled from the
back of the cores and from the same depths as the ED-XRF measurements. All data thus
obtained in this study correspond to the same depths and intervals. This study comprises
ten core samples (plugs and segments) that were stratigraphically above, below, and from
the Marcellus Shale (Table 1) and belong to the dry gas window. The samples were ho-
mogenized to 75 μm at the Premier Corex Laboratory and sent to West Virginia University
(Morgantown, WV, USA) for whole rock analyses and sequential leaching experiments.

Table 1. General description of the core samples.

Sample Identifier Lithofacies Sample Type

D1 Clay-rich 1.5-inch plug, center depth (Upper)
D1 Clay-rich 1.5-inch plug, center depth (Lower)
C3 Clay-rich 1.5-inch plug and laterally adjacent core segment
C2 Carbonate-rich 1.5-inch plug, center depth
C1 Carbonate-rich 1.5-inch plug, center depth
B Organic-rich 1.5-inch plug, center depth (Upper)
B Organic-rich 1.5-inch plug, center depth (Lower)

A2 Organic-rich 1.5-inch plug, center depth (Upper)
A2 Organic-rich core segment (Lower)
A1 Carbonate-rich core segment

Mineralogical characterization of the samples was conducted at the Premier Corex
Laboratory through X-ray diffraction (XRD). The XRD analysis was carried out on the
bulk-rock fraction using a Bruker D8 Advance instrument. Initial preparation of bulk-rock
samples involved powdering the material in a McCrone mill and side-loading before con-
ducting bulk-rock measurements. Subsequently, clay analysis was performed following the
separation of the clay fraction using centrifugation, adhering to the company’s proprietary
workflow. The measurement parameters included a step scan in the Bragg–Brentano geom-
etry employing CuKα radiation (40 kV and 30 mA). For both bulk-rock and clay fraction,
samples were scanned at a counting time of 1.8 s per 0.02◦ 2θ, from 3 to 70◦ 2θ, and 1 s
per 0.02◦ 2θ from 3 to 30◦ 2θ, for bulk-rock and clay fraction, respectively. Mineral phase
interpretation and quantification were achieved using the Reference Intensity Ratio method,
calibrated with in-house artificial mixes.

For the Sequential leaching procedure, 10 g of a sample (75 μm) was first washed with
150 mL of deionized (DI) water in a 400 mL borosilicate beaker and rolled for 18 h on an
orbital shaker. The fluid was filtered using a 0.45 μm Millipore membrane filter. Following
this, reagents were added to sequentially extract the inorganic and organic fractions from
the shale. First, 80 mL of 1 M magnesium chloride was used to dissolve the exchangeable
fraction. Second, the carbonates and phosphates were targeted using 150 mL of 1 N acetic
acid, and constant shaking for 6 h at room temperature. Next, the Fe–Mn oxyhydroxides
were dissolved using 150 mL of 0.05 M hydroxylamine hydrochloride in 25% acetic acid for
6 h at pH 2. Following the oxyhydroxides, pyrite was dissolved in 150 mL of 2 M nitric
acid by constant shaking for 18 h at room temperature. The final step was designed to
target the organically associated particles. First, the sample residue remaining after pyrite
dissolution was combusted in a furnace at 650 ◦C in porcelain crucibles for 3 h to oxidize the
organics. This step was performed to ensure the REE would be concentrated as rare earth
oxides in the burnt residue that is predominantly a refractory material, i.e., silicates. After
combustion, the sample was washed in 150 mL of 0.1 M HCl and shaken for 4 h to separate
the REE from the residue. The supernatant fluids formed after every leaching step were
collected by vacuum filtering using 0.45 μm membrane filters and subsequently acidified
with 1% conc. nitric acid to prevent chemical deterioration of the sample. Additionally, the
sample residue after each leaching step was washed in 150 mL of DI water, collected, and
acidified for future analyses (if necessary) to account for the elemental loss in between the
leaching steps.
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About 5 g of each powdered shale sample was used for whole-rock digestion by the
sodium peroxide fusion method. Major and trace element concentrations were measured
in acidified leachates and whole-rock concentrations using EPA methods 200.7 and a
modified 200.8, respectively [84,85]. These steps were taken to ensure analytical accuracy
and reproducibility following QA/QC protocol. The instrument was run daily with four
points and a blank along with a positive and a negative check. The positive check was to
ensure recoveries were proper. The negative check (or the continuing blank) was performed
to ensure that the blank was below the method detection limit (MDL). Check standards
were run after every 10 injections to ensure that the analytical uncertainty was within ±10%
for the calibration verification standard, and calibration blank standards were run every
10 samples. Each batch of 20 samples had a batch blank and laboratory control spike in
addition to one sample run in duplicate. The MDLs for the elements are provided in the
Supplementary Materials.

Kerogen isolation was performed on pulverized aliquots of the oil shale samples using
a sequential acid treatment method [86]. Initially, 18% w/w hydrochloric acid was added
to the samples to remove carbonate minerals, followed by 52% w/w hydrofluoric acid to
remove aluminosilicates, and then boiling 37% w/w hydrochloric acid was used to remove
fluorosilicates produced by the hydrofluoric acid treatment. After removal of residual acid
with multiple washes using deionized water, a heavy-liquid separation was performed in a
zinc bromide solution to reduce pyrite and other heavy acid-resistant minerals. Additional
hot HCl treatments to remove minerals like ralstonite (evaluated by qualitative X-ray
diffraction analysis) were employed when required. Finally, a Soxhlet extraction of the
organic isolate using a 60:40 (wt%) benzene-methanol azeotrope was employed to remove
any residual ZnBr2 and extractable OM. Kerogen samples were then dried in a vacuum
oven overnight (60 ◦C). Major and trace element analyses were performed on whole rock
powders and kerogen isolates (after ashing) by SGS Laboratories (Toronto, Canada) using
an inductively coupled plasma-optical emission spectroscopy-mass spectroscopy (ICP-OES-
MS) method following preparation of samples by sodium peroxide fusion [87].

5. Results

5.1. General Mineralogical Information of the Shale Samples

In our investigation, the mineralogical results in Table 2 and Figure 3 show that
samples are typically organic-rich mudrocks and have a moderate to high amount of
quartz (19.3–34.0%), feldspar (Plag + Kfsp) (4.7–7.4%), total clay (illite/mica + chlorite)
(13.3–60.1%), carbonates (Cal + Dol + Fe-Dol) (1.2–60.7%), pyrite (1.4–6.5%), and TOC
(0.41–8.73%). Other minerals were anatase (0.5–1.1%) and barite (trace amount). The TOC
increases in the interval between D1 and C2, decreasing sharply at C1, before increasing
substantially in the lower horizons until reaching 4.90% at A1, which is a carbonate platform
with 53.5% calcite. Other horizons that are carbonate-rich but relatively less in TOC are C2
and C1 (CaCO3 = 19.5% and 35.8% respectively). The TOC-rich zones are concentrated in
the lower portion of the core found in three horizons, namely B and A2.

Table 3 provides the major elemental contents as oxides that constitute the major
shale-forming minerals. The siliciclastic indicators, namely, SiO2 ranges from 34.26 wt% in
A1 to 60.14 wt% in D1, TiO2 from 0.24 wt% to 0.78 wt% in D1, Al2O3 from 4.42 wt% in A1
to 16.35 wt% in D1, Na2O 0.63 wt% in A1 to 1.12 wt% in upper B, and K2O from 0.82 wt%
in A1 to 4.15 wt% in the upper D1 sample. Pyrite is represented by Fe2O3 ranging from
1.61 wt% in A1 to 7.52 wt% in lower D1 and total sulfur from 0.83 wt% in C2 to 4.06 wt% in
lower B, which is also the sample with highest pyrite content. Carbonates are constituted
of CaO, ranging from 0.97 wt% in D1 to 25.19 wt% in A1, and MgO from 0.92 wt% in A2 to
3.04 wt% in C1.
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Table 2. XRD-determined mineralogical content and Leco-TOC of core samples.

ID Qtz Plag Kfsp Ill/Mic Chl Cal Dol Fe-Dol Pyr Bar Anat TOC

% % % % % % % % % % % %

D1 27.9 5.6 0.5 52.4 7.7 0.6 0.6 0.0 2.5 0.0 1.1 1.90
D1 30.6 6.0 0.4 45.7 5.6 1.4 0.3 1.1 5.9 0.0 1.1 3.37
C3 29.0 6.8 0.3 40.1 3.1 13.6 1.4 4.5 1.8 0.0 1.1 4.18
C2 19.3 5.4 0.4 38.2 0.9 30.5 3.7 1.6 1.4 0.0 0.7 3.27
C1 24.6 6.0 0.3 37.7 1.0 26.7 8.8 11.0 2.5 0.0 0.8 0.41
B 27.2 7.4 0.0 42.1 1.6 11.0 4.2 1.7 4.5 0.0 0.6 5.63
B 30.3 6.7 0.0 34.8 0.0 12.3 1.3 0.6 6.5 0.0 0.7 8.69

A2 26.8 6.5 0.0 22.5 0.0 30.0 1.4 0.3 4.7 0.0 0.7 8.73
A2 34.0 6.7 0.0 16.9 0.0 29.4 5.8 0.3 5.5 0.0 0.7 6.75
A1 21.1 4.7 0.0 13.3 0.0 53.5 6.2 1.0 2.0 0.0 0.5 4.90

Qtz: Quartz; Plag: Plagioclase feldspar; Kfsp: K-Feldspar; IllMic: IlliteMica; Chl: Chlorite; Dol: Dolomite; Pyr:
Pyrite; Bar: Barite; Anat: Anatase; %: weight percent.

Table 3. Major elemental content of the whole rock.

Sample
ID

SiO2

%
TiO2

%
Al2O3

%
Fe2O3

%
MnO

%
MgO

%
CaO

%
Na2O

%
K2O

%
P2O5

%
Leco S

%
BaO

%

D1 59.02 0.78 16.35 6.37 0.03 1.70 0.97 1.05 4.15 0.08 1.59 0.25
D1 60.14 0.69 14.24 7.52 0.03 1.45 1.24 1.07 3.70 0.09 3.90 0.37
C3 53.10 0.54 11.91 3.64 0.03 1.87 6.99 1.10 3.09 0.05 1.10 0.24
C2 40.76 0.57 11.22 2.63 0.03 1.60 16.77 0.89 2.91 0.04 0.83 0.26
C1 46.35 0.63 11.21 5.74 0.07 3.04 10.63 1.00 2.65 0.13 1.87 0.36
B 55.14 0.63 13.08 5.24 0.03 1.43 4.81 1.12 3.43 0.09 2.55 0.36
B 52.42 0.49 10.37 5.57 0.02 1.06 6.67 1.08 2.65 0.10 4.06 0.29

A2 41.48 0.32 6.92 3.80 0.02 0.92 16.64 1.01 1.90 0.09 2.84 0.16
A2 45.75 0.28 5.45 5.45 0.02 1.89 15.42 0.78 1.21 0.10 3.91 0.12
A1 34.26 0.24 4.42 1.61 0.01 2.07 25.19 0.63 0.82 0.11 1.05 0.14

5.2. Rare Earth Elements in the Whole Rock

The individual REE contents in the whole rock are given in Table 4. We further
categorized these elements into light (LREE) (La–Nd, Sc), middle (MREE) (Sm–Ho, Y), and
heavy (HREE) (Er–Lu) using the scheme proposed by [5]. The Total REE (TREE) content is
consistently higher in the black shales than in the calcareous shales. The increasing trend in
REE content from the base to the top section coincides with an increase in Al2O3 and TiO2
as well as SiO2 and K2O. However, when grouped into light, middle, and heavy, there are
more distinct relationships observed as given in the heat map in Table 5.

Table 4. Individual and total REE content in the whole rock and PAAS.

ID
Sc

ppm
Y

ppm
La

ppm
Ce

ppm
Pr

ppm
Nd

ppm
Sm
ppm

Eu
ppm

Gd
ppm

Tb
ppm

Dy
ppm

Ho
ppm

Er
ppm

Tm
ppm

Yb
ppm

Lu
ppm

TREE
ppm

D1 16.7 25.0 44.5 90.2 10.6 40.9 7.5 1.63 7.5 1.1 6.8 1.40 3.9 0.6 3.7 0.6 262.5
D1 13.2 24.9 45.3 89.6 11.3 44.9 9.4 2.07 9.2 1.4 7.5 1.55 4.4 0.7 4.3 0.6 270.3
C3 13.4 18.7 37.0 72.1 9.2 35.6 6.7 1.39 6.5 0.9 5.1 1.08 3.2 0.4 2.9 0.6 214.7
C2 11.9 18.9 38.6 73.3 9.3 35.1 5.9 1.28 6.1 0.8 5.1 0.99 2.9 0.4 2.9 0.4 213.8
C1 10.5 15.2 33.0 65.5 7.8 29.7 5.8 1.40 6.1 0.9 5.2 1.02 2.8 0.4 2.7 0.4 188.5
B 13.6 24.4 40.4 78.8 9.8 38.6 7.7 1.97 8.1 1.2 7.2 1.47 4.2 0.6 3.8 0.4 242.2
B 13.5 29.8 39.2 73.7 9.8 39.5 8.6 2.03 9.4 1.4 8.2 1.68 4.7 0.7 4.3 0.6 247.1

A2 11.4 56.5 39.1 58.9 9.2 39.1 8.9 2.24 11.2 1.7 10.0 2.20 6.2 0.9 5.6 0.6 264.1
A2 11.9 34.7 28.9 46.7 7.9 32.5 6.7 1.54 7.6 1.1 6.8 1.35 4.0 0.6 3.8 0.9 196.7
A1 7.7 26.6 23.9 33.0 5.3 21.3 4.7 1.07 6.0 0.9 5.2 1.08 2.9 0.4 2.6 0.5 143.2

PAAS 15.9 27.3 44.6 88.3 10.2 37.3 6.9 1.2 6.0 0.9 5.3 1.1 3.1 0.5 3.0 0.4 252.0
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Figure 3. XRD-determined mineralogical proportions of the lithologic units of our study. The
dominant groups comprising the whole shale are the siliciclastic, carbonates, mica clays, and pyrite
and TOC.
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Table 5. Heat map illustrating the relationship between the major shale phases and the REE groups.

ID SiO2 TiO2 Al2O3 K2O CaO Chlorite
LREE

(La–Nd)
Leco S

Leco Bulk
TOC

HREE
(Tb–Lu)

% % % % % % ppm % % ppm

D1 59.02 0.78 16.35 4.15 0.97 7.7 186.11 1.59 1.9 18.04
D1 60.14 0.69 14.24 3.70 1.24 5.6 191.09 3.90 3.37 20.35
C3 53.10 0.54 11.91 3.09 6.99 3.1 153.95 1.10 4.18 14.09
C2 40.76 0.57 11.22 2.91 16.77 0.9 156.25 0.83 3.27 13.48
C1 46.35 0.63 11.21 2.65 10.63 1.0 136.03 1.87 0.413 13.37
B 55.14 0.63 13.08 3.43 4.81 1.6 167.55 2.55 5.63 18.95
B 52.42 0.49 10.37 2.65 6.67 0.0 162.13 4.06 8.69 21.61

A2 41.48 0.32 6.92 1.90 16.64 0.0 146.24 2.84 8.73 27.66
A2 45.75 0.28 5.45 1.21 15.42 0.0 116.03 3.91 6.75 18.21
A1 34.26 0.24 4.42 0.82 25.19 0.0 83.50 1.05 4.9 13.34

Min. values indicated in white. Max. values indicated in red.

The heat map in Table 5 demonstrates the covariation of the major inorganic and
organic phases in our samples with LREE (La–Nd) and HREE (Tb–Lu), respectively. The
numbers are assigned a white-red color gradient to represent the relative concentration of
the sample in SiO2, K2O, TiO2 (indicative of siliciclastic minerals), chlorite, CaO (calcite),
S (sulfides), and TOC. The reason for excluding the Sc and Y from the grouping was to
evaluate if these elements behaved similar to or different than a particular REE group. The
two uppermost samples (D1) have the highest siliciclastic contents which corresponds with
the highest LREE contents, followed by B and C3. The least silicate input is found in the
carbonaceous shales that are C2, C1, A2, and A1. We found that the siliciclastic indicators
for minerals like quartz, feldspar, and total clays show an affinity for LREE. On the other
hand, S and TOC show a clear association with elevated Y and HREE from C1 down. This
illustrates that although the REE have a preferential mode of enrichment into different
inorganic species, the classical grouping needs further modification to better constrain the
behavior of individual REE. This classification can be defined by chemical properties such
as the nature of electronic orbitals and the specific electron interactions between particular
types of REE and the phases in which they are enriched.

Figure 4 shows the Post-Archean Australian Shale (PAAS)-normalized [88] rare earth
distribution in the whole rock with a moderately MREE to HREE-enriched pattern. Using
the REE classification from [5], the MREE category includes six lanthanides (Sm, Eu, Gd,
Tb, Dy, and Ho). However, in this study, it is evident that a transition in REE abundance
starts at Tb. Hence, for a better understanding of the behavior of the heavy lanthanides, we
hereby group the HREE from Tb to Lu. The Ce and Eu anomalies [9,89] were calculated as
follows:

Ce/Ce* = 2CeSN/(LaSN + PrSN) (1)

Eu/Eu* = 2EuSN/(SmSN + GdSN) (2)

The anomalies in our samples occur as expected in black shales formed in deep ocean
anoxic to suboxic basins (see Supplementary Materials, Table S1). There is significantly
higher levels of Y relative to PAAS in the four deepest samples, i.e., one A1, two A2, and
one B. The rest of the samples show a depletion in Y relative to PAAS, indicating that
the source of Y higher up in the lithologic sections was either absent or these rocks may
have undergone post-depositional changes to remove Y. We also observed a similar Tb
enrichment, but, in this case, it is present in all samples relative to PAAS. It is likely that
the modes of Y and Tb enrichment are similar, but during diagenesis, these elements can
respond differently to fluid conditions.
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Figure 4. PAAS-normalized REE abundance in the 10 Middle Devonian shales.

5.3. Rare Earth Elements in the Organic Leachate

The ICP-determined concentration of individual rare earth elements extracted from
organic leachate fraction and the total REE are given in Table 6. The total concentration
extracted varies from only 0.62 to 6 ppm, indicating that a significant amount remained in
the silicate residue. The LREE had higher levels in the leachates, followed by the MREE
and the HREE. However, the multi-element graphical representation (Discussion 6.3 helps
us develop key insights into the plausible mechanisms for such observations. Furthermore,
the whole rock REE content also provides an understanding of the key factors that control
REE enrichment in black shale.

Table 6. Individual REE and Total REE concentrations in the organic leachate fraction.

ID Sc Y La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu TREY

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

D1 0.396 0.162 1.036 2.160 0.327 1.432 0.188 0.028 0.112 0.013 0.065 0.013 0.038 0.005 0.026 0.004 6.004
D1 0.303 0.221 0.556 1.344 0.219 1.053 0.137 0.022 0.087 0.013 0.065 0.013 0.039 0.005 0.028 0.005 4.110
C3 0.177 0.083 0.431 1.051 0.178 0.698 0.069 0.013 0.055 0.007 0.036 0.007 0.019 0.002 0.014 0.002 2.842
C2 0.071 0.076 0.404 1.133 0.178 0.610 0.056 0.011 0.047 0.006 0.040 0.008 0.022 0.003 0.014 0.002 2.682
C1 0.127 0.148 0.285 0.777 0.125 0.482 0.068 0.016 0.072 0.010 0.061 0.012 0.032 0.004 0.021 0.002 2.241
B 0.206 0.247 0.361 0.963 0.167 0.664 0.078 0.019 0.081 0.014 0.078 0.015 0.044 0.005 0.035 0.005 2.980
B 0.129 0.161 0.534 1.294 0.208 0.729 0.080 0.016 0.080 0.000 0.058 0.010 0.031 0.004 0.024 0.003 3.359

A2 0.049 0.087 0.403 0.706 0.084 0.249 0.037 0.010 0.041 0.000 0.030 0.006 0.015 0.002 0.012 0.001 1.735
A2 0.061 0.074 0.279 0.409 0.050 0.157 0.027 0.008 0.030 0.000 0.024 0.005 0.015 0.002 0.014 0.002 1.158
A1 0.018 0.055 0.154 0.169 0.025 0.103 0.025 0.007 0.029 0.000 0.020 0.003 0.009 0.001 0.005 0.000 0.623

6. Discussion

6.1. HREE Enrichment in Black Shale

The mineralogical changes down the stratigraphic column (Figure 3) clearly demon-
strate that two lithological end members are present based on the silicate and carbonate
contents in the chosen sequence with varying proportions of other minerals and TOC.
The clay content is dominated by illite, which is as high as 60% in the upper D1 sample
and gradually decreases as the units become increasingly calcareous. We see a similar
trend with chlorite, although it disappears completely at the B–A2 transition. As for the
carbonates (calcite, dolomite, and Fe-dolomite), they are present in low concentrations
in the higher units and increase towards A1. We observe a sharp increase in calcite and
dolomite in the C1 and C2 samples, indicating a change in the siliciclastic and clay input
into the marine waters. Pyrite content varies concomitantly with OM from C1 to the base
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of the sequence. This implies that higher OM productivity combined with anoxia primarily
controls the mineralogical composition of the deeper shales.

Since the chemical fractionation of REE occurs in a predictable fashion that corre-
sponds to their increasing atomic number, it is assumed that individual REE will behave
similarly when partitioning into the various shale-forming minerals. This concept will help
us substantiate the relationships we observe between HREE and TOC from the Middle
Devonian rocks and kerogen isolates of global oil shales. Kerogen isolates, which are a
concentrated form of organic carbon, can be useful to develop a mechanistic understanding
of HREE partitioning in pure kerogen. Although the comparison is between two different
kinds of samples, we argue that in both cases the focus lies on HREE association with
organic matter components in black shales. Furthermore, Figure 5a,b also draw our at-
tention to whether the thermal maturity of the shale has an influence on partitioning, as
we see opposite HREE trends with increasing TOC contents. Therefore, it is reasonable to
consider comparing the HREE data of the highly mature Middle Devonian samples with
the relatively more immature kerogen samples of global oil shale. We note that there is a
moderately positive trend in HREE with an increase in TOC in Figure 5a. This observation
is in agreement with a few previous studies that propose that the HREE enrichment in the
whole rock is contributed by organics [21]. On the contrary, the HREE content in kerogen
isolates extracted from global oil shales (see Table 7) show an inverse relationship with
TOC (Figure 5b). This opposite trend suggests that other factors besides TOC might be
controlling the HREE partitioning; for example, it is possible that hydrocarbon-generating
aliphatic organic moieties are not a repository for HREE. To corroborate the data, we as-
sessed the relationship between TOC and certain redox-sensitive elements, such as V, Ni,
Cu, Mo, and U in our Appalachian Basin samples.

  
(a) (b) 

Figure 5. (a) HREE in overmature Middle Devonian shales. (b) HREE in kerogen isolate of immature
global oil shales.

6.2. REE Distributions in Immature Oil Shales and Kerogen Isolates

The oil shale samples examined as part of this work represent a range of sedimentary
rock formations from various basins around the world. All samples are thermally immature,
based on maceral reflectance (vitrinite or solid bitumen), programmed pyrolysis parameters,
and kerogen elemental ratios. The samples include examples from the Mahogany oil-shale
zone of the Eocene Green River Formation (GR; Piceance Basin, CO, USA); Cretaceous
Timahdit oil shale (TM; Morocco); Cretaceous Ghareb Formation (GI and GJ) shales from
two locations (Israel and Jordan; sometimes referred to as the Muwaqqar Formation
in Jordan); Jurassic Kimmeridgian Blackstone (KB; England); Permian Irati Formation
marinite (IF; Brazil); Permian Glen Davis torbanite (GD; Australia); Permian shale of
the Phosphoria Formation (PR; MT, USA); Carboniferous Pumpherston torbanite (PO;
Scotland); Mississippian–Devonian New Albany shale (NA; IN, USA); Ordovician Narva-E
mine kukersite (EK; Estonia); and the Cambrian Alum Shale Formation (AS; Sweden).
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These elements demonstrate a distinct mineralogical dependence as the rock TOC
content increases downward from C1 (Figure 6). Between B and A1, the sharp increase in
the trace metal concentration coincides with an increase in TOC from 3–9.5 wt.%. V, Ni,
Cu, Mo, and U vary from about 80–280 ppm, 0–150 ppm, 0–130 ppm, 20–100 ppm, and
0–15 ppm in the upper sections, respectively, and to about 280–640 ppm, 150–370 ppm,
130–280 ppm, 60–150 ppm, and 30–60 ppm in the lower sections, respectively. This increase
in elemental concentrations relates directly to the associated reduction in dissolved oxygen
concentrations with depth [19,21,32,42,90]. As the REE demonstrate a similar response
to a change in redox with depth (Figure 6), we therefore use the HREE data reliably to
understand its relationship with TOC. A study on Utica Shale magnafacies in Quebec,
Ontario, and New York shows that REE in the organic fraction represents up to almost
20% of the whole rock content [18]. Abanda and Hannigan (2006) [18] reported that the
elemental association with OM was much higher than with the sulfide or carbonate fraction.
The trend of HREE distribution in our samples also supports that organics can play a key
role in controlling the whole rock REE content, in addition to the silicate fraction. To verify
the trend, it is necessary to find visible HREE enrichment patterns, which is evident in
Figure 4.

It is important to consider other factors in addition to the role of OM that could
influence the LREE-HREE enrichment pattern in the whole rocks. We see a variation in the
mildly negative Ce anomalies and that can likely be attributed to differences in the extent
of biologically mediated activities at particular depths (Figure 4). We hypothesize that local
disturbances in the pore waters may have affected the redox conditions and influenced
the oxidation of Ce and the growth of microbial communities. More negative anomalies in
the deeper stratigraphic horizon would suggest persistent anoxia during the deposition
of A1 [20] that prevented the formation of discrete CeO2 grains. However, it is difficult
to resolve if the same biological mediation was responsible for simultaneous Mn-oxide
formation or if the degrees of oxidation are controlled by a common process [20]. It is also
important to note that although we have a reasonable understanding of the modes of REE
partitioning during sediment–fluid interactions in marine settings, most of these studies
have been conducted on immature shales. Therefore, the published geochemical models
do not consider the effects of thermal alteration on REE distribution in black shales and
this is why it is challenging to adequately interpret the REE patterns of the highly mature
samples in our study.

The cross plot of the Y concentration against the TOC content in our samples shows that
there is a non-linear positive trend in Y with an increase in TOC (Figure 7). This observation
aligns with a study by Fuchs et al. (2016) [40] that focused on metal and REE occurrences
in pyrobitumen. They reported significantly higher amounts of Y in pyrobitumen (mean
concentration of 600 ppm) relative to the mineral matrix of black shales. It is known that Y
is an abundant mineral in xenotime and in the interstices of pyrobitumen nodules, and it
may also be present either in the structure or occur as nanoparticles. The higher Y content
may invariably be a function of pyrobitumen formation during thermal maturation. This
suggests that HREE in general tend to be more concentrated in pyrobitumen than the LREE,
regardless of the variations in lithology.

Based on the whole rock pattern and moderately strong positive correlation between
Y and TOC, we argue that pyrobitumen is potentially the primary host of the heavier
lanthanides. Several studies have reported that an increase in shale porosity with increasing
thermal maturity is associated strongly with changes in the porosity within OM [91–97].
The lanthanides can hence be incorporated either in OM-hosted pores or in the pyrobitumen
structure. A study by Chen and Xiao (2014) [98] evaluated the evolutionary characteristics
of OM-hosted nanoporosity in artificially matured shales. It was found that vitrinite
reflectance has a strong control on the meso-, micro- and nanopore development within the
thermally evolving OM. Therefore, careful evaluation is warranted to determine the nature
of association of HREE with pyrobitumen, as that has implications for the development of
extraction techniques.

111



Energies 2024, 17, 2107

 

Figure 6. A comparative illustration to track the covariance of redox sensitive parameters, namely,
sulfur, TOC.

112



Energies 2024, 17, 2107

 

Figure 7. Increasing Y with TOC in whole rock.

Devonian black shales in the Appalachian Basin have been extensively studied with
respect to the thermal maturity, mineral assemblages, and nature of OM. In highly mature
and overmature rocks (>3% VRo), similar to our Appalachian samples studied here, the
dominating OM identified is pyrobitumen [99–101]. Photomicrographs and the 3D model-
ing of the Marcellus Formation from our Appalachian samples used in this study confirm
the presence of thermally altered organics in the form of highly aromatic pyrobitumen
(cannot be published for proprietary reasons). Furthermore, the presence of sub-greenschist
metamorphic facies and prehnite-pumpellyite assemblage allude to post-mature Devonian
shales in highly mature parts of the basin. This corroborates that the highly mature shales
contain higher OM porosity compared with those at lower maturities in the wet-gas win-
dow. These highly mature regions of the Marcellus basin contain an organic network that
may also preserve conditions favorable for the existence of tetrapyrrolic and porphyrin
complexes of HREE, including Y. This supports our hypothesis that overmature OM is
the primary repository of heavy lanthanides. Therefore, the HREE-enriched pattern in
the whole rock (Figure 4) and the positive correlation between TOC and HREE (Figure 5a)
demonstrate the role of OM in the incorporation of REE distribution.

6.3. REE Partitioning during Chemical Leaching of OM

To ensure that all the REE were effectively leached from the organic fraction, the
sample was combusted at 650 ◦C for 3.5 h to concentrate them as rare earth oxides prior
to rinsing with diluted acid. Subsequently, a Leco TOC analysis was performed to verify
if all the OM had been removed at the combustion step, which showed that OM was
efficiently removed during the experiment (see Figure S1 in Supplementary Materials).
The PAAS-normalized REE pattern indicates that the REE are significantly depleted in the
organic leachate fraction. OM was completely removed except for two A samples (Figure 8).
Hence, the REE volume in the organic leachate is a true representation of the total REE
likely associated with the pyrobitumen solubilized with an acid in the whole rock.

This is, however, contradictory to our expectation that the organic leachates from
our extractions show higher relative concentrations of lighter REEs instead of the heavier
ones that are known to be present in higher concentrations in OM in the whole rock
(Figures 5a and 6). This observation suggests that while OM has an affinity for HREE,
it is also more challenging to decouple them using traditional leaching techniques. We
hypothesize that nanoscopic specks of apatite, and potentially, xenotime, embedded in OM-
hosted pores could be responsible for generating positive Y anomalies in the whole rock but
negative anomalies in the organic leachates. The REE abundance also drastically decreased
from Tb, indicating that Dy and Ho, which are conventionally grouped into MREE, are
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observed to behave similar to the HREE. We also saw similar distribution patterns in the
whole rock, indicating that there is some similarity in the MREE and HREE distribution
patterns (Figure 4). We propose that this warrants a reevaluation of REE classifications
based on the objectives of the study. For the purpose of understanding the cause of poor
recoveries from our samples, grouping Tb, Y, Dy, Ho, Er, Tm, Yb, and Lu as HREE was
determined to be a reasonable way to evaluate HREE behavior in mature black shales.
Furthermore, Tb and Y could not be extracted from the high-TOC samples, suggesting these
two elements behave similarly as the other HREE, and therefore the PAAS-normalized Y
and Tb ratios could be reliable indicators of the behavior of HREE in overmatured rocks.
A similar anomalous behavior of Y and Tb has been reported previously [6]. The soluble
OM, which was extracted via the traditional leaching procedure, mobilized the lighter rare
earth elements, because LREE are known to be incompatible elements. It is important to
reiterate that the samples are overmatured and that the likelihood of residual soluble OM
is expected to be very low. Since our OM removal was successful, as seen from the Leco
TOC analysis of the residue, we propose a few mechanisms that corroborate our data. First,
some fraction of the TOC is composed of labile hydrocarbons that were not expelled at the
time of thermal maturation and had retained the LREE volume that was generated during
leaching. We also assume that the soluble OM may have been trapped by association with
refractory silicates during remineralization [37] and that is plausibly the primary source of
the remnant LREE in organic leachates. The second mechanism explains the presence of
low LREE by accounting for significant loss during processes such as kerogen cracking, the
migration of oil, and oil cracking. These three processes are progressive stages of thermal
maturation [102]. Therefore, a highly mature shale is expected to be significantly depleted
in LREE. Thirdly, to account for the HREE enrichment, we attribute it to the formation
of thermally resistant stable organic compounds (discussed in detail previously), which
made LREE less likely to be preserved in OM. Therefore, the whole rock and leachate
REE patterns agree with our hypothesis that although OM has a higher affinity for HREE,
thermal maturity plays a more critical role in determining the modes of REE occurrence.

 

Figure 8. PAAS-normalized REE abundances in the organic leachate fraction.

6.4. Geochemical Model for REE Incorporation in Mature Organic-Rich Shale

The current understanding of REE partitioning during the thermal maturation of black
shales is limited. There can be several modes of occurrence depending not only on the
source but also on the post-burial diagenetic processes and the presence of authigenic
minerals or lack thereof. Since we do not find the occurrence of minerals that have an
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affinity for rare earth elements, we focused our geochemical model to role of OM and
siliciclastics, excluding carbonates and sulfides.

The hypothetical model can be divided into depositional and post-depositional pro-
cesses and can be described as follows:

Depositional stage: During a high influx of organic material from various sources into
the marine waters, dissolved REE in seawater [20,103,104] is scavenged by carboxyl groups
of humic acids during the early stages of OM deposition. As the depth in the water column
increases, there is a relative increase in HREE over LREE due to the increasing stability of
complexes with an increase in the atomic number of the lanthanides. Therefore, depositing
OM preferentially takes up more HREE. With compaction, there is a release of REE into
pore waters due to the reductive dissolution of Fe–Mn oxyhydroxides [105–108] that may
further increase the possibility of the REE to be incorporated into OM.

Post-depositional stage: After compaction is complete, and when thermal maturation
reaches a point that initiates a release of aggressive pore fluids from OM and the dewatering
of smectite to forms illitic clays, there is a further preferential partitioning of HREE into
the solid OM. Other processes that can mobilize HREE are through the formation of
stable tetrapyrrolic and porphyrin complexes which are tenacious at high temperatures
and resistant to cation exchange reactions. When oil is released due to maturation, these
compounds migrate into nano- and micropores from the origin along the temperature
gradient. As maturation progresses from the oil to wet gas and then dry gas, there is
significant modification of OM-hosted shale porosity. While fluids remain in the evolving
shale system, certain organic networks develop which may host a fraction of the rare earths,
preferentially retaining the heavy REE, simultaneously depleting the host rock in LREE.
At further stages of maturation, there is cracking of oil, leading to the generation of gas
and pyrobitumen. With the expulsion of oil, a volume of LREE may be lost and the stable
tetrapyrroles are preserved in thermally recalcitrant pyrobitumen, which may later become
partially graphitized at higher temperatures. This sequence of events can ultimately give
rise to a HREE-enriched pattern that we observe in all the high TOC-rich samples. On the
other hand, the negative correlation between HREE and TOC in the relatively immature
oil shales may be attributed to the lack of significant thermal maturation resulting in the
preferential retention of HREEs in organic residues not occurring.

7. Conclusions

We conclude that organic matter in highly matured black shales plays a significant role
in partitioning and remobilizing heavy rare earths. The opposite trends between global oil
shales and over-matured Middle Devonian shales with respect to the relationship between
TOC and HREE help develop the idea that thermal maturation process is an important factor
to consider when studying geochemical behavior of REE association. It is therefore likely
that although TOC has a control on REE enrichment relative to PAAS, thermal maturity is
the most important factor that governs HREE partitioning into refractory materials, such as
pyrobitumen.

• We established an REE inventory from the D1 through A1. The total REE ranges from
180 to 270 ppm and the OM-rich samples tend to contain more REE than the calcareous
shales.

• The samples show a relatively higher abundance of middle and heavy REEs than light
REEs.

• There is a disproportionate increase in Y and Tb with TOC, suggesting these elements
are more strongly bound to OM and thus can be used in tracer studies.

• The organic leachates from our experiments contained more LREE than HREE despite
the HREE concentration being higher in OM. This observation suggests that while OM
has an affinity for HREE, it also is more challenging to decouple them using traditional
leaching techniques. The high Y and Tb content in the whole rock reflects that the
HREE are incorporated under high thermal conditions and these elements can be used
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as reliable proxies for determining nature of refractory OM in highly mature black
shales.

The REE in pore waters and their marine sediment counterparts can exhibit a wide
range of REE concentrations controlled by different redox conditions, diagenetic environ-
ments, and thermal maturation. Therefore, this study shows the need to further explore
shales from other basins and the effects of other maturation processes on the geochemical
behavior of REE. Our preliminary findings contribute to the development of a better under-
standing of the role of maturation history, the scavenging capacity of pyrobitumen, and the
potential role of clays in the remobilization of REE from the silicates. Finally, building an
REE inventory in other major shale plays could help tap into unconventional REE resources
to meet the global demands of these relevant elements.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en17092107/s1. Figure S1: Comparative illustration to track
the mineralogical changes in the residual samples after leaching. Figure S2: Ternary plots for
mineralogical proportions of the samples. Table S1: Method Detection limits; Table S2: Cerium and
Europium anomalies in the whole rock; Table S3: Formation location of global oil shales.
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Abstract: In this paper, experimental and numerical studies were conducted to differentiate solvent
exsolution and liberation processes from different heavy oil–solvent systems in bulk phases and
porous media. Experimentally, two series of constant-composition-expansion (CCE) tests in a PVT cell
and differential fluid production (DFP) tests in a sandpacked model were performed and compared
in the heavy oil–CO2, heavy oil–CH4, and heavy oil–C3H8 systems. The experimental results showed
that the solvent exsolution from each heavy oil–solvent system in the porous media occurred at a
higher pressure. The measured bubble-nucleation pressures (Pn) of the heavy oil–CO2 system, heavy
oil–CH4 system, and heavy oil–C3H8 system in the porous media were 0.24 MPa, 0.90 MPa, and
0.02 MPa higher than those in the bulk phases, respectively. In addition, the nucleation of CH4 bubbles
was found to be more instantaneous than that of CO2 or C3H8 bubbles. Numerically, a robust kinetic
reaction model in the commercial CMG-STARS module was utilized to simulate the gas exsolution
and liberation processes of the CCE and DFP tests. The respective reaction frequency factors for gas
exsolution (rff e) and liberation (rff l) were obtained in the numerical simulations. Higher values of rff e

were found for the tests in the porous media in comparison with those in the bulk phases, suggesting
that the presence of the porous media facilitated the gas exsolution. The magnitudes of rff e for the
three different heavy oil–solvent systems followed the order of CO2 > CH4 > C3H8 in the bulk phases
and CH4 > CO2 > C3H8 in the porous media. Hence, CO2 was exsolved from the heavy oil most
readily in the bulk phases, whereas CH4 was exsolved from the heavy oil most easily in the porous
media. Among the three solvents, CH4 was also found most difficult to be liberated from the heavy
oil in the DFP test with the lowest rff l of 0.00019 min−1. This study indicates that foamy-oil evolution
processes in the heavy oil reservoirs are rather different from those observed from the bulk-phase
tests, such as the PVT tests.

Keywords: solvent exsolution and liberation; non-equilibrium phase behaviour; foamy-oil formation
and flow; heavy oil–solvent systems; heavy oil reservoirs

1. Introduction

The primary productions in some heavy oil reservoirs exhibit anomalous characteris-
tics, such as low producing gas–oil ratios (GORs), high oil production rates and recovery
factors (RFs) [1]. These abnormal characteristics could be attributed to foamy-oil flow,
which is an unusual two-phase flow of oil with dispersed gas [2]. After the primary pro-
duction, solvent-based enhanced oil recovery (EOR) methods can be applied by injecting
one or several solvents into the heavy oil reservoirs to reduce the heavy oil viscosity and
continue the foamy-oil production. Two major non-equilibrium processes greatly affect
the foamy-oil production: solvent exsolution and liberation, which are referred to as the
foamy-oil formation and evolution. Therefore, it is of practical importance to study the
foamy-oil formation and evolution in the heavy oil reservoirs.
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Physically, the dissolved gas in the oil is exsolved in the form of microbubbles when
the pressure is reduced below the so-called bubble-point pressure. The bubbles could
be dispersed in the heavy oil for a long time due to its high viscosity. As the dispersed
bubbles grow and coalesce, they gradually liberate from the foamy oil to form the free
gas. Extensive experimental, numerical, and theoretical studies have been conducted
to understand the processes and mechanisms involved in the foamy-oil formation and
evolution. Several factors influencing the foamy-oil formation and evolution have been
experimentally studied in bulk phases and porous media, including the dead heavy oil
viscosity, solvent type, and concentration as well as pressure drawdown method and rate.

The experimental results in the bulk-phase tests show that foamy-oil stability increases
as the viscosity of the dead heavy oil increases [2,3]. First, the high viscosity of the heavy
oil reduces the gas diffusion rate, causing the microbubbles to grow slowly through mass
transfer. Second, high viscosity also hinders bubbles from coalescing and liberating from
the foamy oil. Thus, oil recovery can even increase with the increase in the heavy oil
viscosity [4]. From an engineering point of view, however, an optimum heavy oil viscosity
could exist to achieve the highest oil RF. Wu et al. conducted pressure depletion tests in a
sandpacked model by using three heavy oil samples with different viscosities but at the
same CO2 concentration [5]. They found that the heavy oil sample with an intermediate
viscosity gave the highest oil recovery. This was because the heavy oil with a lower
viscosity had less stable foamy oil, whereas the heavy oil with a higher viscosity had
a lower mobility. These counteracting effects on the oil recovery were also studied by
utilizing a viscosity reducer in heavy oil [6,7]. It was found that the oil recovery factors
were increased markedly with the increase of viscosity-reducer concentration in the low
concentration range. This was attributed to the decreased oil viscosity and increased oil
mobility. At higher concentrations of the viscosity reducer, however, the increase in the oil
recovery was more gradual because the foamy oil was less stable [6].

In addition to the heavy oil viscosity, solvent type and concentrations also play critical
roles in foamy-oil formation and evolution. Three common solvents, CH4, C3H8, and
CO2 as well as their mixtures, are mostly used in the heavy oil–solvent systems. Sun et al.
conducted a series of tests in a PVT cell to study the different foamy-oil evolution processes
in the heavy oil–CH4/C3H8/CO2 systems [8]. They found that more gas was evolved in the
heavy oil–CH4 system than in the heavy oil–C3H8/CO2 system at the same solvent molar
concentration, which indicated that CH4 bubbles were nucleated more readily. The larger
difference between the two pressures, at which bubbles started to nucleate and liberate, was
found in the heavy oil–CH4 system, which indicated that CH4 bubbles were more difficult
to liberate from foamy oil. Zhou et al. performed pressure depletion tests in a sandpacked
model by using CH4, C3H8, and a mixture of CH4 and C3H8 [9]. The foamy oil in the heavy
oil–CH4 system was also found more stable than those in the other two heavy oil–solvent
systems. Furthermore, the amount of the dissolved gas in heavy oil also affects foamy-oil
evolution. PVT tests show that the higher the initial solution GOR in a heavy oil–solvent
system is, the longer the bubbles can be dispersed in the heavy oil [2]. This was attributed
to a higher supersaturation in the system at a higher solvent concentration. A higher
supersaturation can lead to more and smaller bubbles being generated. Experimental
results from sandpacked tests also reveal the same trend between initial solution GOR and
supersaturation as found in the PVT tests. In addition, it was found that a lower limit of
the initial solution GOR exists in order to have the foamy oil [10].

Another essential factor in foamy-oil formation and evolution is pressure drawdown.
Three pressure drawdown methods are typically adopted in the experimental studies with
bulk phase and porous media: (a) constant pressure depletion rate [11]; (b) constant volume
withdrawal rate [12,13]; and (c) constant pressure depletion stepsize [14]. The measured
pressure vs. volume (P–V) data in the PVT tests could show different characteristics
by using the different pressure drawdown methods. In particular, the measured P–V
data with the volume withdrawal rate method could show a rebound region when the
pressure reached the bubble-nucleation pressure due to a high bubble growth rate [15]. In
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contrast, smooth P–V data are usually obtained by using the constant pressure depletion
rate method [11]. The P–V data obtained by using the constant pressure depletion stepsize
method could have one or two turning points, at which the bubble-point pressure or pseudo
bubble-point pressure was achieved [14]. How fast the pressure was reduced affects the
gas exsolution and liberation processes. Experimental results show that as the pressure
depletion rate was increased, the volume of dispersed gas and the duration in which gas
bubbles were dispersed in the oil also were increased [11]. This is attributed to two reasons.
First, a higher depletion rate leads to an insufficient time for bubbles to nucleate and thus
lowers the pressure at which bubbles start to liberate to form the free gas. Second, a higher
depletion rate results in a higher supersaturation and a higher bubble nucleation rate so
that the bubbles nucleated can also be smaller [2].

Many theoretical models have been proposed to describe the foamy-oil formation
and/or evolution processes. These models can be broadly categorized into two types:
physics-based models [16,17] and kinetic reaction models [18–20]. In the physics-based
models, bubble nucleation was considered as either progressive nucleation or instantaneous
nucleation. Progressive nucleation has been modeled by using the classic bubble nucleation
theory or the pre-existing bubble theory [21,22]. In instantaneous nucleation, bubbles
are nucleated instantaneously and no more new bubbles are nucleated [23]. The bubble
number at the onset of bubble nucleation is assigned an initial guessing value and then
adjusted to match the calculated data with the measured data. The bubble growth was
controlled by mechanic expansion and mass transfer [4,23]. For the bubble liberation,
some empirical correlations are made available in the literature and have been verified
by limited experimental data. The kinetic reaction models are developed from chemical
kinetics theories and assume that three or more gas components exist in the foamy-oil
formation and evolution. Typically, the gas components include the solution gas, dispersed
gas, and free gas [24–26]. The dispersed gas and free gas together are also referred to as the
evolved gas. The reaction rate of a gas component transferring to another gas component
is assumed to be proportional to the concentration of the reactant gas component. The
kinetics model proposed by Coombe and Maini [27] has been used in the CMG-STARS
module since it is predictive and can simulate the time-dependent phenomena [28].

Although numerous studies have investigated the foamy-oil formation and/or evo-
lution in the porous media or bulk phases alone, few studies have focused on studying
the effects of the bulk phases and porous media on the foamy-oil formation and evolution
processes in different heavy oil–solvent systems. The research results obtained in the bulk
phases and porous media could be different and cause confusion in the heavy oil industry.
Hence, it is important to understand their differences prior to the oil field applications.
In this paper, three constant-composition-expansion (CCE) tests in a PVT cell and three
differential fluid production (DFP) tests in a sandpacked model were conducted in the
heavy oil–CO2, heavy oil–CH4, and heavy oil–C3H8 systems. The total isothermal com-
pressibility (ct) vs. test pressure (P) data were measured in all the tests, while the oil and
gas production data were also measured in the tests in the porous media. Afterwards,
numerical simulations were executed to simulate the six tests. From these simulations,
two reaction frequency factors were obtained to quantify the foamy-oil formation and
evolution processes. The results from the experimental tests and numerical simulations in
this study provide insights into the differences of foamy-oil formations and evolutions in
the bulk phases and porous media.

2. Experimental

2.1. Materials

The heavy oil sample (Well No.: 16A-3-59-7) used in this study was collected from
the Colony formation in the Bonnyville area, Alberta, Canada. Prior to the measurements
of the heavy oil properties, the heavy oil was centrifuged to remove the possibly existing
sands and/or brine from the oil. The compositions of the Colony heavy oil were measured
by using the standard ASTM D86 and are given in Table 1. It can be seen from the table
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that the minimum carbon number of the Colony heavy oil was C9 and that the hydrocar-
bons were measured up to C60. The heavy oil density and viscosity were measured to be
ρo = 0.992 g/cm3 and μo = 33,876 cP by using a densitometer (DMA 4200, Anton Paar,
Graz, Austria) and a viscometer (DV-II+, Brookfield Engineering, Middleboro, MA, USA) at
Pa = 1 atm and Tlab = 21◦ C, respectively. The respective measured densities and viscosities
of the Colony heavy oil at Pa = 1 atm and different temperatures are listed in Table 2. Both
the density and viscosity of the heavy oil decrease with the increase in temperature. The
molecular weight of the heavy oil was measured to be MWo = 547.7 g/mol by using an au-
tomatic high-sensitivity wide-range cryoscopy (Model 5009, Precision Systems Inc., Natick,
MA, USA). The asphaltene content of the heavy oil was measured to be Wasp = 18.3 wt.%
(n-C5 insoluble) by using the standard ASTM D2007-19 method. Three solvents used in
this study, CO2, CH4, and C3H8, were purchased from Linde Canada Inc. (Mississauga,
ON, CA) and had purities of 99.998 mol.%, 99.97 mol.%, and 99.5 wt.%, respectively.

Table 1. Compositional analysis result of the Colony heavy oil (Well No.: 16A-3-59-7) collected from
the Bonnyville area, Alberta [29].

Carbon no. mol.% wt.% Carbon no. mol.% wt.%

C1 0.00 0.00 C32 1.46 1.61

C2 0.00 0.00 C33 1.32 1.50

C3 0.00 0.00 C34 1.28 1.50

C4 0.00 0.00 C35 1.15 1.39

C5 0.00 0.00 C36 1.05 1.30

C6 0.00 0.00 C37 1.16 1.48

C7 0.00 0.00 C38 1.00 1.31

C8 0.00 0.00 C39 0.99 1.33

C9 0.79 0.25 C40 1.05 1.45

C10 2.61 0.91 C41 0.93 1.32

C11 2.21 0.85 C42 0.98 1.42

C12 3.80 1.59 C43 1.06 1.57

C13 4.20 1.90 C44 0.96 1.45

C14 4.51 2.19 C45 0.89 1.39

C15 4.49 2.34 C46 0.83 1.32

C16 4.67 2.59 C47 0.77 1.25

C17 4.43 2.61 C48 0.67 1.11

C18 4.18 2.61 C49 0.55 0.93

C19 3.87 2.55 C50 0.64 1.11

C20 3.52 2.44 C51 0.63 1.11

C21 3.16 2.30 C52 0.51 0.92

C22 2.99 2.28 C53 0.40 0.74

C23 2.54 2.02 C54 0.53 0.99

C24 2.47 2.05 C55 0.47 0.89

C25 2.21 1.91 C56 0.53 1.03

C26 2.22 2.00 C57 0.40 0.78

C27 2.24 2.09 C58 0.44 0.88

C28 1.89 1.83 C59 0.39 0.79

C29 1.97 1.98 C60 0.35 0.72

C30 1.68 1.74 C61+ 8.53 20.85

C31 1.43 1.53 Total 100.00 100.00
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Table 2. The Colony heavy oil densities (ρo) and viscosity (μo) at Pa = 1 atm and different temperatures.

T (◦C) ρo (g/cm3) μo (cP)

21 0.9920 33,876

30 0.9864 10,539

40 0.9804 3,980

50 0.9743 1,679

60 0.9681 795.9

2.2. Experimental Setup and Procedures for the CCE Tests

In this study, three CCE tests were carried out by using a mercury-free PVT system
(PVT-0150-100-200-316-155, DBR, Canada), as schematically shown in Figure 1. The PVT
system was mainly composed of a PVT cell, an air bath, an oil injection unit, and a digital
image-based height measurement system. The see-through PVT cell was a glass tube with
an inner diameter (ID) of 1.252 inches and a length of 8.005 inches. A freely movable piston
was positioned in the PVT cell to pressurize the test fluids. The PVT cell can withstand a
high pressure up to 69 MPa and a high temperature of 200.0 ◦C. A syringe pump (100 DX,
Teledyne ISCO, Lincoln, NE, USA) connected to the PVT cell was used to apply the test
pressure and overburden pressure to the PVT cell. The test temperature can be controlled
by using an air bath, which is surrounded by the PVT cell. The oil injection unit consisted
of a high-pressure transfer cylinder and another syringe pump (500 DX, Teledyne ISCO,
Lincoln, NE, USA). The high-pressure transfer cylinder held the solvent-saturated live oil,
and the syringe pump was used to inject the solvent-saturated live heavy oil into the PVT
cell. The digital image-based height measurement system included a high-resolution color
monitor, a cathetometer, and an encoder. The image of the piston or fluid interface (s) in
the PVT cell can be viewed and captured by the camera and displayed on the monitor. The
encoder was used to adjust and record the height of the piston or fluid interface (s). The
height measurement resolution of the system was 0.001 inches.

 

Figure 1. Schematic diagram of the experimental setup for conducting the CCE tests [30].
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The three CCE tests for the three heavy oil–solvent systems were conducted by using
the following experimental procedures:

(1) The CO2/CH4/C3H8-saturated heavy oil was prepared by mixing a solvent
(CO2/CH4/C3H8) and the dead Colony heavy oil in two high-pressure transfer
cylinders. The mixture in the two high-pressure transfer cylinders was pumped back
and forth for about 15–20 days until the target GOR of the live oil was achieved. The
solvent concentrations (Cs) in the prepared heavy oil–CO2 system, heavy oil–CH4
system and heavy oil–C3H8 system were measured and are listed in Table 3.

(2) The PVT cell was cleaned with kerosene and ethanol and then air-dried for 24 h. A
leakage test was conducted by injecting CO2 into the PVT cell at a constant pressure of
3.5 MPa. The PVT cell was considered leakage-free if the pressure reduction was less
than 5 psi after 24 h. Then, the CO2 in the cell was released to an exhaust ventilation
hose. Afterwards, a vacuum pump was used to vacuum the PVT cell.

(3) The piston in the PVT cell was pushed to the bottom of the PVT cell. The PVT cell
pressure and its overburden pressure were raised to a pressure higher than the bubble-
point pressure of the live oil by using the ISCO pump, which was connected to the
PVT cell and its overburden chamber. Then, a pre-specified volume of the live oil (Voi)
was injected into the PVT cell by using another syringe pump. The volumes of the
injected three live oils in the three CCE tests (Tests #1, #3 and #5) are given in Table 3.

(4) The PVT cell pressure was reduced stepwise by using a pre-specified pressure step
(ΔP) given in Table 3. The height (H) of the test fluid column in the PVT cell and the
volume of the syringe pump connected to the PVT cell were monitored and recorded
every 10 min.

(5) The total test-fluid volume (Vt) in the PVT cell, total isothermal compressibility (ct)
and relative volume (Rv) were measured when the volume change of the syringe
pump was less than 0.12 cc within 10 min. Here, Vt, ct and Rv are defined as

Vt =
πD2

4
·H − Vdv (1)

ct = − 1
Vt

(
ΔVt

ΔPcell

)
T

(2)

Rv =
Vt
Voi

(3)

where D and H are the ID of the PVT cell glass tube and the height of the test fluid column
in the PVT cell; Vdv is the dead volume in the PVT cell; ΔVt is the change of total test-fluid
volume caused by the change of the PVT cell pressure (ΔPcell); and Voi is the volume of the
live oil that was initially injected into the PVT cell.

(6) Steps 4 and 5 were repeated until the PVT cell pressure reached a pre-specified test
termination pressure.

Table 3. Test details, measured data, and tuned reaction frequency factors of Tests #1–6.

Test
No.

Test
Cs

(mol.%)
Voi (cm3) φ (%) k (D) Soi (%)

ΔP
(MPa)

Pb (MPa)
Pn

(MPa)
rff e

(min−1)
rff l (min−1)

1 CO2-CCE
27.66

39.78 - - -
0.20 2.00

1.73 0.00052 -

2 CO2-DFP - 40 2.6 98 1.97 0.00075 0.009

3 CH4-CCE
11.32

38.51 - - -
0.20 1.70

0.60 0.00009 -

4 CH4-DFP - 39 2.7 97 1.50 0.013 0.00019

5 C3H8-CCE
27.31

40.54 - - -
0.05 0.50

0.48 0.0001,
0.000065 -

6 C3H8-DFP - 39 1.9 97 0.50 0.00025 0.0045
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2.3. Experimental Setup for the DFP Tests

The experimental setup for conducting the three DFP tests mainly consisted of four
operating units: a 2-D rectangular sandpacked physical model; a water/oil injection
module; a fluids production system; and a data acquisition system (DAS). The schematic
diagram of the experimental setup for conducting the three DFP tests is shown in Figure 2.
The physical model was composed of four parts: a stainless-steel base; a thin polycarbonate
plate; a thick transparent acrylic plate; and a stainless-steel cover. The stainless-steel base
had a rectangular cavity with the dimensions of 40 cm × 10 cm × 2 cm for packing the
sand grains. The polycarbonate plate was placed between the stainless-steel base and the
acrylic plate to avoid scratching on the latter. The stainless-steel cover was used to place
and secure the stainless-steel base, the polycarbonate plate, and the acrylic plate together.
The physical model has two ports at its two ends. The one on the right-hand side was used
as a reservoir fluids producer in each test. The other, on the left-hand side, was used to
inject water/oil and establish the initial water/oil saturation.

Figure 2. Schematic diagram of the experimental setup for conducting the DFP tests.

The water/oil injection module comprised two high-pressure transfer cylinders and a
syringe pump (500 D, ISCO Inc., USA). One transfer cylinder held the de-ionized water and
the other contained the solvent-saturated live heavy oil. Along the produced reservoir fluids
flow direction, the fluids production system was composed of a high-pressure transfer
cylinder with a freely movable piston used as a separator, a high-precision back-pressure
regulator (BPR, LBS4 Series, Swagelok, Solon, OH, USA), a glass flask, an electronic scale,
and a gas bubbler. The separator’s bottom port was connected to the syringe pump (500 D,
Teledyne ISCO, Lincoln, NE, USA) used in the water/oil injection module, while its top port

127



Energies 2024, 17, 2287

was connected to the common port of an L-type three-way valve. The three-way valve’s
inlet port was connected to the sandpacked model and its outlet port was connected to the
BPR. The BPR was connected to a different syringe pump (260 D, Teledyne ISCO, Lincoln,
NE, USA) to maintain its back pressure. After the BPR, the glass flask, electronic scale,
and bubbler were used to collect the produced dead oil, measure its mass, and measure
the produced gas volume at the atmospheric conditions, respectively. The DAS mainly
consisted of two high-precision pressure transducers (PXM409, Omegadyne Inc., Sunbury,
OH, USA) at the two ends of the physical model to measure the two pressures at any time
during each test. The pressure data were recorded and stored in a personal computer, to
which the pressure transducers were connected. The respective pressures measured at the
fluids production end on the right-hand side and at the other end on the left-hand side
were denoted by Ppro and Pe.

The DFP tests were conducted by using the following experimental procedures:

(1) The sieved sand grains (Bell & Mackenzie, Toronto, ON, Canada) with sizes of
60–80 mesh were added into the physical model through one of its ports. The sand-
packed model was hammered continuously by using a rubber hammer until no void
space existed in the model.

(2) The leakage test was conducted by injecting CO2 into the sandpacked model at 3 MPa
for each DFP test. The sandpacked model was considered leakage-free if its pressure
reduction was less than 0.2 MPa within 24 h.

(3) The porosity (φ) and permeability (k) measurements were performed by using the
imbibition method and the Darcy’s law, respectively. The measured permeabilities
and porosities of the three DFP tests (Tests #2, #4, #6) are listed in Table 3.

(4) Water was injected into the 2-D physical model first to raise the reservoir pressure
higher than the bubble-point pressure of the live heavy oil. Then the solvent-saturated
live oil was injected to displace the water until no more water was produced from
the 2-D physical model and the measured solution GOR reached the initial solution
GOR. The initial oil saturations (Soi) were determined by using the material balance
equation and are given in Table 3.

(5) The separator (i.e., a high-pressure cylinder) was connected to the 2-D physical model
after its pressure was increased to the reservoir pressure. A period of 24 h was allowed
for the 2-D physical model and separator to reach an equilibrium state.

(6) The separator and reservoir pressures were reduced simultaneously by applying a pre-
specified pressure depletion stepsize (ΔP). The produced fluids (heavy oil and/or gas)
were collected in the separator and their total volume (Vf) at the separator pressure
was monitored and recorded by using a syringe pump. The pressures at the two ends
of the sandpacked physical model (Ppro and Pe) were monitored and recorded.

(7) The production data, including Ppro and Pe, were measured when the pump volume
change was less than 0.12 cc within 10 min. First, the three-way valve was switched
to disconnect the separator from the physical model and the produced fluids in the
separator were displaced to measure the dead-oil and gas volumes (Vdo and Vg) at
the atmospheric pressure. Second, the volumes of the cumulative produced fluids at
the reservoir conditions (Qf), cumulative produced dead oil and gas (Qo and Qg) at
the atmospheric conditions, as well as the total isothermal compressibility (ct), were
measured with the following equations:

Qf = ∑ Vf (4)

Qo = ∑ Vo (5)

Qg = ∑ Vg (6)
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ct = − 1
PV

(
Vf

ΔPave
res

)
T

(7)

where PV and ΔPave
res represent the pore volume of the physical model and the change of

the average reservoir pressure, Pave
res = (Ppro+Pe)/2.

(8) Each DFP test was continued by repeating Steps 6 and 7 until the production pres-
sure reached a pre-specified ending production pressure, e.g., Ppro =0.8, 0.3, and
0.3 MPa in the heavy oil–CO2 system, heavy oil–CH4 system, and heavy oil–C3H8
system, respectively.

3. Numerical Modeling

Numerical simulations were undertaken by using the CMG simulator to simulate the
experimental tests in order to obtain the quantitative results of the foamy-oil formations
and evolutions in the three heavy oil–solvent systems with or without the porous media.
The fluid models were built in the CMG-WinProp module by matching the measured dead
oil and live oil properties. The CMG-STARS module with the foamy-oil kinetic reaction
model was utilized to history match the relative volume vs. test pressure data in the CCE
tests and the production data in the DFP tests.

3.1. Fluid Models

In this work, the fluid models for the three heavy oil–solvent systems were generated
by using the Peng–Robinson equation of state (PR-EOS) in the CMG-WinProp module. The
components of the heavy oil listed in Table 1 were lumped into two pseudo-components:
9.59 mol.% C9–12 and 90.41 mol.% C13+. The related physicochemical properties of the
two pseudo-components were used as the adjustable parameters to match the measured
densities and viscosities at Pa = 1 atm and different temperatures in Table 2. The tuned
physicochemical properties of the two pseudo-components of the Colony heavy oil are
given in Table 4. Afterwards, a solvent (CO2/CH4/C3H8) was added into the two pseudo-
components and the measured live-oil bubble-point pressures in Table 3 were matched to
generate the CO2/CH4/C3H8-saturated fluid models. The tuned corresponding binary
interaction parameters (BIPs) between each solvent and the two pseudo-components are
listed in Table 4.

Table 4. Physicochemical properties of the two pseudo-components of the Colony heavy oil and their
respective binary interaction parameters (BIPs) with CO2/CH4/C3H8.

Properties and BIPs
Two Pseudo-Components

C9–12 C13+

Critical pressure Pc (MPa) 2.33 0.69

Critical temperature Tc (K) 642.86 938.31

Pitzer acentric factor ω 0.4789 0.9805

Molecular weight MW
(g/mol) 146.9 596.7

BIP with CO2 0.12 0.14

BIP with CH4 0.045 0.085

BIP with C3H8 0.036 0.106

3.2. Numerical Simulations of the CCE and DFP Tests

The CMG-STARS module was employed as a thermal compositional simulator to
simulate the measured relative volume data in the three CCE tests (Tests #1, #3, and #5).
The numerical simulations of the CCE tests using the CMG-STARS module in this study
were similar to those conducted before [31]. The cylindrical PVT cell in each CCE test was
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modeled by building a simulation model with 1 × 1 × 4 grid blocks along the x, y and z
directions, as shown in Figure 3. Initially, the two upper grid blocks (1, 1, 1) and (1, 1, 2)
had the live heavy oil only, whereas the two lower grid blocks (1, 1, 3) and (1, 1, 4) had
water only. In order to simulate the CCE tests in the CMG-STARS module, an extremely
high porosity of φ = 0.99 and an absolute permeability of k = 10,000 D were assigned to the
four grid blocks. The dimensions of the simulation model in its x and y directions were
2.83 × 2.83 cm2 so that its horizontal cross-sectional area was almost the same as that of
the PVT cell (ID = 3.18 cm) after the porosity (φ) was considered. The thicknesses of the
two upper grid blocks (1, 1, 1) and (1, 1, 2) were the same and were determined by the
volume of the injected live oil in each CCE test. Therefore, the two upper grid blocks (1,
1, 1) and (1, 1, 2) had the same thickness of 2 × 2.50, 2 × 2.42 and 2 × 2.55 cm for the
heavy oil–CO2 system (Voi = 39.78 cm3), heavy oil–CH4 system (Voi = 38.51 cm3) and heavy
oil–C3H8 system (Voi = 40.54 cm3), respectively. The thicknesses of the two lower grid
blocks (1, 1, 3) and (1, 1, 4) were equal to 5.00 cm for all three heavy oil–solvent systems.
A vertical producer was drilled from the top grid block to the bottom grid block but only
the bottom grid block (1, 1, 4) was perforated. In this way, the simulation model pressure
could be controlled by the vertical producer at the top of the simulation model. The water
was produced as the simulation model pressure was reduced. The volume of the produced
water at the reservoir conditions was equivalent to the expanded total volume of the test
fluids. Hence, the relative volume (Rv) in the CCE tests can be simulated by using the
CMG-STARS module. It is worthwhile to note that the water compressibility was set to be
zero to eliminate its effect on the produced water volume.

Figure 3. Three-dimensional view of the rectangular simulation model with four grid blocks for the
CCE tests.

In the numerical simulations conducted by before [31], the relative permeability curves
were altered to prevent oil and gas from moving between the grid blocks. In this study,
however, three sets of relative permeability data were used for different grid blocks in order
to improve the convergence of numerical simulation. In grid blocks (1, 1, 1) and (1, 1, 2),
the oil and gas components had high relative permeabilities. Grid block (1, 1, 3) was set as
a transition zone, in which all the components could move and the relative permeabilities
of the oil and water were proportional to their corresponding saturations in the liquid
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phase. In grid block (1, 1, 4), the water relative permeability was set to be extremely high,
whereas the oil and gas relative permeabilities were set to be extremely low so that only the
water in the grid block (1, 1, 4) could be produced but the oil and gas could not. Therefore,
the overall composition of all the test fluids (heavy oil + gas) remained constant in the
numerical simulation. The three sets of relative permeability data are listed in Table 5.

Table 5. Three sets of relative permeability data used in different grid blocks.

Grid Block Liquid Saturation and Relative Permeability

(1, 1, 1) and (1, 1, 2)

Sw
a krw

b krow
c

0 0 1

1.0 × 10−5 0 1

0.97999 0 1

1 1 0

Sl
d krg

e krog
f

0 1 0

1.0 × 10−5 1 1

0.9999 1 1

1 0 1

(1, 1, 3)

Sw krw krow

0 0 1

1 1 0

Sl krg krog

0 1 0

1.0 × 10−5 1 1

0.9999 1 1

1 0 1

(1, 1, 4)

Sw krw krow

0 0 1.0 × 10−9

0.1 1 0

1 1 0

Sl krg krog

0 1.0 × 10−9 0

1 0 1.0 × 10−9

Notes: a Water saturation; b Relative permeability to water at Sw; c Relative permeability to oil at Sw. d Liquid
saturation; e Relative permeability to gas at Sl; f Relative permeability to oil at Sl.

Similar to the CCE tests, three DFP tests (Tests #2, #4, and #6) were also simulated by
using the CMG-STARS module. The simulation model had 40 × 5 × 1 grid blocks with
the dimensions 40 × 10 × 2 cm3 in the x, y, and z directions. The model’s porosities and
permeabilities in the x, y, and z directions were assumed to be uniform and the same as
those of the DFP tests. The initial reservoir conditions were also set to be the same as those
in the DFP tests. The oil–water and liquid–gas relative permeabilities were first generated
by using the modified Brooks–Corey correlations [32] and then adjusted by matching the
predicted production data (i.e., Pe, Qo, Qg, Qf) from the CMG-CMOST module to those
measured production data in the DFP tests.
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3.3. Foamy-Oil Kinetic Reaction Model

Foamy oil was simulated in the CMG-STARS module by using the entrained-gas
model. The entrained-gas model includes two kinetic reactions, which describe the gas
exsolution and liberation processes, respectively. The reaction rates of gas exsolution and
liberation are expressed as follows [33]:

re = r f fe·exp
(
− Ea

RT

)
·φ·Sfo·nfo·

(
x − xeq

)
, (8)

rl = r f fl·exp
(
− Ea

RT

)
·φ·Sfo·nfo·xbub, (9)

where r denotes the reaction rate per bulk volume in mol/
(
min·cm3); rff denotes the

reaction frequency factor in 1/min; the subscripts e and l represent gas exsolution and
liberation, respectively. Ea is the activation energy in J/mol; R is the universal gas constant
of 8.3145 J/(mol· K); T is the reaction temperature in K; φ is the porosity; Sfo is the foamy-
oil saturation in fraction; nfo is the molar density of the foamy oil in mol/cm3; x, xeq
and xbub are the mole fractions of the dissolved gas, the dissolved gas at the equilibrium
state and the dispersed bubble in the foamy oil. Since the DFP tests were conducted at
the constant temperature of 21 ◦C, the activation energy Ea was set to be zero [34,35].
Hence, only the reaction frequency factors (r f fe and r f fl) in Equations (8) and (9) need to
be determined.

Physically,
(
x − xeq

)
in Equation (8) represents the deviation of the dissolved gas mole

fraction from its equilibrium value at the existing test pressure. The xeq can be calculated
from the equilibrium constant (K-value) generated from the CMG-WinProp module. The
higher

(
x − xeq

)
is, the higher supersaturation in the live oil. The r f fe can be used to

compare how fast the dissolved gas was exsolved to form dispersed gas in two systems at
the same supersaturation. Similarly, rff l in Equation (9) indicates how fast the dispersed
gas is liberated from the foamy oil to form free gas. In the numerical simulations, the
reaction rates of gas exsolution and liberation can be calculated with the two factors (rff e
and rff l) by using Equations (8) and (9) once

(
x − xeq

)
becomes greater than zero due to

supersaturation. Then, the calculated reaction rates could be easily incorporated into the
existing continuity equations with the mass-transfer terms in the CMG-STARS module.

4. Results and Discussion

4.1. Heavy Oil–CO2 System

In this study, the equilibrium CCE data, namely the Rv vs. Pcell data, were predicted
by using the PR-EOS in the CMG-WinProp module. The non-equilibrium Rv vs. Pcell
data were predicted by using the CMG-STARS module. Figure 4 compares the predicted
equilibrium Rv vs. Pcell data with the measured and predicted non-equilibrium Rv vs. Pcell
data of Test #1 for the heavy oil–CO2 system. It can be seen from the figure that the
predicted equilibrium Rv vs. Pcell data had an obvious turning point at Pcell = 2.00 MPa,
which was called the bubble-point pressure (Pb) of the heavy oil–CO2 system. It can be
seen from the predicted equilibrium Rv vs. Pcell data that the total volume of the test
fluids (the heavy oil and gas) increased drastically once the test pressure was reduced
to below Pb. In contrast, the measured non-equilibrium Rv vs. Pcell data did not show a
noticeable change until Pcell = 1.73 MPa, at which a certain amount of the bubbles were
nucleated. In this study, this threshold pressure was called the bubble-nucleation pressure
(Pn), i.e., Pn = Pcell = 1.73 MPa.

Here, Pn was used for the non-equilibrium tests to distinguish it from Pb, which was
defined at the equilibrium state. Supersaturation started to occur in the live heavy oil at
Pcell < Pb and was the driving force for the bubble nucleation [36]. The bubbles could not
be nucleated until a certain degree of supersaturation was reached, which is defined as
the critical supersaturation (Pcrit), namely, the pressure difference between Pb and Pn in
this study.
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Figure 4 also shows that an increased relative volume at each pressure drop was much
smaller at Pcell < Pn = 1.73 MPa at the non-equilibrium state than that at Pcell < Pb = 2.00 MPa
at the equilibrium state. This difference was attributed to the relatively smaller amount
of the gas that was exsolved in the non-equilibrium state than that in the equilibrium. It
was difficult to reach the equilibrium state in a heavy oil–solvent system during a CCE
test due to the low bubble nucleation rate and CO2 diffusion rate in the heavy oil [37].
The predicted non-equilibrium Rv vs. Pcell data from the CMG-STARS module are also
plotted in Figure 4 after history matching the measured Rv vs. Pcell data. The predicted
non-equilibrium relative volume data matched well with the measured data. The value of
rff e in Equation (8) was tuned to be 0.00052 min−1. The rff l in Equation (9) was not obtained
in the CMG-STARS module for the CCE tests. This was because the keyword *GASSYLIQ
was used in the simulation module to give the same isothermal compressibility of the
dispersed gas as that of the free gas [38]. This means that the system’s total isothermal
compressibility was determined by the total amount of the dispersed gas and free gas
(i.e., the evolved gas) and thus was irrelevant to the individual amount of either gas. In
this case, the tuned rff e was sufficient to calculate the amount of the evolved gas and match
the total volume changes measured in the CCE tests.

P

R

Figure 4. Measured and predicted non-equilibrium relative volume (Rv) vs. PVT cell pressure (Pcell)
data as well as predicted equilibrium Rv vs. Pcell data in Test #1 for the heavy oil–CO2 system.

Test #2 was conducted to study the gas exsolution in the porous media. Figure 5 depicts
the measured and predicted production data (Pe, Qo, Qg, Qf) of Test #2. As shown in the
figure, Pe decreased quickly and the slopes of Qo, Qg, and Qf were almost constant at Pe > Pn.
This was because the reservoir fluids in the sandpacked model were still in the liquid phase.
When Pe was slightly lower than Pn, Pe was reduced more slowly, indicating the existence
of bubbles in the sandpacked model. This was because the gas phase had a much higher
compressibility than that of the liquid phase and thus could much better help to maintain
the reservoir pressure. The absolute slope of Qo was decreased at Pe < Pn. This was because
the CO2-diluted heavy oil had a relatively lower viscosity at Pe > Pn. The viscosity of the
CO2-diluted heavy oil was drastically increased after the dissolved gas was exsolved from the
live oil, causing a lower oil production rate. As Pe continued to decrease, the absolute slope of
Qo did not change much initially and then started to decrease due to the free-gas production.

The total isothermal compressibilities (ct) measured in Tests #1 and #2 are compared
in Figure 6. Two turning points were found and three regions (Regions I, II, and III) could
be identified in each dataset. In Region I, the compressibility data were low and remained
almost constant. This region represented the single liquid phase. In Region II, bubbles
started to be nucleated and the total isothermal compressibilities of the two tests were
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increased accordingly. The measured bubble-nucleation pressures (Pn) were found to be
1.73 MPa in Test #1 and 1.97 MPa in Test #2 from Figure 6. Therefore, the supersaturation at
Pn in Test #1 was higher than that in Test #2. The main reason for the lower supersaturation
in Test #2 was the presence of the porous media in the test. The sand grains in Test
#2 provided tremendous bubble nucleation sites for bubbles to nucleate easily and thus
decreased the supersaturation needed for the bubble nucleation [39]. The numerical
simulation results are consistent with the experimental results. It was found that the values
of rff e obtained from Tests #1 and #2 were 0.00052 min−1 and 0.00075 min−1, respectively. A
higher rff e indicated that the dissolved gas was more readily exsolved, to form gas bubbles
and/or diffuse into the existing gas bubbles in Test #2 with the porous media.
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Figure 5. Measured and predicted pressures at the opposite end of the producer (Pe); cumulative
total fluids production (Qf) at the reservoir conditions; cumulative oil and gas productions (Qo and
Qg) at the atmospheric pressure in Test #2 for the heavy oil–CO2 system.
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Figure 6. Measured total isothermal compressibilities (ct) in Tests #1 and #2.

In the third regions of the two tests, the absolute slopes of the total isothermal com-
pressibilities became much larger. This means that the system’s compressibility started to be
dominated by the evolved gas phase. Bubbles were liberated in the third region, though
some free gas could already exist at the late stage of the second region [14]. In the numerical
simulations of Test #2, the bubble liberation rate depended on the amount of bubbles in the
foamy heavy oil. The reaction frequency factor (rff l) for the bubble liberation in Test #2 was
found to be 0.009 min−1.
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4.2. Heavy Oil–CH4 System

The equilibrium Rv vs. Pcell data predicted by using the PR-EOS in the CMG-WinProp
module, the non-equilibrium Rv vs. Pcell data predicted by using the CMG-STARS module
and the measured non-equilibrium Rv vs. Pcell data in Test #3 for the heavy oil–CH4 system
are plotted in Figure 7. The equilibrium and non-equilibrium Rv vs. Pcell data were almost
the same when the test pressure was higher than the bubble-point pressure Pb = 1.70 MPa of
the heavy oil–CH4 system since the test fluid was still in the liquid phase at Pcell > Pb. The
two relative volumes started to deviate from each other at Pb. The predicted equilibrium
Rv increased suddenly when the test pressure was reduced from 1.70 MPa to 1.50 MPa.
With further pressure reduction, the increase in Rv with each pressure drop became larger
and larger. Conversely, the measured or predicted non-equilibrium Rv was increased by
less than 0.5% as the test pressure was decreased from 1.70 MPa to 1.50 MPa. As the test
pressure continued to decrease, the non-equilibrium Rv was increased slightly with each
pressure drop until Pcell = 0.70 MPa. This indicates that no gas was exsolved from the
live heavy oil in the non-equilibrium CCE test until Pcell was 1 MPa lower than Pb. The
measured or predicted non-equilibrium Rv was increased drastically when the test pressure
was reduced from 0.70 MPa to 0.50 MPa. This was because a large number of bubbles were
nucleated at Pcell = 0.50 MPa. The tuned rff e in Test #3 was found to be 0.00009 min−1 in
the CMG-STARTS module. The low rff e in Test #3 indicated that the dissolved gas was
exsolved from the live oil rather slowly, which was consistent with the high supersaturation
measured in the test.

P

R

Figure 7. Measured and predicted non-equilibrium relative volume (Rv) vs. PVT cell pressure (Pcell)
data as well as predicted equilibrium Rv vs. Pcell data in Test #3 for the heavy oil–CH4 system.

The measured and predicted production data (Pe, Qf, Qo, Qg) in Test #4 are depicted
in Figure 8. It can be found from the history matching that the predicted cumulative total
fluids production data had relatively larger deviations from the measured data at lower test
pressures. The deviations of the predicted data from the measured data were also found at
low test pressures in the CO2-DFP test (Test #2). These deviations could be attributed to the
measured cumulative total fluids production data (Qf) at low pressures. The accuracy of Qf
measurements was compromised at a low pressure due to the large expansion of free gas
in the separator at the low pressure. The overall production trends in the CH4-DFP test
(Test #4) were similar to those in the CO2-DFP test (Test #2). The major difference was the
cumulative oil productions (Qo) in the two tests. In Test #2, the slope of Qo vs. time data
had an obvious decrease when Pn = 1.97 MPa was reached. In contrast, the slope of Qo vs.
time data in Test #4 was marginally increased once Pe was reduced below Pn. The slope
remained almost the same for a long time before the free gas was produced. This could
be because the exsolution of CH4 from the live heavy oil did not significantly affect the
foamy-oil viscosity [40].
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Figure 8. Measured and predicted pressures at the opposite end of the producer (Pe); cumulative
total fluids production (Qf) at the reservoir conditions; cumulative oil and gas productions (Qo and
Qg) at the atmospheric pressure in Test #4 for the heavy oil–CH4 system.

The measured total isothermal compressibilities (ct) in Tests #3 and #4 are shown in
Figure 9. Unlike the measured total isothermal compressibilities in Tests #1 and #2 as shown
in Figure 6, the measured total isothermal compressibility data in Tests #3 and #4 only had
one turning point in each dataset. This meant that CH4 bubbles tended to be nucleated more
instantaneously in comparison with CO2 bubbles. The turning points in the two datasets in
Figure 9 were Pn = 0.60 and 1.50 MPa in Tests #3 and #4, respectively. Therefore, the critical
supersaturation at Pn = 0.60 MPa was Pcrit = 1.70 − 0.60 = 1.10 MPa in Test #3, whereas the
critical supersaturation at Pn = 1.50 MPa was Pcrit = 1.70 − 1.50 = 0.20 MPa in Test #4. The
large difference of the critical supersaturations in the two tests shows that the porous media
strongly affect Pn and Pcrit for the heavy oil–CH4 system. In the numerical simulations for
the two tests, the tuned rff e in Test #3 (CH4-CCE) was 0.00009 min−1, which was much
smaller than the tuned rff e = 0.013 min−1 in Test #4 (CH4-DFP). Hence, the numerical
simulation results also show that the presence of the porous media can cause the dissolved
gas to be exsolved more readily. The value of rff l in Test #4 was tuned to be 0.00019 min−1.
The high rff e but low rff l for the heavy oil–CH4 system in the porous media indicate that
CH4 is an excellent solvent to induce and maintain foamy-oil flow in the porous media.

P P

c

Figure 9. Measured total isothermal compressibilities (ct) in Tests #3 and #4.
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4.3. Heavy Oil–C3H8 System

Figure 10 compares the three different Rv vs. Pcell data for the heavy oil–C3H8 sys-
tem: the predicted equilibrium data from the GMG-WinProp module; the measured non-
equilibrium data from CCE test; and the predicted non-equilibrium data from the CMG-
STARS module. This figure shows that, similar to the predicted equilibrium Rv vs. Pcell data
in the other two heavy oil–solvent systems, the predicted equilibrium Rv data had a sudden
increase once Pcell was decreased to Pb = 0.48 MPa. Both the measured and predicted non-
equilibrium values of Rv were increased gradually after the pressure was decreased slightly
below Pb. This fact means that the critical supersaturation required for the C3H8 bubbles to
nucleate was lower than that for the CO2 bubbles. As the test pressure was further reduced,
the predicted equilibrium Rv increased quickly while the non-equilibrium Rv was increased
rather slowly. This large deviation was caused by the low bubble nucleation rate and gas
diffusion rate in the heavy oil [41]. The predicted Rv vs. Pcell data agreed well with the
measured Rv vs. Pcell data. It was found in the numerical simulation results that a single
rff e did not give a satisfactory matching result. Therefore, two different rff e values had
to be used in two pressure ranges in the CMG-STARS module. Both values of rff e were
found to be rather low for the heavy oil–C3H8 system, 0.0001 min−1 in the test pressures of
0.50−0.40 MPa and 0.000065 min−1 in the test pressures of 0.40−0.30 MPa.
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Figure 10. Measured and predicted non-equilibrium relative volume (Rv) vs. PVT cell pressure (Pcell)
data as well as predicted equilibrium Rv vs. Pcell data in Test #5 for the heavy oil–C3H8 system.

The measured and predicted production data for Test #6 are plotted in Figure 11. The
predicted data had a satisfactory agreement with the measured data with a global error
of 8.2%. As shown in the figure, Pe had a similar trend to those in Tests #2 (CO2-DFP)
and #4 (CH4-DFP). It decreased quickly at Pe > Pn and much more slowly after the bubble
started to nucleate. The tuned rff e and rff l for Test #6 were found to be 0.00025 min−1

and 0.0045 min−1. Figure 12 shows the total isothermal compressibilities (ct) measured
in Tests #5 and #6. Similar to the measured total isothermal compressibilities (ct) in Tests
#1 (CO2-CCE) and Test #2 (CO2-DFP), the measured ct data in Tests #5 and #6 also had
two turning points and three regions in each dataset. This suggests that C3H8 and CO2
bubbles were nucleated more gradually than CH4 bubbles. The pressures at the first turning
points of the two datasets were the bubble-nucleation pressures (Pn). They were 480 kPa
in Test #5 and 500 kPa in Test #6, which were close to and the same as Pb = 500 kPa. This
means that the supersaturation in the heavy oil–C3H8 system is almost negligible, whether
a test was conducted in the porous media or not. In comparison with the heavy oil–CO2
system, the heavy oil–C3H8 system had lower rff e values in the bulk phases and porous
media. This indicates that gas was exsolved more slowly in the heavy oil–C3H8 system
at the same supersaturation. In addition, the tuned rff l of 0.0045 min−1 in Test #6 with
the porous media was also lower than rff l = 0.009 min−1 in Test #2 with the porous media.
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Therefore, the heavy oil–C3H8 system had more stable foamy oil than that in the heavy
oil–CO2 system.
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Figure 11. Measured and predicted pressures at the opposite end of the producer (Pe); cumulative
total fluids production (Qf) at the reservoir conditions; cumulative oil and gas productions (Qo and
Qg) at the atmospheric pressure in Test #6 for the heavy oil–C3H8 system.
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Figure 12. Measured total isothermal compressibilities (ct) in Tests #5 and #6.

5. Conclusions

In this paper, the solvent exsolution and liberation processes of three different heavy
oil–solvent systems in the porous media and bulk phases were studied experimentally and
numerically. The following conclusions can be drawn from this study:

• The measured bubble-nucleation pressures (Pn) for the heavy oil–CO2 system, heavy
oil–CH4 system and heavy oil–C3H8 system in the porous media were 0.24 MPa,
0.90 MPa and 0.02 MPa higher, respectively, than those in the bulk phases. This was
because a lower supersaturation was needed for the bubble nucleation to occur in the
porous media than that in the bulk phases.

• The measured total isothermal compressibility (ct) vs. test pressure (P) data in the
heavy oil–CH4 system showed that the nucleation of CH4 bubbles was found to be
more instantaneous than that of CO2 or C3H8 bubbles.

• Numerically, the obtained reaction frequency factors (rff e) for the gas exsolution were
all higher in the tests with the porous media than those with the bulk phases for the
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three heavy oil–solvent systems. The higher rff e indicated that the dissolved gas was
more readily to be exsolved from the heavy oil.

• The reaction frequency factors (rff l) for the gas liberation in the heavy oil–C3H8
system with the porous media was found to be lower than that for the heavy oil–CO2
system, suggesting that the former system had more stable foamy oil than that in the
latter system.

• The high rff e but low rff l in the heavy oil–CH4 system with the porous media showed
that CH4 was an excellent solvent for inducing and maintaining foamy oil in the
porous media.
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Abstract: The Shuguang area has great oil and gas potential in the Proterozoic and it is a major
exploration target in the Western Depression. However, controlling factors and a reservoir-forming
model of the Shuguang reservoir need further development. The characteristics of the reservoir
formation in this area were discussed by means of a geochemical technique, and the controlling
factors of the oil reservoir were summarized. The oil generation intensity of Es4 source rock was
25 × 106–500 × 106 t/km2, indicating that the source rocks could provide enough oil for the reservoir.
The physical property of the quartz sandstone reservoir was improved by fractures and faults, which
provided a good condition for the oil reservoir. Two periods of oil charging existed in the reservoir,
with peaks of 38 Ma and 28 Ma, respectively. A continuous discharge of oil is favorable for oil
accumulation. Oil could migrate through faults and fractures. In addition, the conditions of source–
reservoir–cap assemblage in the Shuguang area well preserved the oil reservoir. The lower part of the
Shuguang reservoir was source rock, the upper part was reservoir, and it was a structure-lithologic
oil reservoir. These results are crucial for further oil exploration.

Keywords: accumulation process; controlling factors; accumulation mode; Shuguang oil reservoir;
Liaohe Basin

1. Introduction

The revolutionary success of tight oil in the USA has reversed the downward trend of
oil production in North America at one stroke [1,2] and changed the world’s traditional
energy pattern to some extent. As a result, through active exploration, tight oil areas with
large-scale reserves have been explored in several basins in China, such as the eastern
Bohai Bay Basin [3,4], Ordos Basin [5,6], Sichuan Basin [7], and western Junggar Basin [8].
Therefore, tight oil has become a critical field.

Tight oil refers to oil in tight reservoirs with a low overburden matrix permeability
(less than 0.1 mD) and low porosity (less than 10%) [9]. Previous researchers focused
on porosity [10] and permeability [11], diagenesis [12,13], fractures [14], migration [15],
accumulation mechanism [16], and charging period [17]. However, research about the
accumulation process and mode of tight reservoirs is not sufficient, and the comprehensive
understanding of tight reservoirs needs further exploration. And, it has guiding significance
for oil exploration.

The oil and gas in the Liaohe Basin have attracted extensive attention [18–20]. The
Shuguang oilfield is in the north of the Western Depression of the Liaohe Basin. Previous
studies mainly focused on reservoirs [21], favorable zone prediction [22], dynamic charac-
teristics of accumulation [23], conditions for accumulation [24], evaluation of crude oil [25],
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and origin of crude oil [26]. However, the controlling factors of the Shuguang oilfield have
not been comprehensively researched, which seriously hindered the pace of oil exploration
in the Western Depression in the past two decades. Therefore, it is significant to reveal the
main controlling factors of the Shuguang oilfield and point out its accumulation mode. The
objectives of the study were to point out the controlling factors and accumulation mode of
the Shuguang reservoir. The result has reference significance for the exploration of other
similar oil reservoirs.

2. Geological Setting

The Liaohe Basin is a rift basin of Liaoning Province in the northeast of China
(Figure 1a). Panjin city is in the southwest of the basin. The basin is composed of the
Eastern Depression, Damintun Depression, and Western Depression; the Western Depres-
sion was mainly studied for this study. To the northwest of the basin are the Yanshanian
Mountains and to the southeast are the Jiaoliao Mountains (Figure 1b). The east–west span
of the basin is about 65 km, and the north–south span is about 470 km. The basin was
formed in three rifting cycles starting from the early Jurassic [27]. The second rift cycle
of the Cretaceous increased the kinds of volcanic rocks and sediments. The present basin
resulted from the third rifting cycle caused by subduction [28].

 

Figure 1. Location and sampling sites of the Shuguang oilfield. (a) Location map of the Liaohe
Basin. (b) Selected profiles and division of main structural units. (c) Faults and wells in the Western
Depression [19]. The sample wells are marked. A-A’ line shows the profile position of Figure 3. B’-B
line shows the profile position of Figure 14.

The Shuguang ancient buried hill belt is located in the western slope of the Western
Depression, which is controlled by NE-trending faults. Due to the influence of NE-trending
and near-EW-trending faults, the whole buried hill belt is divided into multiple buried hill
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fault blocks, and the long axis direction of each buried hill is mainly eastward. The strata
in this area are in turn the Neozoic Guantao Formation, Dongying Formation, Shahejie
Formation, Fangshenpao Formation, Mesozoic, Paleozoic, Proterozoic (Pt), and Archaean
(Ar) from top to bottom (Figure 2). The main reservoirs in this area are the Pt and Archean
reservoirs in Qianshan (Figure 1c). In this paper, the main target layers are the buried hill
strata of Paleozoic, Pt, and Archaean.

 

Figure 2. Generalized geological histogram indicating the structural events and source–reservoir–cap
combination of the Shuguang area (modified from reference [19]).

The Shuguang oilfield is in the middle and northern section of the Western Depression,
with several oil-generating depressions around it, including the Chenjia and Panshan
sags in the east and the Qingshui Sag in the south, which are very rich in hydrocarbon
resources. Normal faults and reverse faults are relatively developed, providing a good
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channel for regional oil migration (Figure 3). The Pt is the main reservoir, while some
reserves also exist in the Paleozoic (Pz) and Archean. The mudstone of the Mesozoic and
Fangshenpao Formation, the mudstone of the Paleozoic Cambrian, and the Slate of the
Proterozoic Qingbaikou are good cap beds.

 

Figure 3. Profile map (geological section A-A’ is from Figure 1b) indicating a common mode of
accumulations in different tectonic zones in the Liaohe Basin (modified from reference [19]).

3. Samples and Methods

3.1. Samples

To characterize the Shuguang oil reservoir, samples were collected (Table 1). The
geochemical characteristics of source rock, reservoir quality, and charging period of the
samples were analyzed. The data of crude oil were provided by the Research Institute of
Exploration and Development of Liaohe Oilfield.

Table 1. The data of the samples from Shuguang area.

Well Layer Depth (m) Lithology Rock Types

SG183 Es4 2911

Mudstone Source rocks

Shu103 Es4 3102
SG184 Es4 3030
Shu111 Es4 3276
SG169 Es4 2910
Shu102 Es4 2301

CG6 Es3 3181
XX2 Es4 3710

Shu103 Pt 3404.7 Dolomite limestone

Reservoir rocks

SG184 Pz 3180 Dolomite limestone
SG189 Pt 4169 Quartzite
SG183 Pz 3157 Dolomite limestone
SG98 Pt 1750 Quartzite
SG169 Pt 3398 Quartzite
SG195 Pz 2255 Quartz sandstone
Shu116 Pt 4005.6 Dolomite limestone
Shu125 Pt 3788 Limestone
SG172 Pz 4138 Calcite dolomite

3.2. Methods
3.2.1. Geochemical Analyses

TOC (total organic carbon) and rock pyrolysis were measured by a Rock-Eval 6 pyroly-
sis analyzer. Pyrolysis includes two parameters: S1 + S2 (potential hydrocarbon generation
from rock pyrolysis, mg/g) and Tmax (temperature of maximum rate of hydrocarbon
generation from source rock, ◦C). Ro is the reflected light test by a Leica DM4500P polar-
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izing microscope under the condition of sample fragmentation and oil immersion. The
chloroform asphalt “A” was determined by a traditional fast Soxhlet extraction method.

3.2.2. Reservoir Characteristics

The blue dyed resin or liquid glue was poured into the pore space of the rock under a
vacuum, so that the resin or liquid glue was consolidated, and then the rock was ground
into thin slices. SEM images were produced at the China University of Petroleum (Beijing).
The diameter of samples was 0.5~3.0 cm and the thickness were 0.2~1.0 cm. The observation
instrument was a Zeiss SUPRA 55 Sapphire SEM. A sample of quartz sandstone was cut
into sheets and then observed through an instrument. The helium expansion method was
used to measure the porosity and permeability using an ultrapore–200A porometer. The
diameter of the experimental reservoir core sample for porosity and permeability was
2.5 cm. The features of fractures were depicted by core description.

3.2.3. Fluid Inclusion

Petrographic observation was made by a NIKON-LV100 double-channel fluorescence,
reflected light, and transmission light microscope. Micro thermometry was performed on a
300 μm thick, double-sided polished sheet on a LinkamTHMSG600 cooling and hot station.
In the process of temperature measurement, the temperature rise rate of the hot and cold
stations was controlled to within 0.1~5.0 ◦C/min and the correction test error was ±0.1 ◦C.

Moreover, BasinMod® 2012 1D software was utilized to construct burial history and
thermal history by collecting data such as the strata thickness of single well, lithology,
erosion thickness, Ro, geothermal gradient, and absolute age.

4. Results

4.1. Geochemical Features of Oil

The fluid physical properties reflect the preservation conditions and migration direc-
tion of crude oil to some extent. In this article, the oil test data of eight industrial oil flow
wells in the Shuguang area in the Proterozoic and Archean oil groups were sorted out and
analyzed, and the density of crude oil at 20 ◦C and the viscosity of crude oil at 50 ◦C were
statistically analyzed so as to have a better understanding of the properties of Shuguang
crude oil. At 20 ◦C, the density of crude oil basically ranged from 0.83 g/cm3 to 0.97 g/cm3

and light oil was generally less than 0.90 g/cm3, while heavy oil was more than 0.90 g/cm3.
As can be seen from the table, the Shuguang area was dominated by light oil and the oil
properties of the wells at the structural high point were obviously different from those of
other wells, mainly due to the distribution of heavy crude oil in the top part of the early
structure, which may be caused by the destruction of the crude oil formed in the early stage.
Viscosity values ranged from 4.55 to 1256 mPa·s (Table 2).

Table 2. Data of crude oil in Shuguang oilfield.

Area Well Depth (m)
Density/g·cm−3

(◦@20 ◦C)
Viscosity/mPa·s

(◦@50 ◦C)

Shuguang
oilfield

SG183 3185.0 0.87 57.6
Shu103 3392.5 0.84 8.73
Shu111 3755.42 0.83 7.33
SG98 1633.3 0.93 438

Shu116 4023 0.88 31.2
Shu125 3358.71 0.86 12.6
Shu110 3734.48 0.84 10.88
Shu107 3491.89 0.88 33.99
Shu112 2824.03 0.87 28.6
Shu123 3834.49 0.94 4.55
SG175 3993.29 0.83 9.12
SG100 1604.5 0.93 496.6
SG103 1933.50 0.85 19.91
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Table 2. Cont.

Area Well Depth (m)
Density/g·cm−3

(◦@20 ◦C)
Viscosity/mPa·s

(◦@50 ◦C)

Shuguang
oilfield

SG104 1944.8 0.87 87.07
SG105 1917.50 0.86 23.6
SG106 1885.5 0.86 18.2
SG11 1791.83 0.85 15.2

SG112 1555.5 0.93 441
SG26 1652.77 0.93 1256
SG32 1588.8 0.93 449.26

SG158 1134.66 0.97 7953

Normal-density oil and heavy oil were mainly found in the Shuguang oilfield. Most of
the normal-density oil was in the southeast of the Shuguang oilfield. The thermal cracking
and migration fractionation were the critical factors controlling the physical properties of
crude oil. Heavy oil was concentrated in the northwest of the Shuguang oilfield.

4.2. Condition of Source Rocks

Based on the research result, the source rocks in the Western Depression were thick
and mainly in the Es4 Formation (Figure 4) [29]. Therefore, this paper focuses on evaluating
the oil generation intensity of the Es4 Formation.

 

Figure 4. Thickness map of source rock of the Es4 Formation in Liaohe Basin.

The main indexes to evaluate the abundance of source rocks were TOC, PG, and
chloroform asphalt “A” [30]. TOC content of mudstone ranged from 0.43% to 21.5%
(average 4.42%). The PG of mudstone (S1 + S2, i.e., gas production) ranged from 0.49 to
62.31 mg HC/rock (average 19.4). According to the evaluation reference [31], the potential
generation of mudstone was classified into non, poor, fair, good, and excellent grades.
The mean value of chloroform asphalt “A” was 0.76%. The main types of the Shuguang
reservoir were of a fair–good grade (Table 3, Figure 5a).

Table 3. The pyrolysis data of source rocks for the Shuguang area.

Area
Rock

Stratum
TOC (%) PG (mg/g) “A” (%) Tmax (◦C)

Shuguang
area Es4 0.43–21.5/

4.42 (25)
0.49–62.31/

19.4 (16)
0.25–1.34/
0.76 (19) 420–458

Note: The number before ‘/’ is the data range; the number after ‘/’ is the mean value; the number in ‘()’ is
the quantity of samples. TOC: total organic carbon; PG: potential generation; “A”: chloroform bitumen “A”;
Tmax: pyrolysis peak temperature.
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Figure 5. Identification chart of generation potential (a) and organic matter types (b) of source rocks.

The oil index (HI) of mudstone ranged from 3.20 to 290.00 mg HC/g TOC. Most of the
Tmax values of the source rocks ranged from 420 ◦C to 448 ◦C (Figure 5b). As can be seen
from the relationship between the two parameters in Figure 5b, the main types of kerogens
were II1–II2 [31]. The Ro values of the samples ranged from 0.62% to 1.73%, and the main
range was between 0.60% and 0.90%, indicating that source rocks had high hydrocarbon
generation potential (Table 4).

When organic matter entered the oil window, it produced a lot of oil. In conclusion,
when the Ro value was 0.60%~0.90% (within the oil generation window), the source rocks
could produce more oil. In a word, the source rocks in the Shuguang area had the conditions
for forming industrial gas reservoirs [19].
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Table 4. The vitrinite reflectance test data of the Shuguang oilfield.

Well Layer Depth (m) Lithology Ro (%) Reference

SG183 Es4 2911 Mudstone 0.82 This study
Shu103 Es4 3102 Mudstone 1.73 PLOEDRI
SG184 Es4 3030 Mudstone 0.84 This study
Shu111 Es4 3276 Mudstone 1.04 This study
SG169 Es4 2910 Mudstone 0.78 This study
Shu102 Es4 2301 Mudstone 0.85 This study

XX2 Es4 3710 Mudstone 1.58 This study
Note: PLOEDRI = PetroChina Liaohe Oilfield Exploration and Development Research Institute; Ro: vitrinite
reflectance of source rock.

4.3. Characteristics of Reservoir

The thin section test (Figure 6) showed that the Proterozoic lithology was mainly quartz
sandstone. Rock fragment is a sedimentary rock formed by the weathering, migration, and
deposition of rock debris. The particles of debris were from particulate to coarse medium;
the sorting was generally good and the roundness was mainly subroundness. The main
sandstones were quartz arenite (Figure 6) [32], which differed from the Middle Jurassic
Ravenscar sandstones of North America.

 

Figure 6. The Pt quartz sandstone compositional data in the Shuguang oilfield (the Miocene data are
cited from Okunuwadje [33]).

Figure 7 shows that intergranular pores, intergranular dissolution pores, and frac-
tures formed the major space of the Proterozoic reservoir. However, primary pores were
rare. Unstable rock dissolved, leading to the formation of intragranular pores (Figure 7a).
The different shapes of the intergranular pores were caused by the dissolution of calcite
(Figure 7b,c), and some of the intergranular pores were due to the formation of quartz
particles (Figure 7d). Part of the fractures existed in the core, showing the development
of sandstone fractures (Figure 7e,f). To sum up, a comprehensive analysis was suitable to
characterize the different pore structures of the reservoir.
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Figure 7. Main reservoir space types of sandstones in the Shuguang oilfield. Note: Intragranular
dissolution pore (cast thin section), well Shugu175 (Pt), 3986.63 m (a); intergranular dissolved pore,
(cast thin section), well Shugu175 (Pt), 3989.13 m (b); intergranular dissolved pore (SEM), well
Shugu175 (Pt), 3987.83 m (c); intergranular pores (SEM), well Shugu169, (Pt) 3396.10 m (d); fracture
(SEM), well Shugu172 (Pt), 3983.49 m (e); fracture (SEM), well Shugu173 (Pt), 4137.08 m (f).

Figure 8 indicates there was no obvious change trend between the porosity and
permeability of Pt sandstone. More than 55% of Pt sandstones had porosity less than 10%.
The porosity distribution ranged from 0.65% to 19.6%, and the 55% of the permeability was
from 0.04 to 13.2 mD. To sum up, the Pt reservoir porosity was generally low. However,
fractures and dissolution could make local physical properties better [20].

 

Figure 8. The relationship between porosity and permeability of the Pt sandstone reservoir from the
Shuguang oilfield (N = 102).
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4.4. Oil Charging Periods

The homogenization temperature (HT) of inclusions and the burial history could de-
termine the hydrocarbon charging period of the reservoir [34]. Fluid inclusions developed
well in the Pt reservoir, which were divided into oil and brine inclusions.

The fluid inclusions in this area could be divided into two phases according to the
formation period and inclusions’ characteristics of the main minerals.

(1) The first phase of inclusions: oil inclusions (Figure 9a,b) and the host minerals were
mainly quartz, followed by calcite and feldspar. The size of the inclusions ranged from
1 to 70 μm, the HT of the brine inclusions were symbiotic, and the organic inclusions
ranged from 100 to 110 ◦C. Under a polarizing microscope, it was gray-black, black,
and brown-black, and fluorescence showed a dark-brown fluorescence. It may be
formed mainly in the low-maturity stage and mainly in heavy oil.

 

Figure 9. Photomicrographs of inclusions from for the Proterozoic strata. Note: well Shugu169,
3398.1 m, Pt, quartz sandstone, oil inclusions under transmitted light (a); well Shugu169, 3398.1 m,
Pt, quartz sandstone, oil inclusions are yellow-green under UV light (b); well Shugu172, 4138.3 m,
Pt, quartz sandstone, oil inclusions under transmitted light (c); well Shugu172, 4138.3 m, Pt, quartz
sandstone, oil inclusions are yellow-green and blue-green under UV light (d).

(2) The second phase of inclusions: mainly oil inclusions (Figure 9c,d). The host minerals
were mainly quartz followed by calcite. The size of the inclusions was 1~9 μm and
they were grayish-brown, light grayish-brown, brown, etc. The fluorescence of blue-
white, dark blue-white, or dark blue was displayed under UV excitation. The HT of
the brine inclusions was 125~140 ◦C. They may be formed in the mature stage and
mainly in mature oil [35].

Figures 10 and 11 show the oil charging periods were 38 Ma and 28 Ma, respectively,
corresponding to the result of a previous study [36].
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Figure 10. Homogenization temperature of oil inclusions in well Shugu169 in Shuguang area.

 
Figure 11. The timing of hydrocarbon filling by using homogenization temperatures of fluid inclu-
sions and thermal history modeling for well Shugu169 in Shuguang area.

5. Discussion

5.1. Controlling Factors of Oil Accumulation
5.1.1. High-Quality Source Rocks in Organic Matter

Source rocks have a critical influence on the location of oil accumulation. Due to a
large unconformity surface and fractures, oil accumulated near traps after hydrocarbon
expulsion from source rocks. The analysis of Section 4.2 indicates that high-quality source
rocks exist in Es4 with a thickness of 100–400 m (Figure 4). According to Section 4.2, the
quality of source rocks was good; a previous study showed that the Es4 source rocks were
good and the oil generation intensity was high [37]. The oil production intensity in the
Shuguang area is about 25 × 106–500 × 106 t/km2 (Figure 12). This result indicates that the
source rocks can provide enough oil for a large accumulation of oil.
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Figure 12. Accumulating oil generation intensity of Es4 source rocks from the Shuguang area
(modified according to the data from PLOEDRI).

5.1.2. Oil Charging Characteristics

According to the analysis results in Section 4.4, oil charging periods were 38 Ma
and 28 Ma, respectively (Figure 11). Tectonic activity is the key factor influencing the
accumulation process of the Shuguang oil reservoir. On this basis, it can be concluded that
there were two oil charging periods in the Shuguang reservoir.

From the Yanshanian movement period to the Himalayan orogeny period, the strata
deformation was strong and developed from northeast to southwest. The tectonic deforma-
tion of this time had a dual function. First, it matched the major oil expulsion stage and
caused late accumulation. Second, it disrupted and adjusted an early reservoir.

In general, the Pt reservoirs had different accumulation periods (Figure 13).

 
Figure 13. Comparison diagram of oil accumulation events in the Shuguang oil reservoir, including
the reservoir-forming element and the oil charging period.

(1) Es stage (45–36 Ma): In the late Yanshanian movement, tectonic traps formed in the Pt
strata, and the faults were still active at this time, with transport characteristics. The
Es4 source rocks were less mature, and the heavy oil and low-maturity oil migrated to
the middle and high buried hills along the active faults and accumulated in the traps
of the Pt strata. The peak period of oil charging was 38 million years ago.

(2) Ed period (35–23 Ma): This period was the key period of reservoir formation. The traps
were basically established. The Es source rocks gradually developed and matured.
A large amount of mature oil was generated and then moved along the faults to the
traps of the Pt strata in the low buried hill to form reservoirs. The peak of oil charging
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was 28 million years ago. It is worth mentioning that the late Himalayan movement
may have damaged and adjusted the reservoir at that time.

In conclusion, oil accumulation in the Shuguang oil reservoir is a continuous process.
However, a previous scholar considered that three charge periods happened in the oil
reservoir [38], which does not correspond to this study. It may have been caused by the
difference in the selected inclusions.

5.1.3. Fracture Influencing the Distribution of Oil Reservoir

The pore structure of a reservoir affects the formation mechanism of that reservoir [39].
The major migration of reservoir formation is the pore, fracture, and the fault. The per-
meability of quartz sandstone in the Shuguang oilfield is low. Therefore, improving
permeability through fractures is key to local fluid migration [40]. The linear fracture
density (LFD) was used to study the fractures in the Pt reservoir [41]. Take the Dibei oil
and gas reservoir in the Kuqa Depression as an example. Industrial oil flow from well
YN2 was found in the J1a Formation. The LFD of the strata is 4.18/m [42]. In contrast,
the J1y unit has no industrial oil and gas, and the LFD is 1.56/m. The result shows that
LFD is critical to improve oil and gas production. Due to the structural extrusion in the
Shuguang area, the LFD of the formation improved the porosity and permeability of the
reservoir and controlled the distribution of the reservoir. Core and thin section results
showed that the number of formation fractures was large in the Shuguang area (Figure 7e,f)
and provide a good condition for oil accumulation. The analysis showed that fractures
affect the distribution of oil, which corresponds to the result of the Dibei reservoir [39].

5.1.4. Preservation Condition

Good conditions for the preservation of a cap layer are conducive to the formation of
large oil and gas reservoirs [43,44]. The combination of source, reservoir, cap, and fault in
the Shuguang area is conducive to oil preservation. The main source rock is Es4 mudstone.
Pt quartz sandstone is rich in fractures and is a good reservoir. The sealing ability of
the overlaying Fangshenpao Formation and the Mesozoic cap layer is better, which can
prevent vertical oil loss [45]. Oil migrates along faults and fractures and accumulates in
nearby reservoirs.

5.2. Accumulation Mode

Oil generation intensity is high in the Shuguang area, indicating it can produce a large
amount of an oil resource (Figure 12). Quartz sandstone is favorable for the formation
of an oil reservoir. From the perspective of longitudinal sedimentary assemblage, the
reservoir-forming mode of the Shuguang oil reservoir is of a lower generation and upper
reservoir. Due to the differences in the source rocks, the oil accumulation mode differs from
some scholars’ conclusion [46].

Based on the above analysis, the Shuguang reservoir was confirmed as a structure-
lithologic mode (Figure 14) with the following reservoir-forming characteristics:

(1) In the early stage, the source rock produced oil and migrated upward along the fault
connecting the source rock to the reservoir. Some oil migrated laterally to the reservoir
traps in the middle buried hill and high submerged hill. This situation applies to
heavy oil and low-maturity oil charging in the early period.

(2) In the late period, mature oil from the source rocks moved along faults and fractures
to the reservoirs in the low buried hill and accumulated under the cover of the cap.
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Figure 14. Oil accumulation mode in Shuguang area (the profile position is shown in Figure 1c, B-B’).

5.3. Implications for Development

Reservoir physical properties control reservoir production. Oil migrates upward and
along fractures and faults. If upper rock blocks the upward path, oil migrates laterally and
gathers in the trap. A structural trap and stratigraphic trap are key to oil accumulation. A
large number of thrust faults play a key role in oil migration and oil reservoir [14,47].

The fractures in the Shuguang reservoir mainly developed due to a strong structural
extrusion. Fractures have a certain influence on the reservoir. If the fracture occurs at the
top of the oil reservoir, it can reduce the sealing capacity of the cap layer, resulting in oil
leakage. On the contrary, if fractures develop within the reservoir, the sandstone physical
properties are optimized and the reservoir is adjusted, which is favorable for the formation
of a “sweet spot” (a relatively oil- and gas-rich region) [39]. Well Shugu 169 has an LFD of
4.12/m with the highest daily energy, while wells Shugu175 and Shugu183 have a lower
LFD and lower production. The reason for this phenomenon is that the development of
fractures optimizes the physical properties of the reservoir. Such fractures can increase
commercial production of oil and gas reservoirs in the United States [48] and China [14].

In addition, the Shuguang area is a potential area with a lot of oil. This point should be
the critical focus of future work: by revealing the coupling relationship of key control factors,
a new “sweet spot” of oil resources in the Shuguang area should be further determined.

6. Conclusions

(1) The source rocks in the Shuguang area were mainly developed in the Es4 Forma-
tion and have a strong oil generation intensity, which produces a lot of oil for the
oil reservoir.

(2) During the Es stage (45–36 Ma), oil migrated along the active faults and accumulated
in the tectonic traps of the Pt strata. During the Ed period (35~23 Ma), a lot of mature
oil moved along the faults to the traps of the Pt strata to form reservoirs. The late
Himalayan movement might have adjusted the reservoir at that time. The faults and
fractures provide a good path for oil migration.

(3) The relationship between the source–reservoir–cap assemblage and trap and the
fracture in the Shuguang area is favorable for oil accumulation. It is a structure-
lithologic oil reservoir with lower generation and an upper reservoir. The “sweet spot”
associated with fracture is the critical focus of future work.
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Abstract: Coalbed methane (CBM) is the only unconventional gas in Poland with estimated recov-
erable resources. The prospects for developing deep CBM have been explored in recent years by
drilling deep exploration wells within the depocenter of the Upper Silesian Coal Basin. The purpose
of this study is to analyze the occurrence and potential for CBM extraction in this area of the basin,
which can be considered prospective due to the confirmed presence of significant amounts of gas and
thick coal seams at depths > 1500 m. The study examined the vertical and horizontal variability of the
gas content in the studied area, the coal rank in the seams, thermal conditions, and coal reservoir pa-
rameters. The gas content in the seams, reaching more than 18 m3/t coaldaf at a depth of 2840 m, and
indicative estimated gas resources of 9 billion m3 were found. The high gas content is accompanied
by positive thermal and coal rank anomalies. The permeability and methane saturation of the coal
seams are low, and therefore, potential methane production may prove problematic. However, the
development of CBM extraction technologies involving directional drilling with artificial fracturing
may encourage gas production testing in the study area.

Keywords: methane; resources; bituminous coal; formation temperature; Upper Silesian Coal
Basin; Poland

1. Introduction

Coalbed methane (CBM), belonging to unconventional gas resources, is still an attrac-
tive source of energy due to the possibility of borehole extraction without the necessity to
extract the coal itself. CBM drilling technology was initiated and expanded in the USA in
the second half of the 20th century; however, it is currently most developed in Australia and
China [1]. Global CBM resources are estimated at 113–184 trillion m3 [2]. Countries with
the largest CBM potential resources include Russia, the USA, Canada, Australia, Indonesia
and Poland [2]. In the latter of the unconventional reservoirs, only coalbed methane (CBM)
has defined and calculated recoverable resources and developed reserves of 106,362.35 and
10,564.32 million m3, respectively, for the Upper Silesian Coal Basin (USCB) only [3]. The
volume of recoverable resources of CBM is comparable to the volume of conventional gas
resources in Poland; however, due to different methods of resource calculation and uneven
levels of deposit assessment, the vast majority of these resources (>90%) belong to the
lowest category of appraisal corresponding to possible resources [3].

The exploration and appraisal of CBM deposits in Poland has a long history [4–6];
however, to date, industrial production of this gas has not been initiated except for minor
production of coal-mine methane and abandoned-mine methane. Among the numerous
projects aimed at initiating industrial production of CBM, it is worth mentioning the
Geometan project implemented in 2017–2019 to demethanation of coal seams with surface
boreholes a few years before the start of coal mining and thus reduce the methane hazard.
The following undertaking is the deep exploratory well Orzesze-1 with a depth of 3710 m
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carried out in 2019–2020 to check the possibility of unconventional gas deposits developing
in the place of the deepest subsidence and the largest thickness of coal-bearing sediments
(depocenter) in the USCB [7].

The extraction of so-called deep coalbed methane, defined as occurring at depths > 1500 m,
is of interest due to, among other things, the expected significant gas reserves thicker as
well as regularly occurring coal seams and has been practiced in the USA and China [8,9].
Deep CBM production tests performed in the Laramide Basin in the western United States
have confirmed the feasibility of cost-effective gas production to depths of approximately
3000 m [9].

The results of gas content tests in coal seams carried out in the central part of the USCB
with a maximum thickness of carboniferous strata proved positive for the amount of gas present
in coal seams and are encouraging for the initiation of more advanced tests for its extraction [7].

This paper aims to analyze the variability of gas content in selected wells with
depths > 1500 m in the depocenter area of the USCB in the context of the amount of gas
present (estimated resources), the spatial distribution of the resources, and its production
potential. The study will also address factors associated with gas-bearing reservoirs, such as
formation temperature, coal rank, and selected geological features of the area (carboniferous
lithology and fault tectonics).

2. Study Area

2.1. Location

The study area is situated in the central part of the USCB within the Main Syncline
and includes the area of the depocenter of the basin, i.e., the maximum depression of the
carboniferous coal-bearing series. The thickness of the carboniferous sequence exceeds
4000 m at this location. The boundaries of the study area were chosen to include deep
wells (>1500 m deep) located in the hanging wall of the Bełk Fault, which ensures that the
depocenter area is recognized for its gas-bearing capacity at the locus of accumulation of a
significant amount of gas, generally located in the hanging wall of regional faults [10]. The
defined sector has an area of 53.4 km2 and includes, among others, the eastern part of the
former Dębieńsko mine, the southern part of the Budryk mine, and the western part of the
Bolesław Śmiały mine (Figure 1).

Figure 1. Location of the study area, 1—study area, 2—borehole, 3—the boundary of the coalfield,
4—the name of the operating minefield, 5—the name of the closed minefield, 6—fault, 7—overthrust.
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2.2. Outline of Geological Structure

In the study area to the geological prospection/exploration depth, there are carboniferous
formations belonging to the Mississippian and Pennsylvanian, covered by Triassic and Miocene
strata in the form of isolated patches and quaternary sediments (Figure 2). The upper part of the
Mississippian (Serpukhovian) and the entire Pennsylvanian (Bashkirian and Moskovian) are
coal-bearing and developed in the form of molasses deposits consisting of alternating packages
of sandstones, siltstones, and mudstones with numerous coal seams. The carboniferous coal-
bearing formation has been subdivided into three series, differing in the proportion of sandstone
layers and the number and thickness of coal seams [4,11]. The Paralic Series (Serpukhovian)
contains distinctive horizons with marine faunas, indicative of periodic inundation by the sea,
the Upper Silesian Sandstone Series (Bashkirian) contains thick sandstone packages with thick
coal seams, while the Mudstone Series (Moscovian) contains fine clastic packages (siltstone
and mudstone) and numerous but rather thin coal seams, sandstones are in the minority. The
carboniferous roof is erosional. Overlying the eroded carboniferous surface lie, for most of
the area, quaternary sediments up to 50 m in thick and isolated slabs of Triassic and Miocene
deposits were found, with a total thickness of up to 100 m.

Figure 2. Vertical distribution of the gas content (G) with a simplified sketch of the stratigraphic
column in the study area. Overburden: Q—Quaternary, M—Miocene, T—Triassic, Carboniferous
series: MS—Mudstone Series, USSS—Upper Silesian Sandstone Series, PS—Paralic Series.
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The study area, like the entire USCB, is tectonically involved. The strata generally
run in an NE-SW direction and dip to the SE at an angle of several to 50◦. To the west,
N-S-oriented fold structures appear, which include the Knurów Anticline adjacent to the
Orlova Thrust, which is regarded as the western boundary of the disjunctive part of the
USCB. The fault network of this part of the basin is built of several systems with distinct
geometry and origin [4,12]. Among them, the system with sub-latitudinal principal faults
is of great importance [13]. One such dislocation is the WNW-ESE Bełk Fault forming
the southwestern boundary of the study area, which is regional with throw up to several
hundred meters to the south. In addition, in the study area, there are numerous faults with
small throws dividing the coal-bearing series into blocks. Due to the borehole reconnais-
sance of the study area, these faults have not been definitively confirmed, but they have
been found in neighboring mines.

The sub-latitudinal fault systems have been active in various tectonic regimes, be-
ginning with the syn- and post-sedimentary periods in the Carboniferous and Permian,
through the Triassic and Cretaceous to the Neogene [13]. Neotectonic activity is also
recorded in these systems, which results in contemporary movements on the faults [14].
During periods of reactivation, the recurring left-lateral oblique-slip character of principal
faults was noted [13]. Thanks to the horizontal component of such displacement, alternat-
ing segments with compressional (watertight) and tensile (water-bearing, conducive to
fluid migration) conditions were episodically formed in the zones of these dislocations [13].

2.3. Methane Occurrence

Methane in the coal-bearing series is genetically related to coal since it is formed as
a result of chemical alterations of organic matter caused by the coalification process. The
main factor driving this process is the temperature of the rock mass and the pressure of the
overburdened rock. The amount of generated methane depends on the thermal maturity of
organic matter, i.e., the more mature the substance, theoretically, the more methane can be
produced [15,16]. The coal-bearing series in the USCB reached its greatest depth at the turn
of the Carboniferous and Permian, and at that time, the highest temperature affected the
coal seams, causing the currently observed coal rank and generating significant amounts of
methane estimated at trillions of m3 [17]. However, the sorption capacity of coal is limited
and dependent on pressure and temperature, so not all the gas produced remains in the
coal, and the excess is expelled outside the deposit. Therefore, only an insignificant part
of the generated gas is accumulated in coal seams today [17,18]. Another genetic type is
methane produced by bacteria (microbial methane), but its presence was not detected in
the study area.

There are two basic forms of methane occurrence in coal-bearing formations: sorbed
methane, which is physically and chemically bound to the coal substance and located
in coal micropores, and free methane, which fills macropores and fractures in the coal
seam and is present in gangue rock (sandstone) and fault zones. Free methane and sorbed
methane exist in mutual equilibrium expressed by gas pressure, an increase of which
promotes gas adsorption by coal, while a decrease induced, for example, by geological
processes or mining activities, causes gas desorption and migration toward other parts of
the deposit or into the atmosphere [19].

The spatial distribution of the gas content in the USCB is related to its geological
development. The long period of uplift of the basin lasting from the end of the Permian
to the Paleogene caused erosion of the upper parts of the coal-bearing complex, changing
hydrogeological conditions and, consequently, resulting in the escape of methane into the
atmosphere. The free migration of gases was facilitated by the lack of a tight overburden of
the coal-bearing series. Thus, the carboniferous rock mass was naturally degassed to depths
varying from 500 to 1000 m, depending on local lithological and tectonic conditions [4,19].

The study area lies in the northern region of the USCB [4], where up to a depth
of 500–600 m from the ground surface the carboniferous coal-bearing series has been
naturally degassed in the geological past and the gas content in the coal seams is very
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low <2.5 m3 CH4/Mg coaldaf, deeper the amount of methane increases very rapidly until
it reaches a methane-bearing maximum with a gas content of 10–18 m3 CH4/Mg coaldaf

(Figure 2).

3. Methods

The study is based on archival data from 11 boreholes drilled to identify coal deposits
and methane conditions over an area of more than 53 km2. The depths of the boreholes
range from 1612 to 3710 m, but gas-bearing tests were carried out to a depth of 2840 m in
the Orzesze-1 borehole, the deepest in the USCB. The type and number of data obtained
are shown in Table 1.

Table 1. Type and number of data from boreholes used in the study Th—coal seam thickness,
G—gas content, M—moisture content, A—ash content, T—temperature, Ro—vitrinite reflectance,
“-“ no data.

Borehole Symbol Depth (m) Th (%) G (m3/t) M (%) A (%) T (◦C) Ro (%)

Bolesław Śmiały 1M BS 1M 1836 34 34 34 34 6 3
Bolesław Śmiały 2M BS 2M 1834 27 27 27 27 6 5
Dębieńsko-Głębokie 2 DG-2 1726 27 27 27 27 6 -
Dębieńsko-Głębokie 3 DG-3 1950 42 42 40 40 7 -
Dębieńsko-Głębokie 4 DG-4 2000 34 34 31 31 7 4
Dębieńsko-Głębokie 6 DG-6 2000 36 36 35 35 7 -
Dębieńsko-Głębokie 7 DG-7 2000 37 37 37 37 7 -
Orzesze-1 Or-1 3708 41 41 41 41 4 3
Ornontowice 42 On-42 1612 33 33 28 28 6 3
Szczygłowice IG-1 Sz IG-1 2000 45 45 44 44 6 5
Paniowy IG-1 Pn IG-1 1948 32 32 31 31 6 4
In total 388 388 375 375 68 27

Due to the depocenter area of the USCB and, therefore, the focus on deep gas, the wells
were selected to be deeper than 1600 m and the recorded gas content high (>8 m3/t coaldaf)
and as little disturbed by mining activities as possible. These conditions are fulfilled in
the area located between the Bełk Fault in the south, the decommissioned Dębieńsko mine
in the west, and the working Budryk mine in the northwest. The eastern boundary is
represented by the approximate border of the depocenter marked by the location of the
Paniowy IG-1 borehole.

Two groups of parameters were analyzed. The first group consists of values related
to the amount of gas in the deposit, i.e., gas content, thickness of coal seams, coal rank
expressed by the vitrinite reflectance, and the temperature of the rock mass. They are
important in the case of spatial changes in the quantity of gas in the rock mass and affect
the amount of gas-in-place resources. The parameters from the second group determine the
gas volume that can be extracted from the deposit and include gas saturation, permeability,
and hydrogeological conditions [20]. The results from both groups of parameters indicate
trends in gas content variability in the study area and indicate the possibilities of extracting
CBM as a raw material.

The main parameter used in this study is the gas content in the coal seams, defined as
the volume of gas contained in a mass unit of dry ash-free (pure) coal substance, expressed
as m3 of gas per 1 ton of pure coal substance. Seam gas content was determined using
two methods. The KPG hermetic canisters method involves placing a 0.1 m piece of coal
core in a hermetically sealed container and subjecting it to two-stage vacuum degassing
at a pressure of approximately 7 mmHg [4]. The amount of gas obtained is measured
and converted per unit mass of pure coal substance. Gas content was measured in all
11 boreholes using this method. In boreholes Bolesław Śmiały 1M, 2M, and Orzesze-1, the
free degasification USBM method was additionally applied at atmospheric pressure [21].
This is based on cyclic (daily) measurements of gas release through a coal core placed
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in 0.3 or 0.6 m containers until, for 5 consecutive readings, the amount of gas falls to
zero or the amount of gas released is less than 5–10 cm3/day. Both methods usually give
similar results.

In the study area, the spatial distribution of gas was analyzed both vertically in
11 wells and horizontally between wells. Vertical variability was analyzed by drawing up a
summary graph of the variability of gas content in the 11 boreholes. Horizontal variability
was analyzed by separating 4 levels: −970, −1220, −1470 and −1720 m a.s.l. For each
level, the average gas content in individual wells was calculated by selecting data from an
interval of 250 m above the level, i.e., for example, for the −970 m a.s.l., data were collected
from an interval of −720 to −970 m a.s.l., and for the −1220 m a.s.l. from an interval
of −970 to −1220 m a.s.l., etc. For the mean gas content values calculated in this way,
horizontal variability maps, as well as a gas content cross-section were made. The maps
and cross-sections were produced in the Surfer 12 computer program using the natural
neighbor interpolation method.

The estimated gas resources were then calculated using the formula:

Q = Vc × (G − Gr) × b × T (1)

where Q—estimated gas resources, Vc—mass of coal in seams with thickness < 0.6 m within
the surveyed area, G—average gas content for the horizon, Gr—average residual gas con-
tent, b—coal mass correction factor according to dry ash-free basis, T—temperature factor.

Resources were calculated for each of the levels mentioned above and then summed.
The desorbing gas content was used, i.e., the total gas content minus the residual gas
content, which is the amount of gas present at atmospheric pressure and, therefore, not
desorbed. It was determined using the USBM method. Coal seams with a thickness of
>0.6 m were considered for the calculation of resources.

The resources calculated in this way provide information on the amount of gas cur-
rently accumulated in seams (gas in place) but not on the amount of gas that can be
recovered from the reservoir during drilling, i.e., the recoverable resources. To calculate
the recoverable resources, it is necessary to establish the so-called recovery factor, i.e., the
ratio of recoverable gas to the total amount of gas in the reservoir. This factor varies and
depends on parameters related to the productivity of the field, i.e., the permeability of the
reservoir, its gas saturation, waterlogging, etc. It is most often determined after the test
phase of gas production. As the trial exploitation was not carried out in the study area, it
is not possible to establish this coefficient precisely. Therefore, an attempt was made to
roughly estimate gas production possibilities based on reservoir permeability.

The coal permeability test was performed in the laboratory of the Oil and Gas Institute
in Krakow on cylinder-shaped samples with a diameter of 1 inch and a length of 3–4 cm.
The coal samples came from the Orzesze-1 well [7]. Nitrogen was passed through these
samples at a given pressure, and the amount of gas flowing per unit of time was measured.
The measurement was repeated several times for different pressure values, and then
the permeability was calculated using the Darcy equation. The permeability results are
presented for two pressure variants at 500 psi load corresponding to the near-wellbore zone
disturbed by drilling works and at 2900 psi corresponding to the undisturbed rock mass.
A total of 40 measurements from each variant were used. The variation of permeability of
each variant with depth is presented.

The gas saturation of the coal seams was calculated using 11 measurements of the coal
sorption capacity from the Orzesze-1 borehole and data on the measured gas content of the
seam according to the following formula

S = G/Gc × 100 (%) (2)

where S—saturation of the seam with gas, G—measured gas content in the seam, and
Gc—sorption capacity of the seam.
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In addition, the results of gas production tests conducted in other areas of the USCB
were used.

The high gas content in the studied area is accompanied by a thermal positive
anomaly [22,23] and an increased coal rank of the seams expressed by a slightly higher
vitrinite reflectance in comparison with neighboring areas [24]. Therefore, rock mass tem-
perature data were measured in 11 boreholes, and vitrinite reflectance data were collected.
The sources of data on rock temperature and vitrinite reflectance are literature data [22,24].
Measurements of vitrinite reflectance were performed in the laboratories of geological
companies (e.g., Katowice Geological Enterprise and Polish Geological Institute, Warsaw,
Poland). Temperature measurements are taken in boreholes after drilling is completed,
and about 120 h have elapsed to eliminate disturbance to the natural temperature of the
rock mass caused by drilling [22]. The variability of these parameters was presented as a
map of temperature variability and the vitrinite reflectance at −1000 m a.s.l. The aim is
to investigate how temperature and coalification degree have contributed to shaping the
recent gas-bearing nature of the study area.

4. Results and Discussion

4.1. Gas Content

Table 2 and Figure 2 show the vertical distribution of gas content in 11 wells drilled
in the study area. This distribution coincides with the USCB’s northern pattern of the
gas content proposed by Kotas [4]. The data presented show that up to a depth of about
−250 m above sea level (500–600 m below ground level), the gas content is low or very
low (<1 m3/t coaldaf). This is due to the natural process of degassing of the rock mass in
the geological past between the Permian and Miocene periods (several hundred million
years) due to the steady uplift of the carboniferous rock mass and erosion of its upper parts
(see Section 2). The lack of a tight carboniferous overburden allowed the gas to escape into
the atmosphere.

Table 2. Minimum, maximum, average gas content and total thickness of coal seams in boreholes at
individual levels.

Borehole
Level (m a.s.l.) Methane Content (m3/t coaldaf) Total Seams

Thickness (m)From To Minimum Maximum Average Standard Deviation Data Number

BS 1M −720 −970 3.40 7.35 5.48 1.62 3 2.25
−970 −1220 5.24 5.91 5.72 0.38 5 4.4
−1220 −1470 3.70 10.56 7.45 1.84 15 15.15

BS 2M −720 −970 0.02 7.34 2.85 2.13 7 5.75
−970 −1220 2.29 4.26 3.28 0.64 6 4.6
−1220 −1470 2.00 6.19 3.50 1.38 7 5.8

DG-2 −720 −970 5.41 9.22 7.08 1.43 4 4.3
−970 −1220 3.73 9.18 6.43 1.73 12 16
−1220 −1470 5.26 8.35 7.18 1.16 4 5.4

DG-3 −720 −970 7.94 12.96 10.45 2.51 2 1.8
−970 −1220 3.30 9.22 5.47 1.82 6 8.7
−1220 −1470 4.53 12.08 9.47 2.37 10 12.15
−1470 −1720 9.05 16.05 11.72 2.66 6 8.2

DG-4 −720 −970 8.88 9.02 8.95 0.07 2 1.4
−970 −1220 2.12 5.82 4.34 1.24 5 4.8
−1220 −1470 5.46 10.87 7.76 1.94 10 14.4

DG-6 −720 −970 3.01 5.03 3.81 0.87 3 2.9
−970 −1220 2.75 3.31 3.03 0.28 2 1.2
−1220 −1470 2.97 7.19 4.37 1.65 4 5.2
−1470 −1720 4.57 11.89 6.71 3.02 4 7.4
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Table 2. Cont.

Borehole
Level (m a.s.l.) Methane Content (m3/t coaldaf) Total Seams

Thickness (m)From To Minimum Maximum Average Standard Deviation Data Number

DG-7 −720 −970 1.23 2.53 1.72 0.46 5 5.4
−970 −1220 0.96 3.39 2.29 1.01 3 2.6
−1220 −1470 3.72 6.18 5.24 0.96 5 4.2
−1470 −1720 4.87 9.13 7.22 1.38 6 8.9

Or-1 −720 −970 9.91 12.41 10.98 1.05 3 2.35
−970 −1220 4.61 7.36 5.66 0.84 9 12.27
−1220 −1470 7.60 14.71 10.63 2.11 9 12.56
−1470 −1720 9.94 14.32 12.19 1.79 3 5.32
−1720 −1970 12.20 13.15 12.72 0.34 6 12.99

On-42 −720 −970 6.74 17.11 10.93 4.46 3 3.1
−970 −1220 3.13 8.92 6.09 1.69 9 11.5

Sz IG-1 −720 −970 2.65 10.22 4.70 2.38 9 11.25
−970 −1220 2.10 5.05 3.39 0.93 6 9.35
−1220 −1470 0.96 4.01 2.90 1.16 4 14.7
−1470 −1720 2.74 5.27 4.00 1.27 2 1.5

Pn IG-1 −720 −970 3.72 9.32 5.83 1.90 6 7.25
−970 −1220 2.17 6.70 4.38 1.52 6 7.65
−1220 −1470 2.12 6.13 4.18 1.52 6 14.65
−1470 −1720 5.74 7.57 6.96 0.86 3 6.3

The depth of the roof of the occurrence of methane coal seams is determined by the
gas-bearing surface of 4.5 m3/t coaldaf (Figure 3), which in the study area is located at a
depth of −300 to −1250 m above sea level (a.s.l.) and shows a morphologically varied
character constituting a kind of dome with a culmination in the area of the Orzesze 1 and
Ornontowice 42 wells in the central part of the area. The location of the roof reaches a level
of −300 to −450 m a.s.l. here, and from this point, the roof dips in all directions and reaches
its minimum value in the area of the Dębieńsko-Głębokie 6 and 7 boreholes located near
the Bełk Fault in the south of the study area (Figure 3). Below the depth of the surface of
the roof of the methane seams, the gas content increases rapidly, reaching high values often
>8 m3/t coaldaf. This is a high methane-bearing zone, the depth range of which has not
been recognized. Data from the Orzesze-1 well show that this zone does not disappear at a
depth of −2500 m a.s.l. (2800 m below ground level) (Figure 2), making it very extensive
vertically and reaching >2250 m in thickness. Within it, two depth sub-zones of increased
gas content are noticeable: the first at a depth of −750 m a.s.l. (about 1000 m below ground
level) with a maximum value of about 17 m3/t coaldaf, and the second broader one in the
depth interval from −1250 m a.s.l. (1500 m below ground level) to the reconnaissance limit
at a depth of −2500 m a.s.l. (about 2800 m below ground level). Gas content here ranges
from 12 to 18 m3/t coaldaf. The two zones are separated by an interval of reduced gas
content up to 10 m3/t coaldaf.

The horizontal distribution of gas content is shown in Figures 4 and 5. It can be seen
that the average gas content of the seams increases towards the center of the area and in the
vicinity of the wells Dębieńsko-Głębokie 2 and 3, Ornontowice 42, Orzesze 1 and Bolesław
Śmiały 1M it takes maximum values from 7 to 11 m3/t coaldaf at the level of −1470 m a.s.l.
From the visualization of the data presented in the geological-gas cross-section (Figure 6)
and maps (Figures 3–5), it can be seen that the distribution of gas content in the study
area has a dome shape with a peak in the central part of the area, from which the values
decrease in all directions.
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Figure 3. Roof surface of seams with gas content > 4.5 m3/t coaldaf (m above sea level).

 

Figure 4. Gas content (G) at −1220 m above sea level.
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Figure 5. Gas content (G) at −1470 m above sea level.

 

Figure 6. Gas cross-section through the study area.
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The composition of the gas is characterized by the predominance of CH4 (>90%). Of
note is the occurrence of CO2 at a level of about 15%, not previously recorded in the USCB
at depths > 2300 m below ground level (Figure 7). The presence of CO2 is accompanied by
a decrease in methane content to about 80%, which may be due to the replacement of CH4
by CO2. Other gas components, namely higher hydrocarbons and N2, are in the minority
(up to 2–3%, Figure 7).

 
Figure 7. The molecular composition of the gas.

4.2. Coal Rank

Figure 8 shows the variation of coal rank of the seams determined using the average
vitrinite reflectance (Ro) for a depth interval of −750 to −1000 m a.s.l. A clear upward trend
toward the west is evident, which is consistent with the results of earlier studies [11,24]. The
minimum value of Ro was recorded in the Paniowy IG-1 borehole in the eastern part of the
area (<1%), while the maximum value was recorded in the Dębieńsko-Głębokie 8 borehole
(1.34%) in the southwestern part. According to Kotas [11], the coal rank of the seams in the
western and central parts of the USCB is zoned. There are alternating areas of high and low
degrees of coalification at the same depth with a simultaneous depth-dependent decrease
in the coalification field towards the east, as can be seen in Figure 8. The study area partly
coincides with the latitudinal positive coal rank anomaly described by Kotas et al. [25],
occurring in the Leszczyny, Orzesze, and Ornontowice areas.

Vertically, the coal rank shows an increase in depth according to Hilt’s rule. Ro
measured in boreholes BS-1M, BS-2M, and Orzesze 1 ranges from 0.75% at a depth of
450–880 m through 1.60% at a depth of 1700–1800 m to 2.90% at a depth of about 3000 m.
This is manifested by the occurrence of coal rank ranging from high volatile bituminous
coal in the carboniferous roof part through medium and low volatile bituminous coal to
anthracite at depths > 2500 m [7].
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Figure 8. Vitrinite reflectance (Ro) of the deposits at the level of −1000 m above sea level.

4.3. Formation Temperature

In the study area, temperature was measured in all 11 boreholes. Its changes are
observed both vertically and horizontally. Temperature values were shown to increase with
depth from about a dozen degrees near the carboniferous roof to >100 ◦C at a depth of about
3000 m in the Orzesze-1 well. The geothermal gradient varies between the carboniferous
stratigraphic series and in the study area is about 3.25 ◦C/100 m for the Mudstone Series,
4.00–4.50 ◦C/100 m for the Upper Silesian Sandstone Series, and about 3.50 ◦C/100 m for
the Paralic Series [22]. The horizontal distribution of temperature in the study area shown
in Figure 9 indicates a general increase in values to the northeast toward the Szczygłowice
IG-1 borehole with a clear positive anomaly in the region of the Orzesze-1 borehole. This
picture shows general agreement with the results presented by Karwasiecka [22]. A positive
thermal anomaly in the Ornontowice and Orzesze area is evident at every documentation
level shown in the Geothermal Atlas of the USCB [22]. Both this anomaly and others found
in the USCB generally coincide with the position and direction of regional sub-latitudinal
dislocations, of which the Bełk Fault is one in the study area. This localization of thermal
anomalies indicates heat transport by these dislocations from great depths toward the
surface. The source of heat could be the decay of radioactive elements (radiogenic heat) [26]
and/or additional heating after the tectonic inversion of the basin in the Asturian phase [27].
Circulating hydrothermal solutions in the Mesozoic may have played a special role in this
case, leading, for example, to the formation of giant zinc-lead ore deposits bound to the
Triassic formations in the northern margin of the USCB [28]. This heating is unlikely to
have led to a renewal of the coalification process [29] but may have remobilized methane
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accumulated in the coal seams. The two processes may overlap and are presumably linked
to heat sources that are not very deep. Previous interpretations of the heat transport
possibility in the area of large dislocations in the south of the USCB, in the Jastrzębie and
Czechowice regions, have shown that the depth of these sources may be about 10 km from
the ground surface, where crystalline rocks (granites and gneisses) occur that underlie
the USCB sedimentary series and maybe the provider of radiogenic heat [22,30]. Analysis
of the maps in Figure 4, Figure 5, Figure 8, and Figure 9 indicates some convergence of
methane content in seams, high coal rank, and positive thermal anomaly. However, the
trends of changes in vitrinite reflectance in Figure 8 and temperature in Figure 9 do not
completely coincide. The high formation temperature at the level of −1000 m, culminating
in the area of the Orzesze-1 well (53.5 ◦C), is accompanied by lower vitrinite reflectance
(1.01%) compared to the western part of the area. This is because the vitrinite reflectance
shows a regional USCB trend of increasing from east to west, which results from the rate
of subsidence of the area of deposition of carboniferous sediments and, consequently, the
course of the coalification process at the turn of the Carboniferous and Permian [29]. In
turn, the thermal anomaly occurring in the research area (Figure 9) is the result of the
subsequent heating of the rock mass, probably initiated in the Asturian phase and then
continued in the Mesozoic [27,28]. Thus, it overlaps the previously existing coal field of
the basin.

Figure 9. Formation temperature (T) distribution at the level of −1000 m above sea level.

The relationship between gas-bearing capacity and temperature was postulated by
Tarnowski [10], who indicated the presence of magmatic intrusions around which the
pressure of gas in the seams and gas-bearing capacity were low or zero, while at some
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distance from them, a sort of halo was formed with rapidly increasing gas pressure and
high gas content.

The observed increase in gas content towards the central part of the study area
(Figures 4 and 5) and, thus, the delineated dome (see Section 4.1) may indicate that gas
migration occurred from the bottom up above the local hypothetical heat source. This may
be pointed out by variations in the molecular gas composition manifested by the fact that
higher hydrocarbons (C2H6 and C3H8) and CO2 are found deeper than methane (Figure 7),
the opposite of the gas composition resulting from the origin of its components [16]. On
this basis, it can be assumed that the gas found in the so-called first subzone of increased
gas content may be of migratory origin. Migration pathways are faults and accompanying
fractures and permeable sandstones. The lack of information as to the fading of the deeper
methane subzone at a depth of 2800 m makes it difficult to assess the mode of gas migration
at this depth. Studies on the isotopic composition of carbon in methane indicate that up to
a depth of about 1000 m, there is migration gas, and below that, indigenous gas occurs [31].

The coincidence of temperature anomalies with increased gas content is also ob-
served in other areas of the USCB, especially in the south (Jastrzębie, Pszczyna, and
Czechowice–Dziedzice regions) [22].

4.4. Gas Operating Conditions

The estimated gas-in-place resources are summarized in Table 3. They amount to
8.9 billion Nm3 for the entire field, with the largest resources (3.3 billion Nm3 of gas)
recorded for the −1470 m a.s.l. This is due to the highest average thickness of coal seams at
this level. The resource estimate presented does not mean the actual amount of gas to be
extracted (see Section 3), as this can be calculated based on a recovery factor that depends
on the reservoir parameters of the coal seams. These parameters include permeability of
coal seams, hydrogeological conditions, and saturation of coal seams with gas.

Table 3. Summary of estimated gas resources at individual levels and in total in the study area.
B—recalculation coefficient for the dry and ash-free basis of coal, G—gas content, Gr—residual gas
content, M—moisture content, A—ash content, Q—methane resource.

Level (m a.s.l.)
Coal Mass (t) B G (m3/t) Gr (m3/t) M (%) A (%) Q (m3)

From To

−720 −970 329,415,243.91 0.86 5.70 0.69 1.41 12.80 1,275,154,180.25
−790 −1220 573,079,043.18 0.86 5.10 0.95 1.25 13.03 1,837,238,965.39
−1220 −1470 767,209,827.76 0.87 6.96 1.40 1.21 12.16 3,329,197,046.04
−1470 −1720 458,504,627.04 0.85 8.46 1.53 1.36 14.11 2,421,325,988.99
In total 8,862,916,180.67

4.4.1. Permeability

This parameter is responsible for the migration of fluids (gas) in the rock mass. In
the case of coal seams, it is determined by the presence of a complex system of fractures
(cleat system), among which one can distinguish fractures of the primary system (face
cleats) and perpendicular subordinate system (butt cleats). In addition, master cleats
occur, i.e., fractures that cut not only the coal seam but also the surrounding rocks [32,33].
In the study area, permeability was measured only in the Orzesze-1 borehole on 40 coal
samples, and its variation in depth is shown in Figure 10. Figure 10a illustrates permeability
results at a seal of 500 psi, which corresponds to the conditions of the rock mass relaxed by
drilling the borehole, while the results illustrated in Figure 10b correspond to a 2900 psi
seal adequate to the conditions of an intact rock mass. In both cases, the permeability of
the coal seams is low, ranging from 0.004 to 47.6 mD (average 3.97 mD) for a 500 psi load
and from 0.0001 to 0.34 mD (average 0.05 mD) for a 2900 psi seal. Values >2 mD appear
only in the set of results for 500 psi loading in 19 samples and a value exceeding 10 mD in
only 2 cases for the same data set. The highest permeability occurs in the depth interval
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from about −1430 to −1600 m a.s.l. (1740–1900 m below ground level) (Figure 10), but in
general, the permeability of coal seams is too low (<0.1 mD in the bulk of samples for the
dataset at 2900 psi loading), considering the gas flows in a profitable amount. This is most
likely due to the great depth of the survey (>800 m below the ground surface), at which
significant rock mass stress (>800 m column of rocks) causes the tightening of fractures
and thus reduces the permeability of coal seams. The petrographic structure of the coal
substance and the tectonic involvement of the study area are also not negligible [5]. Low
coal permeability (up to 0.1 mD) is also a feature of other regions of the USCB, and higher
values appear rarely [5].

Figure 10. Variability of coal seams permeability in the Orzesze-1 well, (a)—for a 500 psi seal, (b)—for
a 2900 psi seal.
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4.4.2. Hydrogeological Conditions

The study area lies within the hydrogeologically open region of the USCB, where there
is free media communication between the ground surface and the carboniferous complex.
Quaternary and partly Triassic and Miocene formations occurring in the overburden are not
a barrier to migrating meteoric waters. Aquifers occur in the quaternary and carboniferous.
In the latter, sandstones, primarily of the Upper Silesian Sandstone Series, are water-bearing;
however, in the Mudstone Series, the Orzesze strata also contain inserts of water-bearing
sandstones several meters thick. The sandstones of the Upper Silesian Sandstone Series
have the best filtration parameters, but at great depths (>1000 m), the filtration conditions
worsen significantly, and the rock mass becomes practically impermeable. The filtration
coefficient at this depth drops below 10−8 m/s. The water is also becoming increasingly
saline (6 to more than 60 g/L), containing sulfates and chlorides.

From the perspective of methane exploitation, water pumping is necessary because of
the need to lower the hydrostatic pressure to at least the critical desorption pressure, which
enables the initiation of methane desorption from the coal seam and, thus, its exploitation.
The amount of water pumped out varies and depends on the duration of operation and
the watering of gas exploitation intervals. In the southern part of the USCB, an average of
1.1 to 2.7 thousand cubic meters of water was pumped out during the methane production
tests, with 23–40 thousand cubic meters of gas captured during the 116–130 days of the
test [5]. Due to the salinity of the pumped water, plans should be made for its effective
disposal or injection back into the rock mass.

4.4.3. Sorption Capacity and Methane Saturation of the Seams

Figure 11 shows the sorption isotherm versus measured gas content for a sample from
seam 420/1, at a depth of 2234 m in the Orzesze-1 well. The sorption capacity of coal at
this depth is about 25 m3 CH4/t coaldaf with a measured gas content of 15 m3/t coaldaf.
It follows that the saturation of the sample with methane is only 60%. The situation
is similar for other coal samples from this borehole, whose sorption capacity is in the
range of 16–40 m3 CH4/t coaldaf and gas content is 8–18 m3 CH4/t coaldaf, which means
saturation from 42 to 92%, on average 42–60% [7]. Similar results were obtained from the
Bolesław Śmiały-1 well. This shows significant undersaturation of coal seams with gas
under reservoir conditions. In contrast to other USCB regions, where methane saturation
increases with depth and at >1000 m from the ground is >90% [34], here we are dealing
with saturation much lower regardless of depth.

According to previous global studies [35,36], the saturation of coal seams with methane
is linked to the geological evolution of coal basins, among other factors. When a coal seam
reaches its final degree of coalification, the seam is mostly saturated with methane at
100%, and the excess gas is expelled outside. As a result of the subsequent uplift of the
coal-bearing series and the lowering of the temperature of the rock mass, the seam increases
its sorption capacity, and if there is no resumption of gas generation, the seam becomes
undersaturated with methane. This phenomenon also occurred in the USCB [5], which was
uplifted from the Permian to the Neogene, causing the temperature of the rock mass to
decrease to the current values and, as a result, undersaturation of the seams with methane
over a significant area.

Thermal events in the geological past described in Section 4.3, which can cause
methane remobilization, probably contributed to the secondary degassing of coal seams
and further increase of their undersaturation. The positive thermal anomaly in the study
area may thus have played a role in the observed incomplete saturation of the seams
with methane.

The phenomenon of undersaturation of seams with gas under high-pressure conditions
at great depth (>1500 m) has an unfavorable effect on the extraction of methane from the
coal seam through the production well due to the observed delay in gas flow after the
critical desorption pressure is reached.

172



Energies 2024, 17, 2592

Figure 11. Gas sorption isotherm (1) and total gas content (2) of a coal sample from a depth of 2234 m
(seam 420/1 in Orzesze-1 well).

4.4.4. Gas Production Prospects

Factors such as hydrostatic pressure, permeability, and saturation of seams with
methane determine the success of methane well production. Hydrogeological conditions
are also important. Methane extraction from deep coal seams in the depocenter area of the
USCB can be particularly difficult due to the low permeability of coal seams. The results
of studies and observations carried out during borehole methane production in the USA
have shown that at high hydrostatic pressures at depth (>1000 m), a significant reduction
is necessary to achieve the critical desorption pressure, so vast amounts of water must be
pumped out [37]. The low permeability of coal seams can make this very difficult and,
therefore, slow down the process of achieving the critical desorption pressure and thus
delay the flow of gas into the well. The low saturation of the seams with gas can be an
additional negative factor here.

However, the advantage of the deep interval for potential gas production is the
high gas content in the seams, in most cases exceeding 4.5 m3/t coaldaf at depths below
−720 m a.s.l. (about 1000 m below ground level), and thick coal seams (>0.6 m). Among
the thickest are seams of the Upper Silesian Sandstone Series (2.5 to 11.8 m thick), but they
occur at depths > 2000 m in the study area. The considerable thickness of the coal seams
and the high gas content have determined the estimated gas resources at 8.9 billion m3.
As already mentioned, this figure is only an indicative estimate and applies only to gas in
place. The low permeability of the reservoir, which significantly determines the amount of
gas production, leads us to conclude that the extraction rate will not be high. According to
international experience, at a permeability of 1 mD, the utilization of gas-in-place resources
is up to 25%, at 5 mD up to 47%, and at 25 mD up to 75%, respectively [20,38,39]. Taking the
above into account and considering the low permeability of the reservoirs, only periodically
increasing above 1 mD at a seal of 500 psi, the resource utilization rate in the study area
will be low, below 50%.
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Nevertheless, it should be remembered that the technology of exploitation, which has
greatly modernized over the past two decades, is of great importance in the amount of gas
extracted. A major innovation was the introduction of horizontal boreholes in the USA
at the turn of the 21st century, which, covering a much larger area of coal seam drainage,
contributed to a significant increase in gas extraction and the coverage of production in areas
previously considered unpromising [40]. Artificial fracturing of coal seams also proved to be
very helpful, leading to an increase in permeability and, therefore, improving the gas yield
from the wells. Horizontal borehole technology combined with artificial fracturing was
introduced in the USCB after 2010, following the failed tests of gas production with vertical
boreholes providing access to multiple seams simultaneously, conducted in the basin in the
1990s [41]. The USCB’s breakthrough was the use of a doublet of combined vertical and
horizontal boreholes, with the vertical one acting as a production well. This ensured efficient
dewatering of the deposit [41]. Tests conducted with this method in the southeastern part
of the USCB (Międzyrzecze region) gave very good results, as daily gas production of
10,000 m3 was achieved, and after pressure stabilization, about 5000 m3. The trials were
carried out at a depth of 1000 m in the Upper Silesian Sandstone Series by the Polish Oil and
Gas Company and the Polish Geological Institute under the Geometan project. This shows
that the use of new technologies can significantly increase the amount of gas extracted
and significantly improve the recovery rate from a reservoir, even in problematic areas for
gas production. Global experience shows that increased gas production from a well can
also be achieved by combining hydraulic splitting technology with the use of directional
drilling [42] or by applying coiled tubing fracturing technology implemented in several
horizontal well clusters [43].

The combination of methods applied in the USCB and in other countries prompts us
to consider the possibility of conducting CBM production tests in the depocenter area of
the basin, which, if the results are positive, may contribute to expanding the gas resource
base in Poland, given that the composition of the gas extracted from the virgin areas of the
basin allows for a wide range of uses.

5. Conclusions

1. In the study area, the gas content of the coal seams is arranged in a zonal manner.
Up to a depth of about 500–600 m from the ground, there is a naturally degassed zone,
below which a vertically extensive high-methane zone is present with two sub-zones visible,
an upper zone with gas content up to 17 m3/t coaldaf and a lower zone with gas content up
to 18.6 m3/t coaldaf at a depth of 2840 m. The two zones are separated by an interval of
reduced gas content.

2. Horizontally, the distribution of gas content is observed in the form of a dome
with a maximum in the central part of the study area, from which gas volume decreases in
all directions.

3. The dome of gas content coincides with the positive temperature anomaly and the
coal rank of the seams. The transport of heat by faults from a deep source causing secondary
migration of methane and its accumulation at some distance from the hypothetical heat
source is not excluded.

4. Significant estimated methane resources of 8.9 billion m3 are accompanied by not
very favorable parameters related to reservoir productivity, i.e., low permeability of seams
(in a significant part of the profile not exceeding 2 mD) and low saturation of seams with
methane (on average 40–60%). The poor permeability is due to the considerable depth
of the seams in the depocenter area of the basin. These parameters mean that the gas
extraction rate from the reservoir may be low.

5. Leveraging new CBM production technologies used globally and in the USCB, for
example, the use of hydraulic fracturing technology combined with horizontal boreholes in
the form of well doublets can help improve reservoir productivity.
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6. Given the significant estimated gas-in-place resources and the track record of deep
gas production worldwide, it is worthwhile to conduct gas production tests in the study
area, as the gas resource base in Poland could be expanded if successful.
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38. Nieć, M. Methane deposits in coal-bearing formations. In Proceedings of Underground Exploitation School; Polish Academy of

Sciences: Kraków, Poland, 1993; pp. 281–301.
39. Moore, T. Coalbed methane: A review. Int. J. Coal Geol. 2012, 101, 36–81. [CrossRef]
40. Tao, S.; Tang, D.; Xu, H.; Gao, L.; Fang, Y. Factors controlling high-yield coalbed methane vertical wells in the Fanzhuang Block,

Southern Qinshui Basin. Int. J. Coal Geol. 2014, 134–135, 38–45. [CrossRef]
41. Hadro, J.; Wójcik, I. Coalbed methane: Resources and recovery. Przegląd Geol. 2013, 61, 404–410.
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Abstract: This study utilizes nuclear magnetic resonance (NMR) techniques to monitor complex
microstructures and fluid transport, systematically examining fluid distribution and migration during
pressure imbibition. The results indicate that increased applied pressure primarily affects micropores
and small pores during the initial imbibition stage, enhancing the overall imbibition rate and oil
recovery. Higher capillary pressure in the pores strengthens the imbibition ability, with water initially
displacing oil from smaller pores. Natural microfractures allow water to preferentially enter and
displace oil, thereby reducing oil recovery from these pores. Additionally, clay minerals may induce
fracture expansion, facilitating oil flow into the expanding space. This study provides new insights
into fluid distribution and migration during pressure imbibition, offering implications for improved
oil production in tight reservoirs.

Keywords: applied pressure; imbibition; nuclear magnetic resonance; tight oil reservoir

1. Introduction

In the past decade, significant breakthroughs have been made in the development
of unconventional oil and gas, mainly due to the development of hydraulic fracturing
and horizontal drilling technologies [1,2]. Spontaneous imbibition is a process in which
the wetting phase displaces the non-wetting phase in porous media under the action of
capillary force. According to the movement direction of wetting phase and non-wetting
phase, it can be divided into cocurrent and countercurrent spontaneous imbibition [3].
Spontaneous imbibition refers to the process in which water is automatically drawn into
the core and drives out crude oil without pressure, while forced imbibition refers to the
process in which water is forced into the core and drives out oil under pressure. The
imbibition of conventional reservoirs has been studied extensively in recent years. A
large number of studies have shown that imbibition in tight oil reservoirs is one of the
important driving forces for crude oil recovery [4–6]. The spontaneous imbibition induced
by capillary force is especially remarkable because the pore size is in micron or even
nanometer range [7]. Production data from the field also show that shutting down the well
for a while after fracturing allows the fracturing fluid to be fully absorbed in the reservoir,
exerting the effect of imbibition suction to drive oil and improve recovery [8–10]. Studying
multiphase flow is crucial for optimizing processes and ensuring safety across diverse
scientific and engineering fields, including oil and gas extraction, chemical manufacturing,
and environmental remediation. This understanding enables the efficient handling of
complex interactions between different phases, leading to advancements in technology and
improved operational outcomes.
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In recent years, a large number of scholars have carried out experimental studies on
imbibition. The traditional imbibition experiments are mainly mass and volume meth-
ods [11]. However, the experimental results of these two methods are easily influenced
by artificial factors and cannot reflect the existence state of fluid in the core. The nuclear
magnetic resonance (NMR) technique is a high-precision and high-efficiency detection
tool. It has diverse applications across multiple disciplines, including medicine, chemistry,
physics, and oil and gas development [12–14]. Li et al. [15] studied the effect of initial water
saturation on spontaneous imbibition in tight gas reservoirs using NMR, which found
that 90% of the residual gas is in pores with pore sizes greater than 1 μm. Yang et al. [16]
combined physical simulation experiments combined with NMR, which found that the
more hydrophilic the core, the higher the imbibition rate and recovery. Yang et al. [17]
conducted spontaneous imbibition experiments of tight reservoirs and found through
T2 spectroscopy that pores correspond to larger capillary pressures, which have a more
effective imbibition and oil displacement effect. Farahani [18] studied the kinetics and
spatial characteristics of thermally induced methane hydrate formation in synthetic and
natural sediment samples using magnetic resonance imaging. Xiaomin [19] pointed out
that NMR techniques provide qualitative and quantitative observations of macro-fractures,
microfractures and micro- and nanoscale fractures in reservoirs. Hassanpouryouzband [20]
reviewed the different properties of natural gas hydrates and their formation and dissocia-
tion kinetics. Cui, Xiaojun [21] extended several methods for measuring permeability and
diffusivity with consideration of gas adsorption.

Due to the presence of confining pressure in the reservoir, the driving force of imbibi-
tion is not only capillary force, but also the pressure applied to the fluid. Several scholars
have conducted studies on pressurized imbibition. Xu et al. [22] conducted imbibition and
backflow experiments on sandstone samples, which found that the water that seeped into
the core was mainly retained in the nano-micropores and nano-mesopores. Compared
with spontaneous imbibition, forced imbibition significantly increased the recovery of cores
and increased the retention of fracturing fluid. Wang et al. [23] found that the recovery
and imbibition rate of core samples were positively correlated with pressure by imbibition
experiments under different applied pressures. Jiang et al. [24] used the tight sandstone in
Ordos Basin as a research object, which found that the final recovery rate of core samples
increased when the surrounding pressure increased.

Currently, a large number of experimental studies on imbibition have been conducted
mainly under atmospheric pressure. Although research on forced imbibition has achieved
certain results, there is still a lack of understanding of factors such as pore structure
and mineral composition of rock cores, as well as the impact of external pressure on
imbibition. In this paper, the cores of four formations were selected to test their porosity,
permeability, mineral composition, and other information. The device for the forced
imbibition experiment was also designed, and imbibition experiments under different
pressures were conducted. Our experiments were conducted to study the distribution and
transport pattern of fluid during the imbibition process, which use the NMR detection.

2. Experimental Materials and Methods

2.1. Rock Samples and Fluids

The samples of tight oil reservoirs are taken from Ordos Basin, Songliao Basin and
Junggar Basin, which are rich in tight oil and gas reservoir resources. Since the samples are
taken from different areas and at different stratigraphic depths, the influence of different
stratigraphic fractures as well as clay minerals can be observed. Cylinders of 2.5 cm in
diameter are drilled from larger rock outcrops and machined and cut by wireline cutters
into cylinders of about 50 mm in length, with the ends machined flat. The cores were
dried at 105 ◦C after removal of residual oil until the quality no longer changed. We
used a Vernier scale and balance to accurately measure the length, diameter, and quality
of core samples. During the experiment, the core was subjected to a certain pressure
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environment for imbibition by external pressurization. The basic information is listed in
Table 1, including the source, size, and saturated oil mass.

Table 1. The physical properties of core samples.

Label Formation Pressure, MPa Diameter, cm Length, cm
Mass of Oil-Saturated

Sample, g

LC7-1

Lower Chang-7

0 2.50 4.11 47.3395
LC7-2 4 2.50 4.19 47.7744
LC7-3 8 2.51 5.40 65.7224
LC7-4 12 2.50 5.54 65.4972

UC7-1

Upper Chang-7

10 2.49 4.08 48.4081
UC7-2 10 2.50 1.95 23.3551
UC7-3 10 2.50 6.44 81.14
UC7-4 10 2.49 3.10 36.2698
UC7-5 10 2.50 3.02 35.1438

QT-1 Quantou
formation

10 2.50 3.5 44.9562
QT-2 10 2.52 3.60 45.3792

WEH-1
Wuerhe formation

10 2.51 5.02 57.4809
WEH-2 10 2.50 4.313 51.1658

XRD analysis was carried out on rock fragments using a Rigaku D/Max-2500/PC-
type X-ray diffractometer (Co Kα radiation,40 kV, 30 mA), which is made by the Rigaku
Manufacture in the Woodlands, TX, USA, to study the effect of mineral composition
on seepage results. The results of whole-rock mineral composition and clay mineral
composition are shown in Figure 1. Sample WE is mainly composed of quartz and clay
minerals, with 40% clay minerals. Sample QT is mainly composed of quartz, feldspar, and
clay minerals at 26%, 34%, and 24%, respectively. Samples LC7 and UC7, on the other hand,
are mainly composed of quartz and feldspar, both of which can reach 70%. However, their
clay mineral content is less than 20%. According to Yang et al. [16], a moderate content
of clay minerals (20.5–30.2%) can induce microfracture extension to mitigate reservoir
damage, while a high content of clay minerals (36.8%) may disrupt matrix pore space and
thus aggravate reservoir damage. The higher clay mineral content of WEH and QT can
be used to analyze the effect of clay minerals on pore structure during percolation. The
lower clay mineral content of samples LC7 and UC7 indicates that we can disregard the
effect of their water absorption and swelling during percolation. Therefore, these samples
can be used to analyze the pore size distribution and the effect of natural fractures on the
percolation absorption.

  
(a) (b) 

Figure 1. The results of mineral composition analysis: (a) percentage of whole-rock mineral composi-
tion; (b) percentage of clay mineral composition; I/S represents the illite/smectite mixed layer.
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The experimental fluids consist of high-purity (≥99%) deuterium water and kerosene.
The basic properties of density, viscosity and surface tension are shown in Table 2. In this
case, the density and viscosity of paraffin and deuterium water were measured under
the ASTM standard, and the surface tension of the liquids was measured using a surface
tension meter under the standard [25]. Since the NMR equipment could not distinguish
the signals of kerosene and water, deuterium water with similar properties to water was
selected as the imbibition solution to reduce the impact on the reservoir. The NMR signals
are all from kerosene in the core. In the percolation experiments, deuterium water is used
as a wetting fluid to displace the non-wetting fluid kerosene.

Table 2. The basic properties of the experimental fluid (25 ◦C).

Fluid Density, g/cm3 Viscosity, cp
Surface Tension,

mN/m

Deuterium water 1.107 0.91 72.2
Kerosene 0.81 1.32 29

2.2. Experimental Apparatus

The device for testing the core mass in the experiment is a Mettler balance (model
ME204E) with an accuracy of 0.0001 g and a range of 220 g, as shown in Figure 2a. The
change in sample mass and the difference in oil–water density can be used to calculate the
volume of imbibed water and discharged oil during imbibition.

  
(a) (b) 

Figure 2. The apparatus for the experiment: (a) analytical balance, (b) nuclear magnetic resonance
analyzer.

The NMR instrument is provided by Suzhou Niumai Analytical Instruments Corpora-
tion (Suzhou, China), with the model number MiniMR-VTP and a magnetic field strength
of 0.5 T, as shown in Figure 2b. The test temperature is 25 ◦C, the humidity is 40%, and the
pressure is atmospheric pressure. NMR is a nondestructive testing method to analyze the
physical characteristics of rocks by measuring the content of hydrogen elements within the
rocks. The NMR T2 spectrum can reflect the pore structure and fluid distribution character-
istics well. The higher the relaxation time T2, the larger the pore size of the fugitive fluid.
The more fluid is presented in a certain pore size of the rock, the larger the T2 spectrum
amplitude [26–29].

A forced imbibition experimental device consists of a pressurized pump, intermediate
container, pressure gauge, iron pipeline, valve, etc. The upper part of the intermediate
container piston is deuterium water, and the lower part of the water comes from the
pressurized pump. The pressure applied in the vessel is read by a pressure gauge.
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2.3. Experimental Procedures

In this study, the mass of core samples was measured under various pressurization
conditions and correlated with NMR T2 spectra over time. The experimental procedure
comprised several key steps:

(1) Preparation and Cleaning: Initially, the tight reservoir samples were meticulously
washed to remove residual oil. To effectively clean the cores and minimize the
solvent’s impact on rock wettability, a 1:4 alcohol/benzene mixture was used. After
washing, the sample mass was recorded.

(2) Oil Saturation: The cleaned samples were then placed in a saturated oil device and
evacuated for 2 to 3 h to eliminate any air. Subsequently, kerosene was injected at a
pressure of 20 MPa, and the samples were left to saturate for 72 h.

(3) Mass and T2 Measurement: Once the saturation period was complete, the mass and
size of the oil-saturated samples were measured. These cores were then placed into
deuterium water within the forced imbibition experimental apparatus. Pressure was
applied using a pressurization pump. After a specified duration, the pressure was
released, the core was removed, and its mass was measured. The T2 spectrum was
then analyzed using an NMR instrument, which is provided by Suzhou Niumai
Analytical Instruments Corporation (Suzhou, China).

(4) Repetition and Analysis: This process (step 3) was repeated to observe changes in the
T2 spectrum over immersion time, enabling the creation of a detailed plot depicting
the variation in the T2 spectrum with time.

A schematic diagram illustrating the experimental procedure is provided in Figure 3.
This methodical approach enabled a comprehensive understanding of fluid distribution
and migration under applied pressure, shedding light on the imbibition mechanisms in
tight reservoirs.

Figure 3. The schematic diagram of the experimental process. (a) Pressure loading system. (b) Imbi-
bition generation system. (c) Qua-monitoring. (d) NMR measurement system.

3. Experimental Results and Discussion

3.1. Effect of Applied Pressure on Oil Transport during Imbibition

According to Meng et al. [22], tight rock pores can be divided into micropores (<1 ms),
small pores (1–10 ms), large pores (10–100 ms), and the larger pores (>100 ms). The larger
pores and macropores mainly include matrix pores and microcracks. Figure 4 shows the
T2 spectrum curves of samples LC7-1 to LC7-4 under different applied pressures. From
the T2 spectrum, it can be seen that the sample is mainly composed of micropores and
small pores. The T2 spectra in the first three groups all have bimodal characteristics,
but the right bimodal characteristics are not obvious. The left peak T2 value is within
the range of 0.02~9 ms, and the right peak T2 value is within the range of 9~714 ms.
The relaxation time is between 0.1 and 10 ms, indicating that water absorption is mainly
concentrated in nanopores and mesopores. The T2 spectrum formed under an external
pressure of 12 MPa is characterized by a single peak. Its range is between 0.02 and 821 ms.
By comparing the results of spontaneous imbibition, the amplitude shows a decreasing
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trend as the fluid enters. Obviously, as the external pressure increases, the amplitude also
increases, and the curve in the later stage of imbibition tends to be more consistent, which
is similar to the T2 spectrum characteristics of spontaneous imbibition. At 4 MPa, 8 MPa,
and 12 MPa, the decrease amplitude is 18.6%, 28.3%, and 32.3%, respectively. And the
reduction in micropores and small pores is significantly greater than that of large pores. This
phenomenon may be attributed to the effect of external pressure, which reduces the contact
angle between the core and the liquid. This reduction in contact angle leads to an increase
in capillary pressure within the smaller pores, thereby enhancing their imbibition effect.

 
(a) LC7-1 

 
(b) LC7-2 

 
(c) LC7-3 

Figure 4. Cont.
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(d) LC7-4 

Figure 4. The T2 spectrum and recovery rates of imbibition of sample LC7-1, LC7-2, LC7-3, and LC7-4
at different applied pressures: (a) 0 MPa, (b) 4 MPa, (c) 8 MPa, (d) 12 MPa.

Figure 5 shows the imbibition recovery at different applied pressures. As the applied
pressure increased, the overall imbibition recovery increased. The imbibition recovery
at different pressures corresponds to 8.5%, 18.6%, 28.3%, and 32.3%, respectively. With
increasing time, their corresponding recovery rates are 28.7%, 32.8%, 31.3%, and 39.8%. It
is shown that with the increase in applied pressure, there is a positive correlation effect
on the recovery rate, while for the late stage of imbibition, the effect is rather insignificant.
In the initial stage of imbibition, the oil is mainly replaced by the water in the micropores
and small pores for discharge, while the applied pressure mainly changes the imbibition
rate by affecting the capillary pressure, which has the greatest effect on the micropores and
small pores. Therefore, the overall imbibition rate can be improved. In the later stage of
imbibition, the oil is mainly replaced through the large empty pores. The applied pressure
has less influence on the large pores, and thus the change in imbibition recovery in the
later stage is not obvious. It can be observed that the recovery rate at a pressure of 8 MPa
is slightly lower than at 4 MPa. This variation can be attributed to the heterogeneity of
the rock, as it is not possible to ensure uniform lithology across all samples. Despite this,
the overall recovery rate exhibited an upward trend, indicating that increased pressure
generally has a positive effect on recovery.

  
(a) LC7-1 (b) LC7-2 

Figure 5. Cont.
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(c) LC7-3 (d) LC7-4 

Figure 5. The imbibition recovery of different samples at different pressures on the first day and
onwards.

3.2. Effect of Pore Size Distribution on Imbibition

In this section, we discuss the influence of different pore sizes and their distributions on
the pressure imbibition effect. Figure 6 shows the T2 spectral curves of UC7-1, UC7-2, and
UC7-3 under an external pressure of 10 MPa. Both have the same T2 spectral characteristics,
and the amplitudes corresponding to different apertures show a significant downward
trend. The T2 spectrum of sample UC7-1 shows a three-peak distribution, with the left
peak ranging from 0.07 to 50 ms, the middle peak ranging from 50 to 100 ms, and the
right peak ranging from 100 to 700 ms. The T2 spectrum of UC7-2 shows a multimodal
distribution, with the left peak ranging from 0.07 to 50 ms and the right peak ranging from
50 to 400 ms. The T2 spectrum of sample UC7-3 shows a single peak distribution, with a
range of 0.07~10 ms. The amplitude accumulation curve also shows that the three samples
have different pore size distribution characteristics. The pore distribution of UC7-1 is
relatively uniform. In UC7-2 and UC7-3 samples, the oil in the pores of the former is mainly
present in mesopores and larger pores, while the latter is mainly present in micropores and
small pores. When the imbibition time exceeds 410 h, the cumulative curves of different T2
spectra basically overlap and do not change, and the curves remain within a certain range.
It indicates the presence of residual oil in the pores, and the use of external pressure and
capillary force alone cannot completely drain the oil, which may be related to the trapping
effect of the narrow pore throat channels inside.

Figure 7 shows the variation in oil content in different pores. In Figure 7a, due to the
uniform distribution of pores, the overall imbibition recovery rate is relatively average,
while the recovery rate of micropores is relatively low. In Figure 7b, after 52 days of
imbibition, the oil content in all pores decreases, but that in micropores and small pores
is more significant. In Figure 7c, after 52 days of imbibition, the oil content in micropores
and small pores significantly decreases, while the oil content in large pores increases. It
indicates that under the action of capillary force, water preferentially displaces oil from
micropores and flows into larger pores. The capillary force of micropores and small pores
is greater, so the permeability of pores is stronger. Due to the larger micropores and smaller
pore sizes of sample UC7-3, its capillary pressure is stronger and its permeability is stronger.
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(a) UC7-1 

(b) UC7-2 

(c) UC7-3 

Figure 6. The T2 spectra of different samples under 10 MPa forced imbibition: (a) UC7-1, (b) UC7-2,
(c) UC7-3.
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(a) UC7-1 (b) UC7-2 

 
(c) UC7-3 

Figure 7. The changes in oil content in different pores of the sample: (a) UC7-1, (b) UC7-2, (c) UC7-3.

3.3. Effect of Natural Cracks on Imbibition Absorption

Figure 8 shows the T2 spectra of spontaneous and pressurized imbibition of samples
UC7-5 and LC7-5. According to Yang [17], spontaneous imbibition samples are enveloped
by microcracks and exhibit different characteristics of oil migration. The amplitude decrease
rate of macropores and macropores is greater than that of micropores. Compared with
micropores, microfractures are the main channels for oil and gas migration. The T2 spectrum
distribution of UC7-5 sample under pressure imbibition is the same as that of spontaneous
imbibition, with oil mainly distributed in larger pores (>10 ms) and also containing many
microcracks, ranging from 0.05 to 1000 ms overall. LC7-5 contains fewer microcracks, and
oil mainly exists in micropores. As the imbibition time increases, the amplitude of large
pores in forced imbibition decreases significantly compared to spontaneous imbibition,
and tends to stabilize in the later stage. From the T2 spectrum curve at the beginning of
imbibition, it can be seen that the cracks in sample UC7-5 are mainly macropores, with
more parts >10 ms. Perhaps due to the presence of more natural fractures, the residual oil
saturation in the later stage of imbibition is higher.
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(a) UC7-4 

(b) UC7-5 

Figure 8. The T2 spectra of different samples under forced and spontaneous imbibition at 10 MPa:
(a) UC7-4, (b) UC7-5.

Figure 9 shows the spontaneous imbibition of sample UC7-2 and the changes in oil
content in different pores of samples UC7-4 and UC7-5 under the pressure of 10 MPa.
Before imbibition, oil in sample UC7-5 mainly exists in micropores, small pores, and larger
pores, accounting for 21.9%, 36%, and 33.8%, respectively. After 52.9 days of imbibition, the
oil content in larger pores and macropores significantly decreases, while the oil content in
micropores changes less. The oil recovery rate is significantly higher than that of micropores.
In sample LC7-5, oil mainly exists in micropores and small pores, accounting for 53% and
37%, respectively. The obvious difference is that the recovery rates of larger and larger pores
are significantly lower than those of sample UC7-5, and the recovery rates of micropores
are higher. Perhaps due to the presence of natural microcracks, water preferentially enters
the natural fractures to replace oil, reducing the oil recovery rate of the pores.
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(a) UC7-4 (b) UC7-5 

Figure 9. The changes in oil content in different pores of the sample: (a) UC7-4, (b) UC7-5.

3.4. Effect of Crack Expansion on Imbibition Absorption

Figure 10 shows the T2 spectral curves of sample QT-1 spontaneous imbibition and QT-
2 forced imbibition at 10 MPa. The T2 spectra formed by both have unimodal characteristics,
with T2 values ranging from 0.07 to 900 ms. As the imbibition time increases, the amplitude
shows a significant downward trend. Unlike the previous T2 spectrum curve, QT-1 shows a
certain upward trend in the later stage of imbibition, and the cumulative curve distribution
is relatively uniform. In the early stage of imbibition, the amplitude curve decreases,
indicating that water enters the micropores and replaces oil. In the later stage of imbibition,
cracks expand due to the expansion of clay minerals. The oil discharged from micropores
enters the expanding fractures, causing the amplitude curves of large and larger pores to
show an upward trend. The QT-2 amplitude curve also shows a certain upward trend, and
the pressure causes the amplitude curve to move downwards to the right, which has a
significant impact on the middle and late stages of imbibition.

Figure 11 shows the oil content changes in different pores of samples QT-1 and QT-2.
Before imbibition, the oil content in micropores, small pores, large pores, and larger pores
of sample QT-1 are 22.3%, 50.5%, 22%, and 5.3%, respectively. After 42 days of imbibition,
the content is 4.1%, 32%, 17.6%, and 1.9%, respectively. Due to the upward trend of the
amplitude curve in the later stage, the recovery rate in larger pores is relatively low. Before
imbibition, the oil content in micropores, small pores, large pores, and larger pores of
sample QT-2 is 7.7%, 43.1%, 44.1%, and 5.6%, respectively. After 52.9 days of imbibition,
the contents are 4.4%, 7.7%, 24.6%, and 12.1%, respectively. It can be observed that the oil
recovery rate is highest in small pores, while the oil recovery rate in large pores shows
a negative value. During the imbibition process, cracks expand due to the expansion of
clay minerals, causing the oil displaced from micropores and small pores to enter the
newly generated cracks. Pressurization causes the overall recovery rate of the pores to shift
towards the direction of the larger pores.
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(a) QT-1 

 
(b) QT-2 

Figure 10. The T2 spectra of different samples under 10 MPa forced imbibition: (a) QT-1, (b) QT-2.

  
(a) QT-1 (b) QT-2 

Figure 11. The changes in oil content in different pores of the sample: (a) QT-1, (b) QT-2.

3.5. Effect of Clay Minerals on Imbibition

Figure 12 shows the T2 spectral curves of spontaneous imbibition of sample WEH-1
and forced imbibition of sample WEH-2. From the figure, it can be seen that the T2 spectra
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of WEH-1 and WEH-2 both exhibit bimodal characteristics. The left peak range of WEH-1
is 0.7~80 ms, the right peak range is 80~900 ms, the left peak range of WEH-2 is 0.7~80 ms,
and the right peak range is 80~1000 ms. As the imbibition time increases, the amplitude
curve shows a downward trend. The initial amplitude curve of sample WEH-1 is larger
than that of sample WEH-2, and the oil content in micropores and small pores is higher.

(a) WEH-1 

(b) WEH-2 

Figure 12. The T2 spectra of different samples under 10 MPa forced imbibition: (a) QWEH-1,
(b) WEH-2.

Figure 13 shows the changes in oil content of WEH-1 and WEH-2 samples in different
pore sizes. Before imbibition, the oil content in micropores, small pores, large pores, and
larger pores of WEH-1 is 24.6%, 43.2%, 17.9%, and 14.3%, respectively. After 1.8 days of
imbibition, its content is 16.4%, 24%, 13.2%, and 6.6%, respectively. In WEH-2, before
imbibition, the oil content in micropores, small pores, large pores, and larger pores is 23.3%,
35.9%, 16.8%, and 24%, respectively. After 17.1 days of imbibition, its contents are 6.8%,
16.7%, 16.4%, and 7.8%, respectively. The oil content in micropores, small pores, and large
pores decreased to varying degrees after seepage. However, compared to the QT, LC7, and
UC7 samples, the reduction in saturated oil content was less pronounced, which can be
attributed to the clay content in the core. Clay particles can migrate and block pore throats,
thereby reducing the overall permeability of the rock. Additionally, clay minerals can alter
the wettability of the rock surface. For instance, certain clays can render the rock surface
more oleophilic, thereby diminishing the efficiency of water imbibition.
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(a) WEH-1 (b) WEH-2 

Figure 13. The changes in oil content in different pores of the sample: (a) WEH-1, (b) WEH-2.

3.6. The Implications and Future Potential Studies

Studying the effects of pressure, pore size distribution, microfractures, fracture propa-
gation, and clay minerals on fluid distribution and transport during imbibition is significant
for enhanced oil recovery (EOR) for several reasons:

(1) Improving oil recovery efficiency

A detailed understanding of pressure, pore size distribution, fracture expansion, and
their effects on fluid transport can help optimize the design and operation of the EOR
process. By combining the effects of these factors, EOR strategies can be tailored to specific
reservoir conditions.

(2) Reduced environmental impact

A better understanding of fluid distribution and transport can lead to more targeted
EOR interventions, reducing the amount of water and chemicals required. This not only
reduces operating costs, but also minimizes environmental impact.

(3) Sustainability and economic efficiency

By optimizing the EOR process through a better understanding of these factors, more
sustainable extraction methods can be found, extending the productive life of the field and
improving its economic efficiency.

Future potential research may include the following:

(1) Advanced Characterization Techniques:

Develop advanced imaging and characterization methods to better understand pore
structures, microfractures, and mineral compositions at micro- and nanoscales.

(2) Multiscale Modeling and Simulation:

Integrate data across different scales (micro, meso, macro) to create comprehensive
models of fluid transport and distribution. Utilize machine learning and artificial intelli-
gence to enhance predictive modeling capabilities.

(3) Integration with Other Technologies:

Combine enhanced oil recovery (EOR) techniques with technologies such as carbon
capture and storage (CCS) to improve overall efficiency and environmental outcomes.
Explore the use of renewable energy sources to power EOR operations, thereby reducing
the carbon footprint of oil recovery processes.
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In summary, understanding the effects of pressure, pore size distribution, microfrac-
tures, fracture propagation, and clay minerals on fluid distribution and transport during
imbibition is vital for optimizing oil recovery, improving reservoir management, minimiz-
ing environmental impact, and enhancing economic viability. Future studies aligned with
this work will likely focus on advanced characterization, modeling, field trials, environ-
mental sustainability, integration with other technologies, and economic assessments to
further enhance the effectiveness and sustainability of EOR techniques.

4. Conclusions

In this study, we conducted forced imbibition experiments on tight reservoir samples.
And by comparing the T2 spectrum curves of different samples and the changes in oil
content in different pores, the distribution and migration patterns of fluids during the
process of pressurized imbibition were studied. By studying the effects of external pressure,
pore size distribution, microcracks, crack propagation, and clay minerals, the conclusions
are as follows:

(1) With the increase in external forces, the imbibition rate of micropores and small
pores is positively correlated, accelerating the displacement rate of oil in them. The
external pressure may increase the capillary pressure at the smaller pores, increasing
the imbibition effect of the smaller pores, but the impact on the larger pores is not
significant. Overall, with the increase in external pressure, the overall imbibition
recovery rate will increase.

(2) In tight reservoirs, without the influence of other factors, the smaller the pore size,
the greater the capillary pressure, and the stronger the imbibition. Under capillary
pressure, water will preferentially enter smaller pores to displace oil. The presence
of residual oil in pores cannot be completely discharged by only applying external
pressure and capillary force, which may be related to the trapping effect of the narrow
pore throat channels inside.

(3) Due to the presence of natural fractures, the residual oil saturation in the later stage of
imbibition is relatively high. And it prioritizes the water entering the pores to replace
the oil, reducing the oil recovery rate of the micropores.

(4) During the imbibition process, the expansion of clay minerals in the sample causes
cracks to expand, allowing the displaced oil to enter the newly generated cracks. And
applying pressure causes the overall recovery rate of the pores to move towards the
direction of the larger pores.

(5) More clay minerals are more prone to induce fracture after imbibition and contact
with water, causing damage to their microscopic pore structure. This in turn affects
the subsequent imbibition results.
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Abstract: The presence of highly developed micro-nano pores and poor pore connectivity constrains
the development of shale oil. Given the rapid decline in oil production , enhanced oil recovery
(EOR) technologies are necessary for shale oil development. The shale oil reservoirs in China are
mainly continental and characterized by high heterogeneity, low overall maturity, and inferior
crude oil quality. Therefore, it is more challenging to achieve a desirably high recovery factor. The
Qingshankou Formation is a typical continental shale oil reservoir, with high clay content and
well-developed bedding. This paper introduced high-precision non-destructive nuclear magnetic
resonance technology to carry out a systematic and targeted study. The EOR performances and oil
recovery factors related to different pore sizes were quantified to identify the most suitable method.
The results show that surfactant, CH4, and CO2 can recover oil effectively in the first cycle. As the
huff-and-puff process continues, the oil saturated in the shale gradually decreases, and the EOR
performance of the surfactant and CH4 is considerably degraded. Meanwhile, CO2 can efficiently
recover oil in small pores (<50 nm) and maintain good EOR performance in the second and third
cycles. After four huff-and-puff cycles, the average oil recovery of CO2 is 38.22%, which is much
higher than that of surfactant (29.82%) and CH4 (19.36%). CO2 is the most applicable medium of
the three to enhance shale oil recovery in the Qingshankou Formation. Additionally, the injection
pressure of surfactant increased the fastest in the injection process, showing a low flowability in nano-
pores. Thus, in the actual shale oil formations, the swept volume of surfactant will be suppressed,
and the actual EOR performance of the surfactant may be limited. The findings of this paper can
provide theoretical support for the efficient development of continental shale oil reservoirs.

Keywords: high clay content; huff-and-puff; nuclear magnetic resonance; T2 spectrum; quantita-
tive evaluation

1. Introduction

Unconventional oil and gas resources are playing an increasingly significant role in the
development of the oil and gas industry, with their abundant reserves and great exploration
and development potential. Shale oil is considered the most valuable unconventional oil
and gas resource for development [1–3]. The shale oil revolution in the US has rapidly
increased oil production in America and profoundly changes the global energy landscape.
China has rich deposits of shale oil; the geological reserves of shale oil in China are about
28.3 billion tons, showing great potential for development [4–6]. The scaled-up cost-
effective recovery of shale oil is of critical strategic value for the sustained development of
China’s petroleum industry.

Shale oil reservoirs possess highly developed micro-nano pores, with poor pore con-
nectivity and extremely low permeability [7–9]. They require the use of horizontal wells and
multi-stage fracturing technologies to achieve beneficial development [10–12]. However,
the production of shale oil wells suffers from rapid production decline. The production
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of a fractured shale oil well in the US declines by about 70% after one year of production,
and the recovery factor is typically less than 10% [13,14]. Compared with the largely ma-
rine shale oil reservoirs of the US, shale oil reservoirs in China are generally formed in
continental sedimentary environments. They are characterized by small distribution area,
high heterogeneity, low overall maturity, and inferior crude oil quality, and therefore, it
is challenging to achieve a desirably high recovery factor [15–18]. Given the above-stated
obstacles, enhanced oil recovery (EOR) treatments are necessary for improving shale oil
recovery and mitigating well production decline.

The ultra-low porosity and permeability of shale oil reservoirs severely reduce the
applicability of conventional EOR technologies to effectively enhance shale oil recovery.
Therefore, strengthening the research and development of shale-appropriate EOR technolo-
gies is an important direction for future development. Previous research demonstrates
that the gas huff-and-puff process and surfactant imbibition are currently more feasible
technologies for the EOR of shale oil [19–23]. With the appropriate schemes of post-frac
well soaking and production, the gas huff-and-puff method can efficiently supplement
energy formation and enhance oil recovery [24,25]. Through the mechanisms of wettabil-
ity alteration and interfacial tension reduction, surfactant imbibition can also effectively
enhance oil recovery [26,27].

The Songliao Basin is a typical large continental sedimentary basin, possessing abun-
dant hydrocarbon resources. The Qingshankou and Nenjiang Formations, which were
formed in the Late Cretaceous period, are the main source rocks for the basin, with their
high-quality organic-matter-rich shale [28,29]. Preliminary exploration shows that the shale
oil geological reserves of the Qingshankou Formation reach about 5.46 billion tons, and
it is this gargantuan development potential that makes this layer the main field for shale
oil development in the Daqing Oil Field. In recent years, breakthroughs have been made
in the production practices of Qingshankou shale oil. In order to support exploration
and development, researchers have carried out a large number of basic studies on the
Qingshankou Formation. Liu et al. clarified the shale oil exploration “sweet spots”, based
on the detailed description and analysis of the cores and shale lithofacies characteristics [30].
Yuan et al. proposed the key theoretical and technical issues and countermeasures for
effective development, targeting reservoir characteristics [31]. Yang et al. employed nano-
scratch technology to continuously investigate the damage and failure mechanisms of the
Qingshankou Formation, which is one of the most important measurement methods for
studying water–CO2–shale interaction [32,33].

Related studies have stimulated the development of Qingshankou shale oil. However,
due to the high clay content and well-developed bedding of the Qingshankou Forma-
tion [30,34,35], the shale oil wells still suffer from the rapid production decline in the
production stage. In this situation, the recovery of shale oil is very low, and it is difficult to
achieve beneficial development. Therefore, targeted EOR studies are urgently needed to
identify the most suitable EOR technology for recovering Qingshankou shale oil. Targeting
the characteristics of the Qingshankou Formation, this paper introduced high-precision
non-destructive nuclear magnetic resonance (NMR) technology to carry out a system-
atic study. Multicycle huff-and-puff experiments using surfactant, CH4, and CO2 were
performed under the reservoir conditions using cores and crude oil collected from the Qing-
shankou Formation. The oil recovery factor for different pore sizes was quantified during
the multicycle huff-and-puff process; the EOR performances of different EOR technologies
in the Qingshankou Formation were compared to identify the most suitable method. The
findings of this paper can provide theoretical support for the efficient development of the
Qingshankou Formation shale oil.

2. Experimental Section

2.1. Sample Preparation

The shale samples used in this paper were collected from the Qingshankou Formation
in the Songliao Basin. The Qingshankou Formation is mostly shale, with local interbeds
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of sandstone, limestone, and limy mudstone. The shale, predominantly composed of
clay minerals, quartz, feldspar, and carbonates, possesses well-developed nano pores and
micro fractures. The crude oil used in this paper was collected from the production well.
According to the slim-tube test, the minimum miscibility pressure between CO2 and crude
oil was 23.9 MPa. The viscosity of this oil is 1.51 mPa·s at 90 ◦C.

Collected core samples were formed into cylindrical specimens (5 cm × Φ2.5 cm) via
wire-cutter machining. Then, the specimens with an intact appearance and no considerable
fracture were selected and polished using abrasive paper to obtain a smooth surface and
flattened ends. Finally, the polished specimens were treated with petroleum ether and
benzene to remove crude oil in these cores. The specimens were inspected to ensure that
they were intact and undamaged during oil removal.

2.2. Experimental Apparatus and Methods

The AP-608 Automated Permeameter-Porosimeter (Figure 1), from Coretest systems,
was used to measure the porosity and permeability of the Qingshankou Formation shale.
The available confining pressure of the apparatus is 0–9000 psi, and the measurement ranges
of porosity and permeability are 0.1–40.0% and 0.001 mD–10,000 mD, respectively. During
the experiments, the oil-removed shale specimens were dried at 60 ◦C in the oven for 24 h
before being placed in the core holder. The confining pressure was set at 3000 psi for the
porosity and permeability measurements. The measured initial porosity and permeability
of the selected shale specimens are listed in Table 1.

Figure 1. Experimental equipment used for porosity and permeability analysis.

Table 1. Core parameters of shale samples.

Sample Diameter (cm) Length (cm) Porosity (%) Permeability (mD)

1 2.50 5.00 5.31 0.0254
2 2.49 5.01 4.58 0.0428

Multicycle huff-and-puff physical simulation experiments: The schematic depiction of
the experimental apparatus is shown in Figure 2. The apparatus mainly consists of an ISCO
pump, an intermediate container, a core holder, a hand pump, and two pressure gauges. In
these experiments, the following assumptions were adopted: the samples can represent the
geological characteristics of the target formation, and the damage to the specimens during
processing can be ignored. After saturation, the oil distribution in the cores can represent
the actual occurrence of crude oil in the formation. The physical simulation experiment
meets the requirements of the main influencing factors, based on the similarity criteria.
The experimental procedures are briefly described as follows. (1) Use the wire cutter to
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cut the specimen in half radially. (2) Place the specimen in the intermediate container and
hold under vacuum for 24 h. Then, saturate the specimen with crude oil, and record the
volume of oil saturated into the specimen. (3) Place the specimen in the NMR apparatus to
obtain the T2 spectrum distribution to analyze the oil distribution under the saturated state.
(4) Place the specimen in the core holder and constantly maintain the confining pressure
at 2 MPa higher than the injection pressure. Continuously inject surfactant/CH4/CO2
into the specimen until the injection pressure reaches 30 MPa. Then, close the inlet valve
and soak the specimen for 24 h. (5) After soaking, open the inlet valve and record the oil
production. Then, obtain the T2 spectrum distribution using the NMR apparatus to analyze
the oil distribution after the huff-and-puff process. (6) Repeat Steps (4) and (5) to perform
four huff-and-puff cycles to analyze the EOR performance of surfactant/CH4/CO2 in the
shale cores. The surfactant used in this experiment is a kind of petroleum sulfonate, with
a concentration of 0.3 wt%. According to the conditions of the Qingshankou Formation,
the pressure and temperature during these experiments were set at 30 MPa and 90 ◦C,
respectively.

Figure 2. Schematic depiction of the experimental setup for huff-and-puff.

3. Results and Discussion

3.1. Analysis of EOR Performance of Surfactant in Shale Oil Reservoirs

Surfactant was continuously injected into the shale core until the injection pressure
reached 30 MPa. Then, the core holder was sealed for 24 h, after which the inlet valve was
opened for oil production. The experimental temperature was kept at 90 ◦C throughout the
experiment. The T2 spectrum was measured after each cycle of surfactant huff-and-puff to
analyze the oil distribution in pores of different sizes in the shale cores.

The photos of Specimen 1-1 at different stages of the huff-and-puff process are shown
in Figure 3. The surface of the oil-saturated shale core is dark black, with notable oil traces.
With the progress of the surfactant huff-and-puff process, the core surface becomes drier.
After three cycles of huff-and-puff, there were no notable oil traces on the core surface.
The color of the shale core is also fading during the experiment. The change in the shale
core is attributed to the oil production from the shale, and the mentioned phenomenon
is significant, as noted in the comparison between the core photos at 0 H and 96 H. It is
demonstrated that surfactant can diffuse into the micro pores of shale during soaking,
helping to produce oil in such pores. This finding is also supported by the T2 spectrums.
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Figure 3. Shale core sample after surfactant huff-and-puff.

The T2 spectrums of Specimen 1-1 at different stages of the huff-and-puff process are
shown in Figure 4. The T2 spectrum of oil-saturated Specimen 1-1 has two peaks, with the
left peak being higher than the right one. This indicates that the nano-scale pores are well
developed in the shale. The radii of the pores are predominantly smaller than 50 nm, and
larger pores are relatively limited.

 

Figure 4. T2 spectrums and oil recovery after surfactant huff-and-puff.

During the surfactant huff-and-puff experiment, the oil in the core is effectively re-
covered. After the first cycle of huff-and-puff, the oil recovery factor reaches 13.03%. The
amount of oil produced in the small pores is significant—the amount of oil produced in
pores with radii smaller than 50 nm (the small scale) is 12.12%; for those 50–500 nm (the
medium scale), it is 29.76%; for those larger than 500 nm (the large scale), it is 47.31%. The
oil recovery of the second cycle is 19.14%. Specifically, the amount of oil produced in the
small pores is 20.36%, with a significant increase. However, as a part of the oil migrates
from smaller pores to larger ones, the oil in the larger pores increases, and the amount of oil
produced in medium (50–500 nm) and large (>500 nm) pores drop to 12.48% and 26.97%;
both values are lower than those of the first cycle. The recovery factor grows to 23.62% and
29.82% after the third and fourth cycles, respectively. The amount of oil produced in the
small pores continues to increase to 27.45% and 30.30%, respectively. That of the medium
pores grows to 13.50% and 32.56% in the third and fourth cycles, while that of the large
pores falls to −2.53% and 7.76%, respectively, due to the migration of the oil in the small
and medium pores to the large pores.

The above results show that the surfactant exhibits good EOR performance for the
Qingshankou Formation shale. During the surfactant huff-and-puff process, the oil in
the small pores (with radii below 50 nm) of the shale is gradually recovered, with the
corresponding amounts produced climbing constantly. For medium and large pores (with
radii of 50–500 nm and >500 nm, respectively), the produced amounts are generally positive.
Occasionally, there is a phenomenon of an increase in oil occurrence in larger pores, as
a part of the oil in the small pores and throats migrates to the larger pores during the
huff-and-puff process.
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3.2. Analysis of EOR Performance of CH4 in Shale Oil Reservoirs

Similarly, CH4 was continuously injected into the shale core until the pressure reached
30 MPa, and flowback and production were executed after 24 h of soaking. The experimen-
tal temperature throughout the experiment was also 90 ◦C. The oil distribution at different
stages of CH4 huff-and-puff was captured using NMR to reveal the EOR performance of
CH4 in the shale oil reservoirs.

The photos of Specimen 2-1 at different stages of the huff-and-puff process are shown
in Figure 5. The surface of Specimen 2-1 is dark black, with notable oil traces. As huff-
and-puff proceeds, the specimen becomes drier, and the oil traces fade away. The color
of the shale core also changes; it gradually becomes lighter in some zones. The stated
phenomenon is significant when compared to that noted in the photos at 0 H and 96 H. It
can be concluded that the injected CH4 effectively recovered oil in the pores of the shale
during soaking.

Figure 5. Shale core sample after CH4 huff-and-puff.

The T2 spectrums of Specimen 2-1 at different stages of CH4 huff-and-puff are shown
in Figure 6. After oil-saturation, the T2 spectrum of the shale core exhibits three peaks, a
high peak on the left, and two small peaks in the middle and right, which demonstrates the
significant development of nano-scale pores in shale, with the majority of pores smaller
than 50 nm. For such shale, there are fewer larger pores, and it is difficult to recover the oil.

 

Figure 6. T2 spectrums and oil recovery after CH4 huff-and-puff.

The EOR effect of the CH4 huff-and-puff process is relatively poor in the shale core.
The oil recovery is 9.65% after the first cycle of huff-and-puff, and the oil in the small pores
(<50 nm) is effectively produced (at 14.90%). Due to the migration of oil from the smaller
pores to the larger pores, the oil content in the medium pores (50–500 nm) grows, and the
production rate is −35.15%. The amount of oil produced in the large pores (>500 nm) is
12.1%. After the second and third cycles, the oil recovery rates are 13.58% and 19.30%,
respectively. The oil production rate of the small pores (<50 nm) rises to 21.04% and 27.24%,
respectively. As a large quantity of oil transfers from the small to medium (50–500 nm)
pores, the oil in the latter increases considerably, and the production levels drop to −66.39%
and −60.83%, respectively. In these two cycles, the oil in the large pores (>500 nm) is
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effectively recovered (at 38.11% and 45.23%). However, the EOR performance of CH4 is
degraded rapidly in the fourth cycle. The oil recovery factor after the fourth cycle is only
19.36%, nearly equal to that after the 3rd cycle. The oil production rates exhibit no notable
changes, regardless of pore sizes.

3.3. Analysis of EOR Performance of CO2 in Shale Oil Reservoirs

Similarly, the CO2 multicycle huff-and-puff physical simulation experiments were
performed at 90 ◦C and 30 MPa. During the four cycles of CO2 huff-and-puff, the differen-
tiation of oil production from different-sized pores was clarified via the T2 spectrums, and
the EOR performance of CO2 in the shale oil reservoirs was assessed.

The photos of Specimen 1-2 and 2-2 at different stages of CO2 huff-and-puff are shown
in Figures 7 and 8. The cores are also dark black, with notable oil traces on their surface
after oil saturation. With the ongoing CO2 huff-and-puff process, the oil inside the cores is
recovered, and the surface oil traces are reduced. The color of these cores gradually fades,
and some zones even change from black to light grey. The above results demonstrate the
high EOR capacity of CO2 in shale, as CO2 can diffuse into the tiny pores of the shale and
help to effectively recover oil in such pores.

Figure 7. Shale core sample 1-2 after CO2 huff-and-puff.

Figure 8. Shale core sample 2-2 after CO2 huff-and-puff.

The T2 spectrums of Specimen 1-2 at different stages of CO2 huff-and-puff are shown
in Figure 9. The T2 spectrum of Specimen 1-2 is bimodal after oil saturation. A high left
peak associated with a low right peak shows that the shale possesses highly developed
nano-scale pores. The majority of pores have radii smaller than 50 nm, and the quantity of
larger pores is limited. It is difficult to recover oil from such shale.

During CO2 huff-and-puff, oil is effectively produced in the shale core. After the first
cycle of CO2 huff-and-puff, the oil recovery reaches 8.98%. Moreover, the oil in the small
pores (<50 nm) is efficiently recovered at a rate of 11.99%. The amount of oil produced in
the medium pores (50–500 nm) reaches 4.69%, and for large pores (>500 nm), it is −35.71%,
due to oil migration from the smaller to the larger pores. The second cycle also effectively
recovers oil from the shale. The oil recovery increases to 18.02%, and the amount of oil
produced in the small pores rises considerably (to 20.43%). The amount of oil produced in
the medium pores (50–500 nm) is 16.69%, and for the large pores (>500 nm), it is −30.29%.
CO2 maintains excellent EOR performance in the third cycle, i.e., the oil recovery rate rises
to 30.98%, which is much higher than that after three cycles of surfactant huff-and-puff.
The amount of oil produced in the small (<50 nm) and medium (50–500 nm) pores continue
to grow (25.84% and 64.77%, respectively). As oil flows from the small and medium pores

201



Energies 2024, 17, 3410

to the large pores, the oil produced by the latter (>500 nm) falls to −52.05%. In the fourth
cycle, the EOR performance of CO2 is slightly degraded. The recovery factor grows to
34.04%, and is associated with small incremental increases in the amount of oil produced
by the small and medium pores (28.13% and 65.79%, respectively). Nevertheless, the oil in
the large pores (>500 nm) is effectively recovered during this period, and the production
rate increases from −52.05% to −18.66% (this negative value means that the amount of oil
in the large pores after the fourth cycle is still greater than the initial amount observed in
the large pores). During the CO2 huff-and-puff, the oil recovery factor is 4.22% higher than
that noted for the surfactant huff-and-puff process.

 

Figure 9. T2 spectrums and oil recovery of core 1-2 after CO2 huff-and-puff.

The T2 spectrums of Specimen 2-2 after different stages of CO2 huff-and-puff are
shown in Figure 10. The T2 spectrum of the oil-saturated core exhibits three peaks, with the
higher left peak and lower middle and right peaks indicating the significant development
of nano-scale pores in the shale. The oil is mostly stored in pores with radii smaller than
50 nm, which leads to high difficulties in oil recovery.

 

Figure 10. T2 spectrums and oil recovery of core 2-2 after CO2 huff-and-puff.

Similar to the case of Specimen 1-2, the oil in Specimen 2-2 is effectively recovered by
CO2 huff-and-puff. After the first cycle of CO2 huff-and-puff, the oil recovery factor reaches
12.57%. The amount of oil produced in the small pores (<50 nm) is 19.15%, suggesting an
effective recovery of saturated oil. The oil production rate of the medium pores (50–500 nm)
is −46.72% because of the additional oil in the medium pores flowing from the small pores.
As for large pores (>500 nm), the oil production rate is 19.57%. In the second and third
cycles, CO2 huff-and-puff maintains excellent EOR performance and delivers recovery
factors of 22.40% and 37.21%, respectively, which are far higher than those for the CH4
huff-and-puff process. Considerable increases are seen in the oil production rates of the
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small pores (29.17% and 43.43%, respectively). As for medium pores (50–500 nm), the
oil is effectively produced; however, the production rates are still negative (−44.39% and
−26.71%, respectively) due to the remaining excess of oil, compared with the oil initially
observed in the core after saturation. The oil production rates of the large pores (>500 nm)
are 40.53% and 56.26%, respectively, also showing an effective recovery level. The EOR
performance of CO2 huff-and-puff is sightly degraded in the fourth cycle. The resulting
recovery factor is 42.4%, and the changes in the oil production rates in the pores of different
sizes are similar to those noted in the second and third cycles (47.52% for small pores,
−13.31% for medium pores, and 64.27% for large pores), which are all higher than those for
the last cycle. Compared with CH4 huff-and-puff, CO2 huff-and-puff significantly increases
the oil recovery factor by 23.04%.

3.4. Comparative Analysis of EOR Effect of Different Media

With the above-stated experimental results, the oil recovery effect for shale, with dif-
ferent media used for the huff-and-puff process, is investigated to clarify the differences in
EOR performance obtained using surfactant, CH4, and CO2 in the Qingshankou Formation.

During the huff-and-puff process, all media can effectively recover oil from shale in the
first cycle. As the huff-and-puff process proceeds, the oil saturated in the shale gradually
decreases, and the oil recovery factor grows. The EOR performance of surfactant and CH4
is considerably degraded, but CO2 maintains good EOR performance in the second and
third cycles. Therefore, after four cycles of huff-and-puff, the ultimate oil recovery rate of
CO2 is much higher than that of surfactant or CH4, and the ultimate oil recovery rate of
CH4 is the lowest.

The oil production in pores of different sizes is shown in Figure 11. For small pores
(<50 nm), all of the three media show similar EOR performances. The oil production rates
of CO2 are slightly higher, while those of surfactant and CH4 are close to each other. For
medium pores (50–500 nm), the oil production rates are significantly different in various
cores. For Core 1-1 and 1-2, the oil in the medium pores is effectively produced, and
the oil production rate for CO2 is higher than that of surfactant after multiple cycles of
huff-and-puff. Meanwhile, due to the migration of some oil from the smaller pores to the
larger pores during the huff-and-puff process, the ultimate oil production rates for the
medium pores are negative in Core 2-1 and 2-2.

However, it should be noted that those of CO2 are still higher than those of CH4. In
the large pores (>500 nm), the oil production is considerably differentiated for the different
cores. In Core 1-1, surfactant can effectively recover oil from the large pores in the first
huff-and-puff cycle. But the production rates decline in the subsequent cycles, as oil in the
smaller pores flows to the larger pores, while in Core 1-2, the oil production rates in the
large pores remain negative throughout the CO2 huff-and-puff experiment, also due to oil
migration from the smaller pores to the larger pores. For Core 2-1 and 2-2, both CH4 and
CO2 can effectively recover oil in the large pores. The EOR performance of CO2 is always
higher than that of CH4. Moreover, the excellent EOR performance of CO2 is maintained
throughout the four cycles, while CH4 only exhibits good EOR performance in the first
two cycles.

Since the experiments used drilled core samples and crude oil from the production well,
there are three main limitations of this study that must be considered. Firstly, China’s shale
oil reservoirs are mostly formed in a continental sedimentary environment and present
high heterogeneity. Although the porosity and permeability are similar between the cores,
there is significant variation in pore connectivity and pore size distribution. As a result, the
oil production from pores of different sizes is greatly varied for different cores during CO2
huff-and-puff. Therefore, targeted analysis for each shale oil formation is necessary in order
to clarify the actual EOR performance of the huff-and-puff process. Secondly, the shale
specimens for the huff-and-puff experiments used in this paper are limited in size, and
the huff-and-puff media can sweep the entire specimen. In the actual shale oil formations,
the swept volume is usually limited by the permeability of the formation and the viscosity
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of the injected fluid. Thus, the recovery rates obtained in experiments are usually higher
than the actual recovery rates in the field. Additionally, compared with CO2 and CH4, the
swept volume of the surfactant will be suppressed due to its poorer liquidity. Accordingly,
the actual EOR performance of the surfactant may be limited. Thirdly, the experiments
were carried out using produced oil. Under actual formation conditions, crude oil contains
a large amount of dissolved gas, so the physical properties are different from those of
the produced oil. During long-term production, the physical properties of crude oil will
gradually change, which may also have an impact on the recovery rates.

Figure 11. Comparative analysis of EOR effect during huff-and-puff of different media: (a) oil
recovery of shale cores; (b) oil recovery of small pores; (c) oil recovery of medium pores; (d) oil
recovery of large pores.

This study was carried out using the high clay-content shale samples in the Qing-
shankou Formation. In the future, the EOR performance of different media can be subse-
quently investigated using a wider range of shale formations with different pore structures
and mineralogical compositions to clarify the most suitable EOR technology for different
shale reservoirs and to provide theoretical support for the development of shale reservoirs.

4. Conclusions

The EOR performance of surfactant, CH4, and CO2 in a shale oil reservoir was sys-
tematically analyzed through physical simulation experiments. The conclusions are as
follows: CO2 is the most applicable medium of the three to enhance shale oil recovery in
the Qingshankou Formation. It maintains good EOR performance in the second and third
cycles. Therefore, after four cycles of huff-and-puff, the ultimate oil recovery of CO2 is
much higher than that of either surfactant or CH4. Although the shale cores exhibit similar
porosity and permeability, the pore connectivity is different. Thus, the oil production from
pores of different sizes is greatly varied. This means that more microscopic research is
necessary regarding shale reservoirs to clarify the influence of nano-pore characteristics
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on EOR performance. The injection pressure of the surfactant increased the fastest, which
showed a low flowability in the nano-pores. This will greatly affect the sweep efficiency in
shale reservoirs. Although the EOR performance of the surfactant is significant in the core
scale experiment, the actual EOR performance of the surfactant may be even lower at the
field scale.
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Abstract: The development of fractures under multiple geological tectonic movements affects the
occurrence and efficient production of free gas in deep coal reservoirs. Taking the No.8 deep coal
seam of the Benxi formation in the Linxing area as the object, a method for evaluating favorable
fracture areas is established based on the combination of field joint staging, paleogeological model
reconstruction under structural leveling, finite element numerical simulation, and fracture develop-
ment criteria. The results show that a large number of shear fractures and fewer tensile joints are
developed in the Benxi formation in the field and mainly formed in the Yanshanian and Himalayan
periods. The dominant strikes of conjugate joints in the Yanshanian period are NWW (100◦~140◦)
and NNW (150◦~175◦), with the maximum principal stress magnitude being 160 MPa along the NW
orientation. Those in the Himalayan period are in the NNE direction (0◦~40◦) and the EW direction
(80◦~110◦), with the maximum principal stress magnitude being 100 MPa along the NE orientation.
The magnitudes of the maximum principal stress of the No. 8 deep coal seam in the Yanshanian
period are between −55 and −82 MPa, indicative of compression; those in the Himalayan period are
from −34 to −70 MPa in the compressive stress form. Areas with high shear stress values are mainly
distributed in the central magmatic rock uplift, indicating the influence of magmatic rock uplift on in
situ stress distribution and fracture development. Based on the comprehensive evaluation factors
of fractures, the reservoir is divided into five classes and 24 favorable fracture areas. Fractures in
Class I areas and Class II areas are relatively well developed and were formed under two periods
of tectonic movements. The method for evaluating favorable fracture areas is not only significant
for the prediction of fractures and free gas contents in this deep coal reservoir but also has certain
reference value for other reservoirs.

Keywords: deep coal reservoir; field joint observation; joint staging; finite element method; favorable
fracture area

1. Introduction

Deep coalbed methane (deeper than 1500 m) has enormous resource potential and
has achieved multiple breakthroughs in basins including Piceance basin in the U.S., the
Alberta basin in Canada, the Cooper basin in Australia, the Junggar basin, the Ordos basin,
and the Sichuan basin in China [1–3]. Exploration practice has shown that most deep coal
reservoirs belong to dry coal systems with low water content and relatively high free gas
content [4–8]. As the main spaces for the occurrence of free gas, the formation and develop-
ment of fractures are directly influenced by the stress field of different geological periods,
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and clarification of paleostress field distribution characteristics is of great significance for
the prediction of favorable fracture areas [9–11]. Previous studies have mainly focused on
the formation mechanism, controlling factors, characterization methods and prediction
methods of fractures [12–16], and the numerical simulation method for 2D or 3D models
combined with field fracture data, acoustic emission and rock mechanics experiments,
imaging logging, and fracture criteria is widely used to predict paleostress [17–19]. How-
ever, geological models used in the numerical simulation are based on the current burial
depth of reservoirs, which is a superimposed product of multiple tectonic movements.
Additionally, the influence of subsequent tectonic movements on the stress numerical
simulation of the early period cannot be eliminated. Therefore, two key problems still need
to be examined in depth: (1) the formation and distribution characteristics of fractures
under the superposition of multiple structure movements of deep coal reservoirs; and
(2) techniques for evaluating favorable fracture areas constrained by multi-stage structural
movements of deep coal reservoirs.

In this study, two periods of tectonic fractures are identified based on field joint obser-
vations; the maximum principal stress direction and magnitude are obtained using a joint
staging and conjugate joint angle estimation method; 3D heterogeneous geological models
of deep coal reservoirs in two periods are established using the tectonic trace recovery
method; the distributions of stress fields of deep coal reservoirs during different tectonic
periods are obtained based on the finite element method; and the fracture development
characteristics of different periods in deep coal reservoirs are predicted based on Mohr–
Coulomb and Griffith criteria. The results will be beneficial for the effective exploration
and development of deep coalbed methane.

2. Geological Setting

The Linxing area is located in the northern part of Jinxi Fold at the eastern margin of the
Ordos Basin, with a generally southwest oriented monocline structure that dips westward
at 1–5◦ (Figure 1a,b). It has Cenozoic, Mesozoic, and Paleozoic strata from top to bottom,
and the Upper Carboniferous and Lower Permian strata are exposed in the area (Figure 1c).
The No. 8 + 9 coal seam in the Benxi formation is the main production layer of coalbed
methane, with a thickness varying between 2.5 and 15.5 m and a depth varying between
1093 and 2114 m. The No. 8 + 9 coal seam has undergone four uplifts under multi-stage
tectonic movements, resulting in the development of multi-directional folds and faults,
and uplift amplitudes in the latter two periods are relatively larger (Figure 1d), reflecting
stronger tectonic movements during the Yanshanian and Himalayan periods [20–22]. In
addition, due to the magmatic activity during Yanshanian period, the Zijinshan magmatic
pluton formed an uplift (magmatic rock uplift) in the central part of the study area [23,24].
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Figure 1. Location and stratigraphic column of the study area: (a) location of the Ordos basin (red
line); (b) location of the Linxing area; (c) lithology column of the Linxing area; (d) buried history of
the Linxing area.
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3. Methodology

3.1. Field Joint Observations

Field joint observation is performed to obtain the fracture characteristics (strike, dip
direction, and dip angle) of Carboniferous–Permian rocks in the study area and its sur-
rounding areas, including the Baode–Palougou Section, Fugu–Sunjiagou Section, Xingxian–
Guanjiaya Section, and Liulin–Chengjiazhuang Section. The observed fractures mainly
include shear and tension joints from sandstone, mudstone, limestone, and the coal seam.
The GPS is used for positioning, and the compass is used to measure the strike, dip direction,
and dip angle of joints.

3.2. Staging of Joints

The tectonic movements of different stages form different types of joint combinations
and the staging of joints is essential for the determination of the paleostress direction. In the
article, the regional geological setting, fracture occurrence, and the intersection relationship
(staggering, limiting, intercutting, tracking, utilizing, transforming) of joints are combined
to determine the formation sequence of joints and clarify the joints combination in the same
tectonic period.

3.3. Numerical Simulation of Paleostress Fields

The paleostress field is the stress field of the paleogeological period, which is influ-
enced by the geological body, mechanical properties, and boundary conditions (direction
and magnitude of principal stress) [25–27]. Based on the restoration of the geological model,
mechanical parameters and boundary conditions of the paleogeological period, the finite
element method, and ANSYS software (18.0 version) are used to produce 3D simulations of
the paleostress fields.

3.3.1. Paleogeological Model

The geological body went through a process of sedimentation, compaction, folding,
and fracture during the sedimentary evolution. To study the paleostress state of a geological
body, the restoration of the paleogeological model is necessary, including defaultization,
defolding, and decompaction. The construction-flattening method [20], based on the
superposition theory of waves, is used to flatten the folds of geological bodies and restore
the geological bodies of different geological periods, which is effective in paleostress studies.

In this study, the structural flattening method is used to restore paleogeological models
based on the contour lines of the 8 + 9 # coal seam floor of current period. Additionally, a
combination strata of roof–coal seam–floor is adopted in the model to consider the influence
of the roof and floor on the in situ stress of the coal seam. Additionally, the geological
model is discretized into hexahedron elements, with 70,529 elements and 24,430 nodes.

3.3.2. Mechanical Parameters

The mechanical parameters of the 8 + 9 # coal seam are calculated by logging inter-
pretation under the constraints of triaxial compression tests, including Young’s modulus,
Poisson’s ratio, compressive strength, tensile strength, shear strength, cohesion, and internal
friction angle of the coal seam (Formulas (1)–(6)) [28–30].

Ed =
103ρv2

s

[
3
(
vp/vs

)2 − 4
]

[(
vp/vs

)2 − 1
] (1)

μd =

(
vp/vs

)2 − 2

2
[(

vp/vs
)2 − 1

] (2)

σc = 12σt = 0.0045Ed(1 − Vsh) + 0.008EdVsh (3)
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where Ed represents Young’s modulus, MPa; ρ represents logging density, g/cm3; Vp repre-
sents primary wave velocity of logging, km/s; vs. represents secondary wave velocity of
logging, km/s; μd represents Poisson’s ratio; σc represents uniaxial compressive strength,
MPa; σt represents uniaxial tensile strength, MPa; k represents shear strength, MPa; Vsh rep-
resents volume percent of shale, %; ψ represents porosity, %; C represents cohesion, MPa;
and ϕ represents internal friction angle, ◦.

3.3.3. Boundary Conditions

Boundary conditions include the determination of stress direction, stress magnitude,
and displacement constraints on the boundary of geological model. The stress direction is
determined by conjugate shear joint strike of different tectonic stages. The stress magnitude
is calculated based on the relationship expression between the conjugate shear joint angle
and the stress magnitude (Formulas (7) and (8)) [31,32].

σ1 = σt − k2

4σt
+

k2

2σt

(
1

cosθ
− 1

2cos2θ

)
(7)

σ3 = σt − k2

4σt
− k2

2σt

(
1

cosθ
+

1
2cos2θ

)
(8)

where σ1 represents the maximum principal stress, MPa; σ3 represents the minimum
principal stress, MPa; and θ represents the conjugate angle of conjugate shear joint, ◦.

3.4. Fracture Development Criteria

The fracture is formed in coal reservoirs when the paleostress field reaches the initiate
threshold [33–35]. Based on the Mohr–Coulomb and Griffith criteria, the shear fracture coeffi-
cient (CS, Formulas (9)–(11)) and the tensile fracture coefficient (CT, Formula (2)) are established
to evaluate the development degree of shear fracture and tensile fracture, respectively.

CS =
{

σ1 −
[
σ3tan2

(
45

◦
+

ϕ

2

)
+ 2C·tan

(
45

◦
+

ϕ

2

)]}
/σ1 (9)

When σ1 + 3σ3 ≤ 0 CT = (σ3 − σt)/σ3 (10)

When σ1 + 3σ3 > 0 CT =

(
(σ1 − σ3)

2

8(σ1 + σ3)
+ σt

)
/σ3 (11)

where CS represents the shear fracture coefficient, and CT represents the tensile fracture coefficient.
It is obvious that when CS is less than 0, the rock has not undergone shear fracture.

When CS is greater than or equal to 0, the rock has undergone shear fracture, and the degree
of fracture development increases with the increase in the CS value; Similarly, when CT is
less than 0, the rock has not undergone tensile fracture. When CT is greater than or equal to
0, the rock has undergone tensile fracture, and the fracture development degree increases
with the increase in the CT value.
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4. Results and Discussions

4.1. Field Joints’ Characteristics

Field joint observations are conducted on 81 geological points, and a total of 230 sets
of joint orientation observation data are obtained (Appendix A Table A1), showing that sub-
vertical joints are developed in different geological points. Additionally, based on the strike
rose diagram of field joints (Figure 2), the dominant strikes of joints are NNE (10◦~25◦), NEE
(50◦~80◦), near-EW (85◦~110◦), NW (130◦~150◦), and NNW (160◦~175◦) trending. Most of the
triangular rock blocks sandwiched between the joint surfaces have fallen off.

 
Figure 2. Strike rose diagram of field joints.

4.2. Paleo Tectonic Stress Characteristics

Based on the development characteristics of conjugate joints and the tectonic evolution
history in the study area, four combinations of different types and periods are classified
using the stereographic projection method [36] (Figure 3): the type I combination has a
set of conjugated joints with NWW (50◦~80◦) and NNW (150◦~175◦) strikes, with joint
surfaces approximately perpendicular to the geological strata formed in the Yanshanian
period and the maximum stress direction in the near-NW orientation (Figure 3a,b).

Figure 3. Combination types and stereographic projection of conjugate joints in the field: (a,b)
represent the type I combination; (c,d) represent the type II combination.
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The conjugated joint strikes of the type II combination are in the NNE direction
(0◦~40◦) and the near-EW direction (80◦~110◦), corresponding to the Himalayan period,
with the maximum stress direction being in the near-NE orientation (Figure 3c,d).

It is obvious that the joints in the study area are mainly formed in the Yanshanian
period and the Himalayan period. Additionally, the paleostress magnitude is calculated
using the conjugate shear angle estimation method, which shows the maximum horizontal
principal stress in the Yanshanian period is 160 MPa, and the minimum principal stress
is 10 MPa. The maximum horizontal principal stress in the Himalayan period is 100 MPa,
and the minimum principal stress is 20 MPa.

4.3. Paleogeological Models

The compression with NW orientation in the Yanshanian period causes the coal reservoir
to produce NW oriented folds. After the compression with NE orientation in the Himalayan
period, which is nearly perpendicular to the Yanshanian period, the NW oriented folds are
superimposed on the NE oriented folds, forming a superimposed fold structure. The 8 + 9 #
coal reservoir in the study area forms a large number of synclines, anticlines, and saddle-shaped
structures. For the restoration of the ancient geological model in the study area, the core is
the products of these superimposed structures. Firstly, taking the Benxi formation 8 + 9 # coal
reservoir in the Linxing area as the research object, the structural traces of the current coal seam
floor contour lines are analyzed, and structures including anticlines, synclines, and folds are
categorized. The structural superposition method [20] is applied to flatten the superimposed
products of anticlines, synclines, and saddle structures and obtain the contour map of the coal
seam floor in paleo periods (Figure 4).

Figure 4. Floor contour map of the No. 8 + 9 coal seam during paleogeological periods: (a) Yanshanian
period; (b) Himalayan period.

Based on the contour map of coal thickness and ancient coal seam floor, an isotropic ideal-
ized geological model is established using triangular meshes in ANSYS software (18.0 version).
In addition, the stress of the reservoir is greatly affected by the roof and floor rock layers, so the
geological model is constructed as a roof–coal–floor combination type (Figure 5), and a cube is
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considered to surround the roof–coal–floor combination model to simulate the stress condition
of the surrounding rock.

 
Figure 5. Roof–coal–floor combination type of paleogeological model in the study area.

4.4. Paleostress Field

Based on the tectonic stress direction and magnitude, overburden stress, Young’s
modulus, Poisson’s ratio, and density of geological model (Table 1), geomechanical models
with boundary conditions for different paleogeological periods are applied, and the finite
element method and ANSYS software (18.0 version) are used to obtain the stress distribution
of the 8 + 9 # coal reservoir in different geological periods.

Table 1. Mechanical parameters for numerical simulation of the paleostress field in the Linxing area.

Geologic Bodies Poisson’s Ratio
Young’s Modulus

(GPa)
Density (g/cm3)

Roof 0.22 21.33 2.730

Coal seam 0.36 6.2 1.480

Floor 0.21 21.55 2.750

Others 0.23 20 1.655

4.4.1. Yanshanian Period

The stress distribution of the 8 + 9 # coal reservoir in the Yanshanian period is shown
in Figure 6, where the values of maximum principal stress are between −55 and −82 MPa,
with an average of −67 MPa, which is indicative of compression (Figure 6a). Excluding
the influence of model boundaries on the results, the overall maximum principal stress
gradually increases from north to south, and high-value zones are mainly distributed in
the southern syncline (mostly −76 to −82 MPa) and central magmatic rock uplift (mainly
between −73 and −80 MPa). The minimum principal stress values are distributed between
−8 and −35 MPa, with an average of −20 MPa, which is also indicative of compression
(Figure 6b). The value of minimum principal stress gradually decreases from east to west,
and the central magmatic rock uplift has a low minimum principal stress value, with values
below −10 MPa.
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Figure 6. The stress distribution of the 8 + 9 # coal reservoir in the Yanshanian period: (a) maximum
principal stress; (b) minimum principal stress; (c) shear stress.

Figure 6c indicates that shear stress values in the Yanshanian period are generally
between 11 MPa and 27.5 MPa. The stress value in the northern zone of the study area
gradually increases from northeast to southwest, exhibiting a strip-shaped distribution; the
central magmatic rock uplift and southwest zones show high shear stress values, which
means shear fractures are prone to occur in those zones.

4.4.2. Himalayan Period

Figure 7 shows the stress distribution of the 8 + 9 # coal reservoir in the Himalayan period,
in which the maximum and minimum principal stress values are from −34 to −70 MPa and
from −2 to −27 MPa, respectively, both in the form of compressive stress. The overall trends of
high in south zones and low in the north zones of maximum and minimum principal stress are
displayed in the study area (Figure 7a,b), and local low value zones of maximum and minimum
principal stress are distributed in the central magmatic rock uplift.

Figure 7. The stress distribution of the 8 + 9 # coal reservoir in the Himalayan period: (a) maximum
principal stress; (b) minimum principal stress; (c) shear stress.

As is shown in Figure 7c, the values of shear stress range from −12 to −18 MPa, with an
average of −15 MPa. The value of shear stress gradually increases from southeast to northwest
zones, and high shear stress value occurs in the central magmatic rock uplift, indicating the
influence of magmatic rock uplift on in situ stress distribution and fracture development.
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4.5. Evaluation of Favorable Fracture Area

Based on the numerical simulation results, combined with the tensile strength, co-
hesion, and internal friction angle calculated from logging, the tensile and shear fracture
coefficients are calculated. The results are shown in Table 2.

Table 2. Fracture coefficients in two paleogeological periods.

Nodes CT1 CT2 CS1 CS2 F Nodes CT1 CT2 CS1 CS2 F

1149 −0.06 −0.60 −0.06 0.04 0.55 11,651 −0.05 −0.51 −0.09 −0.12 0.45
1409 −0.07 −0.83 −0.05 0.02 0.54 11,916 −0.04 −0.53 −0.09 −0.30 0.41
1565 −0.07 −0.95 −0.06 0.04 0.53 12,124 −0.04 −0.44 −0.09 −0.30 0.41
1669 −0.07 −1.01 −0.06 0.05 0.53 12,332 −0.04 −0.33 −0.09 −0.14 0.48
1773 −0.08 −1.09 −0.04 0.19 0.59 12,701 −0.02 −0.32 −0.09 −0.32 0.41
1877 −0.07 −1.14 −0.06 0.06 0.52 12,805 −0.03 −0.42 −0.09 −0.40 0.39
1981 −0.07 −1.19 −0.06 −0.01 0.49 12,909 −0.02 −0.35 −0.08 0.00 0.54
2033 −0.08 −1.24 −0.05 0.15 0.56 13,387 −0.02 −0.33 −0.10 −0.38 0.39
2298 −0.06 −0.69 −0.06 0.01 0.53 13,491 0.01 −0.21 −0.06 0.15 0.65
2402 −0.07 −0.76 −0.05 0.14 0.59 14,021 −0.01 −0.30 −0.09 −0.48 0.37
3291 −0.06 −0.62 −0.06 0.01 0.54 14,125 0.07 0.07 0.02 0.37 0.92
3499 −0.07 −0.80 −0.07 0.00 0.52 14,230 0.01 0.00 −0.12 0.28 0.59
3707 −0.07 −0.95 −0.07 −0.09 0.47 14,707 0.03 −0.08 −0.04 0.05 0.66
3915 −0.07 −1.08 −0.07 −0.14 0.44 14,811 0.05 0.12 −0.07 0.07 0.65
4123 −0.07 −1.15 −0.06 0.11 0.53 15,237 −0.01 −0.22 −0.10 −0.63 0.32
5225 −0.05 −0.52 −0.07 −0.05 0.52 15,341 0.02 −0.09 −0.07 −0.33 0.48
5433 −0.06 −0.67 −0.07 −0.06 0.50 15,445 0.05 0.11 −0.08 −0.26 0.51
5641 −0.07 −0.84 −0.08 −0.09 0.47 15,923 −0.01 −0.24 −0.09 −0.75 0.29
5849 −0.07 −0.98 −0.08 −0.08 0.45 16,027 0.00 −0.15 −0.07 −0.56 0.40
6057 −0.07 −1.10 −0.08 −0.02 0.46 16,132 0.00 −0.18 −0.10 −0.48 0.37
7367 −0.05 −0.53 −0.08 −0.12 0.48 16,505 −0.01 −0.25 −0.10 −0.76 0.27
7575 −0.06 −0.71 −0.08 −0.13 0.46 16,609 −0.01 −0.30 −0.10 −0.82 0.25
7783 −0.06 −0.86 −0.08 −0.18 0.42 16,713 −0.01 −0.34 −0.10 −0.85 0.24
7991 −0.07 −0.93 −0.08 −0.25 0.39 17,295 −0.02 −0.39 −0.10 −0.89 0.22
8199 −0.07 −1.09 −0.09 −0.16 0.40 17,400 −0.02 −0.41 −0.10 −0.92 0.21
9301 −0.04 −0.46 −0.08 −0.21 0.45 17,959 −0.01 −0.34 −0.10 −0.87 0.23
9509 −0.05 −0.59 −0.08 −0.11 0.47 18,115 −0.02 −0.47 −0.09 −1.00 0.18
9717 −0.06 −0.80 −0.09 −0.25 0.40 18,271 −0.03 −0.62 −0.09 −1.05 0.16
9925 −0.05 −0.70 −0.05 0.15 0.60 18,428 −0.04 −0.67 −0.09 −0.84 0.23

10,133 −0.07 −0.97 −0.10 −0.17 0.39 18,848 −0.03 −0.46 −0.11 −0.88 0.20
11,443 −0.04 −0.49 −0.09 −0.24 0.43 18,952 −0.03 −0.51 −0.11 −0.91 0.19

Notes: CT1 and CT2 represent tensile fracture coefficients of Yanshanian and Himalayan periods, respectively; CS1
and CS2 represent shear fracture coefficients of Yanshanian and Himalayan periods, respectively; and F represents
the comprehensive evaluation factor.

It is obvious that tensile fracture coefficients are far lower than shear fracture coeffi-
cients in the coal reservoir, which indicates that shear behaviors are more likely to occur
than tensile behaviors, and that shear fractures are more developed than tensile fractures. In
addition, the shear fracture coefficients of the Himalayan period are higher than those of the
Yanshanian period, reflecting that fractures are prone to developing during the Himalayan
period. Thus the comprehensive evaluation factor F was established and calculated to show
the development degree of fracture under multiple structural movements.

F = aNT1 + bNT2 + cNS1 + dNS2 (12)

N =
Ci − Cmin

Cmax − Cmin
(13)

where F represents the comprehensive evaluation factor; N represents the normalization
value of the fracture coefficient; Ci, Cmax, and Cmin, represent fracture coefficients of node i,
the maximum fracture coefficient, and the minimum fracture coefficient, respectively; NT1
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and NT2 represent normalization values of the tensile fracture coefficients of the Yanshanian
and Himalayan periods, respectively; NS1 and NS2 represent normalization values of the
shear fracture coefficients of the Yanshanian and Himalayan periods, respectively; and a, b,
c, and d represent weights of normalization values of fracture coefficients, with values of
0.1, 0.1, 0.3, and 0.5, respectively.

Additionally, the greater the value of F, the greater the development degree of fracture.
According to the comprehensive evaluation results, the study area is divided into five
classes in the degree of fracture development: Class I (F > 0.50), Class II (0.45 < F ≤ 0.50),
Class III 0.40 < F ≤ 0.45), Class IV (0.35 < F ≤ 0.40), and Class V (F ≤ 0.35), thereby
performing a quantitative evaluation of the favorable fracture area.

As shown in Figure 8, the study area is divided into 24 fracture development areas, of
which Class I areas are mainly distributed in the northwest and surround the magmatic
rock uplift. Fractures in Class I areas are well developed and can be formed under two
periods of tectonic movements. Class II areas are mainly distributed in the central and
western regions of the research area, and fractures are relatively well developed. Class
III areas are mainly distributed in the central, western, and southwestern parts of the
study area with moderately developed fractures. Class IV and Class V areas have less-
developed fractures, and fractures can only be formed through one tectonic movement
period in some areas. Generally, fractures in the study area are controlled by tectonic
stress, magmatic rock uplift, and buried depth, and favorable fracture areas are located
surrounding magmatic rock uplift. Additionally, the division of reservoir fractures area
can help to predict the development degree of reservoir fractures and provide a basis for
coalbed methane extraction.

 

Figure 8. Evaluation of favorable fracture areas of the No. 8 + 9 coal reservoir in the study area.
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5. Conclusions

Areas with high shear stress values are mainly distributed in the central magmatic
rock uplift, indicating the influence of magmatic rock uplift on in situ stress distribution
and fracture development. Based on the comprehensive evaluation factors of fractures,
the reservoir is divided into five classes and 24 favorable fracture areas, and the following
conclusions can be made:

(1) The 8+9 # coal reservoir in the Linxing area has mainly undergone two stages of tectonic
movements, which are the compression in the Yanshanian period in the NW direction and
the compression in the Himalayan period in the NE direction. The maximum horizontal
principal stress during the Yanshanian period is 160 MPa, and the minimum principal
stress is 10 MPa. The maximum horizontal principal stress during the Himalayan period
is 110 MPa, and the minimum principal stress is 20 MPa.

(2) The degree of fracture development in deep coal reservoirs in the research area is
directly influenced by the paleostress field, with the main fracturing periods being
the Yanshanian and Himalayan periods. Based on the distribution of the paleostress
field obtained from numerical simulation, the Mohr–Coulomb fracture criterion and
Griffith fracture criterion are used to predict shear and tension fractures. It is found
that the fracture threshold of shear fracture is smaller than that of tension fracture,
and shear fractures are formed earlier than tensile fractures.

(3) Based on the comprehensive evaluation factors of fractures, the 8 + 9 # coal reservoir
is divided into 24 favorable fracture areas from Class V to Class I. Fractures in Class
I areas and Class II areas are relatively well developed and were formed under two
periods of tectonic movements. Additionally, there are nine favorable zones in Class I
and Class II, mainly distributed in the northwest of the study area and the magmatic
rock uplift area.
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Appendix A

Table A1. Field joint characteristics in the Linxing area and surroundings.

Number Latitude Longitude
Dip Direction

and Angle
Number Latitude Longitude

Dip Direction
and Angle

1 N 38◦45′32.96′′ E 111◦08′13.97′′ 45◦∠78◦ 116 N 39◦03′31.40′′ E 111◦06′11.67′′ 325◦∠69◦
2 N 38◦45′32.96′′ E 111◦08′13.97′′ 75◦∠84◦ 117 N 39◦02′56.54′′ E 111◦06′38.80′′ 235◦∠70◦
3 N 38◦45′30.10′′ E 111◦08′9.74′′ 255◦∠77◦ 118 N 39◦02′56.54′′ E 111◦06′38.80′′ 151◦∠86◦
4 N 38◦45′30.10′′ E 111◦08′9.74′′ 102◦∠55◦ 119 N 39◦02′56.54′′ E 111◦06′38.80′′ 316◦∠73◦
5 N 38◦45′27.78′′ E 111◦08′6.06′′ 75◦∠78◦ 120 N 39◦02′56.54′′ E 111◦06′38.80′′ 225◦∠69◦
6 N 38◦45′27.78′′ E 111◦08′6.06′′ 168◦∠82◦ 121 N 39◦02′25.24′′ E 111◦05′50.44′′ 187◦∠84◦
7 N 38◦45′28.63′′ E 111◦08′3.04′′ 65◦∠57◦ 122 N 39◦02′25.24′′ E 111◦05′50.44′′ 86◦∠81◦
8 N 38◦45′28.63′′ E 111◦08′3.04′′ 178◦∠64◦ 123 N 39◦02′21.39′′ E 111◦05′45.30′′ 184◦∠76◦
9 N 38◦45′27.89′′ E 111◦07′51.18′′ 78◦∠65◦ 124 N 39◦02′21.39′′ E 111◦05′45.30′′ 77◦∠54◦
10 N 38◦45′27.89′′ E 111◦07′51.18′′ 342◦∠76◦ 125 N 39◦02′21.39′′ E 111◦05′45.30′′ 189◦∠71◦
11 N 38◦45′28.89′′ E 111◦07′47.44′′ 260◦∠85◦ 126 N 39◦02′21.39′′ E 111◦05′45.30′′ 76◦∠67◦
12 N 38◦45′28.89′′ E 111◦07′47.44′′ 50◦∠71◦ 127 N 39◦02′57.69′′ E 111◦05′17.15′′ 102◦∠81◦
13 N 38◦45′26.42′′ E 111◦07′43.21′′ 47◦∠73◦ 128 N 39◦02′57.69′′ E 111◦05′17.15′′ 182◦∠85◦
14 N 38◦45′26.42′′ E 111◦07′43.21′′ 268◦∠68◦ 129 N 39◦02′57.69′′ E 111◦05′17.15′′ 98◦∠80◦
15 N 38◦45′26.94′′ E 111◦07′41.98′′ 50◦∠53◦ 130 N 39◦02′57.69′′ E 111◦05′17.15′′ 65◦∠81◦
16 N 38◦45′26.94′′ E 111◦07′41.98′′ 260◦∠79◦ 131 N 39◦02′49.33′′ E 111◦04′32.01′′ 324◦∠82◦
17 N 38◦45′25.98′′ E 111◦07′40.60′′ 48◦∠78◦ 132 N 39◦02′49.33′′ E 111◦04′32.01′′ 345◦∠78◦
18 N 38◦45′25.98′′ E 111◦07′40.60′′ 242◦∠69◦ 133 N 39◦02′49.33′′ E 111◦04′32.01′′ 60◦∠79◦
19 N 38◦45′24.68′′ E 111◦07′34.20′′ 76◦∠70◦ 134 N 39◦02′49.33′′ E 111◦04′32.01′′ 68◦∠75◦
20 N 38◦45′24.68′′ E 111◦07′34.20′′ 340◦∠86◦ 135 N 39◦02′49.33′′ E 111◦04′32.01′′ 347◦∠76◦
21 N 38◦45′25.90′′ E 111◦07′29.62′′ 55◦∠82◦ 136 N 39◦02′21.47′′ E 111◦03′17.23′′ 335◦∠83◦
22 N 38◦45′25.90′′ E 111◦07′29.62′′ 159◦∠88◦ 137 N 39◦02′21.47′′ E 111◦03′17.23′′ 62◦∠78◦
23 N 38◦45′22.51′′ E 111◦07′24.62′′ 37◦∠77◦ 138 N 39◦02′21.47′′ E 111◦03′17.23′′ 325◦∠87◦
24 N 38◦45′22.51′′ E 111◦07′24.62′′ 292◦∠54◦ 139 N 39◦02′21.47′′ E 111◦03′17.23′′ 84◦∠77◦
25 N 38◦45′21.51′′ E 111◦07′22.61′′ 22◦∠82◦ 140 N 39◦02′11.29′′ E 111◦02′35.42′′ 335◦∠82◦
26 N 38◦45′21.51′′ E 111◦07′22.61′′ 258◦∠66◦ 141 N 39◦02′11.29′′ E 111◦02′35.42′′ 54◦∠51◦
27 N 38◦46′1.61′′ E 111◦04′9.33′′ 315◦∠87◦ 142 N 39◦02′11.29′′ E 111◦02′35.42′′ 63◦∠54◦
28 N 38◦46′1.61′′ E 111◦04′9.33′′ 43◦∠82◦ 143 N 39◦02′11.29′′ E 111◦02′35.42′′ 358◦∠85◦
29 N 38◦46′2.58′′ E 111◦04′11.09′′ 12◦∠73◦ 144 N 38◦30′14.85′′ E 111◦10′14.05′′ 97◦∠56◦
30 N 38◦46′2.58′′ E 111◦04′11.09′′ 115◦∠61◦ 145 N 38◦30′14.85′′ E 111◦10′14.05′′ 23◦∠82◦
31 N 38◦46′0.10′′ E 111◦04′11.78′′ 149◦∠72◦ 146 N 38◦30′14.85′′ E 111◦10′14.05′′ 352◦∠87◦
32 N 38◦46′0.10′′ E 111◦04′11.78′′ 52◦∠74◦ 147 N 38◦30′14.85′′ E 111◦10′14.05′′ 94◦∠73◦
33 N 38◦45′59.16′′ E 111◦04′12.44′′ 56◦∠71◦ 148 N 38◦30′15.85′′ E 111◦10′14.41′′ 22◦∠85◦
34 N 38◦45′59.16′′ E 111◦04′12.44′′ 313◦∠79◦ 149 N 38◦30′15.85′′ E 111◦10′14.41′′ 87◦∠81◦
35 N 38◦45′58.49′′ E 111◦04′20.51′′ 343◦∠76◦ 150 N 38◦30′12.00′′ E 111◦10′11.72′′ 70◦∠82◦
36 N 38◦45′58.49′′ E 111◦04′20.51′′ 65◦∠78◦ 151 N 38◦30′12.00′′ E 111◦10′11.72′′ 142◦∠83◦
37 N 38◦45′58.10′′ E 111◦04′22.05′′ 337◦∠89◦ 152 N 38◦30′1.18′′ E 111◦10′11.06′′ 78◦∠75◦
38 N 38◦45′58.10′′ E 111◦04′22.05′′ 75◦∠83◦ 153 N 38◦30′1.18′′ E 111◦10′11.06′′ 20◦∠82◦
39 N 38◦45′58.41′′ E 111◦04′23.18′′ 52◦∠63◦ 154 N 38◦30′1.02′′ E 111◦10′8.31′′ 84◦∠82◦
40 N 38◦45′58.41′′ E 111◦04′23.18′′ 73◦∠76◦ 155 N 38◦30′1.02′′ E 111◦10′8.31′′ 341◦∠81◦
41 N 38◦45′58.41′′ E 111◦04′23.18′′ 352◦∠51◦ 156 N 38◦30′0.25′′ E 111◦10′7.68′′ 57◦∠78◦
42 N 38◦45′58.41′′ E 111◦04′23.18′′ 70◦∠81◦ 157 N 38◦30′0.25′′ E 111◦10′7.68′′ 120◦∠71◦
43 N 38◦45′58.41′′ E 111◦04′23.18′′ 353◦∠76◦ 158 N 38◦29′57.27′′ E 111◦10′4.44′′ 43◦∠75◦
44 N 38◦45′58.41′′ E 111◦04′23.18′′ 74◦∠85◦ 159 N 38◦29′57.27′′ E 111◦10′4.44′′ 86◦∠86◦
45 N 38◦45′58.41′′ E 111◦04′23.18′′ 355◦∠87◦ 160 N 38◦29′57.27′′ E 111◦10′4.44′′ 43◦∠83◦
46 N 38◦45′58.41′′ E 111◦04′23.18′′ 75◦∠76◦ 161 N 38◦29′57.27′′ E 111◦10′4.44′′ 335◦∠81◦
47 N 38◦45′58.97′′ E 111◦04′40.51′′ 321◦∠88◦ 162 N 38◦29′55.65′′ E 111◦10′2.87′′ 64◦∠86◦
48 N 38◦45′58.97′′ E 111◦04′40.51′′ 46◦∠67◦ 163 N 38◦29′55.65′′ E 111◦10′2.87′′ 26◦∠82◦
49 N 38◦45′58.97′′ E 111◦04′40.51′′ 330◦∠79◦ 164 N 37◦26′27.77′′ E 110◦54′12.61′′ 47◦∠79◦
50 N 38◦45′58.97′′ E 111◦04′40.51′′ 53◦∠77◦ 165 N 37◦26′27.77′′ E 110◦54′12.61′′ 125◦∠64◦
51 N 38◦46′2.86′′ E 111◦05′14.02′′ 201◦∠88◦ 166 N 37◦26′39.75′′ E 110◦53′51.22′′ 145◦∠84◦
52 N 38◦46′2.86′′ E 111◦05′14.02′′ 76◦∠68◦ 167 N 37◦26′39.75′′ E 110◦53′51.22′′ 62◦∠89◦
53 N 38◦46′2.86′′ E 111◦05′14.02′′ 152◦∠88◦ 168 N 37◦26′41.60′′ E 110◦53′49.24′′ 16◦∠55◦
54 N 38◦46′2.86′′ E 111◦05′14.02′′ 77◦∠72◦ 169 N 37◦26′41.60′′ E 110◦53′49.24′′ 107◦∠80◦
55 N 38◦46′2.86′′ E 111◦05′14.02′′ 206◦∠86◦ 170 N 37◦26′41.60′′ E 110◦53′49.24′′ 117◦∠83◦
56 N 38◦46′2.86′′ E 111◦05′14.02′′ 106◦∠59◦ 171 N 37◦26′41.60′′ E 110◦53′49.24′′ 44◦∠75◦
57 N 38◦45′27.48′′ E 111◦06′44.02′′ 321◦∠84◦ 172 N 37◦26′41.60′′ E 110◦53′49.24′′ 86◦∠88◦
58 N 38◦45′27.48′′ E 111◦06′44.02′′ 73◦∠66◦ 173 N 37◦33′30.36′′ E 110◦53′51.46′′ 298◦∠80◦
59 N 38◦45′26.41′′ E 111◦06′46.27′′ 144◦∠81◦ 174 N 37◦33′30.36′′ E 110◦53′51.46′′ 195◦∠84◦
60 N 38◦45′26.41′′ E 111◦06′46.27′′ 81◦∠69◦ 175 N 37◦33′35.10′′ E 110◦53′33.25′′ 290◦∠87◦
61 N 38◦45′26.41′′ E 111◦06′46.27′′ 346◦∠88◦ 176 N 37◦33′35.10′′ E 110◦53′33.25′′ 75◦∠75◦
62 N 38◦45′26.41′′ E 111◦06′46.27′′ 74◦∠74◦ 177 N 37◦33′35.07′′ E 110◦53′33.50′′ 297◦∠86◦
63 N 38◦45′26.41′′ E 111◦06′46.27′′ 155◦∠76◦ 178 N 37◦33′35.07′′ E 110◦53′33.50′′ 194◦∠89◦
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Table A1. Cont.

Number Latitude Longitude
Dip Direction

and Angle
Number Latitude Longitude

Dip Direction
and Angle

64 N 38◦45′26.41′′ E 111◦06′46.27′′ 74◦∠65◦ 179 N 37◦33′8.90′′ E 110◦51′58.80′′ 52◦∠83◦
65 N 38◦45′27.10′′ E 111◦06′47.15′′ 4◦∠65◦ 180 N 37◦33′8.90′′ E 110◦51′58.80′′ 141◦∠68◦
66 N 38◦45′27.10′′ E 111◦06′47.15′′ 97◦∠73◦ 181 N 37◦33′9.01′′ E 110◦51′58.85′′ 183◦∠89◦
67 N 38◦45′27.10′′ E 111◦06′47.15′′ 341◦∠82◦ 182 N 37◦33′9.01′′ E 110◦51′58.85′′ 81◦∠66◦
68 N 38◦45′27.10′′ E 111◦06′47.15′′ 74◦∠78◦ 183 N 37◦33′10.65′′ E 110◦51′55.53′′ 75◦∠70◦
69 N 38◦45′24.64′′ E 111◦06′56.57′′ 322◦∠82◦ 184 N 37◦33′10.65′′ E 110◦51′55.53′′ 155◦∠78◦
70 N 38◦45′24.64′′ E 111◦06′56.57′′ 74◦∠67◦ 185 N 37◦33′9.98′′ E 110◦51′54.10′′ 196◦∠89◦
71 N 38◦45′22.63′′ E 111◦07′0.53′′ 123◦∠68◦ 186 N 37◦33′9.98′′ E 110◦51′54.10′′ 81◦∠75◦
72 N 38◦45′22.63′′ E 111◦07′0.53′′ 52◦∠74◦ 187 N 37◦33′10.09′′ E 110◦51′51.38′′ 85◦∠79◦
73 N 38◦45′21.75′′ E 111◦07′3.08′′ 18◦∠61◦ 188 N 37◦33′10.09′′ E 110◦51′51.38′′ 184◦∠83◦
74 N 38◦45′21.75′′ E 111◦07′3.08′′ 86◦∠74◦ 189 N 37◦33′9.76′′ E 110◦51′50.04′′ 183◦∠84◦
75 N 38◦45′21.75′′ E 111◦07′3.08′′ 150◦∠78◦ 190 N 37◦33′9.76′′ E 110◦51′50.04′′ 285◦∠81◦
76 N 38◦45′21.75′′ E 111◦07′3.08′′ 76◦∠72◦ 191 N 37◦33′9.76′′ E 110◦51′50.04′′ 78◦∠89◦
77 N 38◦45′20.86′′ E 111◦07′14.95′′ 146◦∠75◦ 192 N 37◦33′9.76′′ E 110◦51′50.04′′ 152◦∠73◦
78 N 38◦45′20.86′′ E 111◦07′14.95′′ 85◦∠89◦ 193 N 37◦32′55.11′′ E 110◦49′30.59′′ 57◦∠81◦
79 N 39◦03′23.56′′ E 111◦07′6.74′′ 188◦∠56◦ 194 N 37◦32′55.11′′ E 110◦49′30.59′′ 129◦∠84◦
80 N 39◦03′23.56′′ E 111◦07′6.74′′ 100◦∠76◦ 195 N 37◦32′55.11′′ E 110◦49′30.59′′ 51◦∠79◦
81 N 39◦03′19.84′′ E 111◦07′4.13′′ 219◦∠82◦ 196 N 37◦32′55.11′′ E 110◦49′30.59′′ 142◦∠80◦
82 N 39◦03′19.84′′ E 111◦07′4.13′′ 127◦∠84◦ 197 N 37◦35′33.50′′ E 110◦53′10.92′′ 290◦∠74◦
83 N 39◦03′20.39′′ E 111◦07′3.14′′ 133◦∠76◦ 198 N 37◦35′33.50′′ E 110◦53′10.92′′ 185◦∠86◦
84 N 39◦03′20.39′′ E 111◦07′3.14′′ 221◦∠84◦ 199 N 37◦35′33.50′′ E 110◦53′10.92′′ 190◦∠87◦
85 N 39◦03′20.73′′ E 111◦07′2.48′′ 212◦∠79◦ 200 N 37◦35′33.50′′ E 110◦53′10.92′′ 290◦∠82◦
86 N 39◦03′20.73′′ E 111◦07′2.48′′ 139◦∠87◦ 201 N 37◦35′30.47′′ E 110◦53′0.46′′ 294◦∠82◦
87 N 39◦03′20.32′′ E 111◦07′2.01′′ 222◦∠79◦ 202 N 37◦35′30.47′′ E 110◦53′0.46′′ 193◦∠82◦
88 N 39◦03′20.32′′ E 111◦07′2.01′′ 143◦∠84◦ 203 N 37◦35′30.47′′ E 110◦53′0.46′′ 190◦∠89◦
89 N 39◦03′19.69′′ E 111◦07′1.11′′ 56◦∠81◦ 204 N 37◦35′30.47′′ E 110◦53′0.46′′ 290◦∠84◦
90 N 39◦03′19.69′′ E 111◦07′1.11′′ 127◦∠79◦ 205 N 37◦35′30.47′′ E 110◦53′0.46′′ 191◦∠87◦
91 N 39◦03′18.83′′ E 111◦07′0.56′′ 53◦∠74◦ 206 N 37◦35′30.47′′ E 110◦53′0.46′′ 275◦∠88◦
92 N 39◦03′18.83′′ E 111◦07′0.56′′ 131◦∠87◦ 207 N 37◦35′26.86′′ E 110◦52′50.82′′ 190◦∠89◦
93 N 39◦03′21.35′′ E 111◦07′4.26′′ 42◦∠81◦ 208 N 37◦35′26.86′′ E 110◦52′50.82′′ 285◦∠87◦
94 N 39◦03′21.35′′ E 111◦07′4.26′′ 320◦∠83◦ 209 N 37◦35′26.86′′ E 110◦52′50.82′′ 198◦∠88◦
95 N 39◦03′21.35′′ E 111◦07′4.26′′ 45◦∠71◦ 210 N 37◦35′26.86′′ E 110◦52′50.82′′ 281◦∠71◦
96 N 39◦03′21.35′′ E 111◦07′4.26′′ 324◦∠86◦ 211 N 37◦35′25.39′′ E 110◦52′48.02′′ 80◦∠73◦
97 N 39◦03′35.25′′ E 111◦06′19.22′′ 182◦∠67◦ 212 N 37◦35′25.39′′ E 110◦52′48.02′′ 193◦∠88◦
98 N 39◦03′35.25′′ E 111◦06′19.22′′ 277◦∠90◦ 213 N 37◦35′25.28′′ E 110◦52′41.15′′ 291◦∠84◦
99 N 39◦03′35.25′′ E 111◦06′19.22′′ 359◦∠71◦ 214 N 37◦35′25.28′′ E 110◦52′41.15′′ 189◦∠87◦
100 N 39◦03′35.25′′ E 111◦06′19.22′′ 272◦∠77◦ 215 N 37◦35′22.00′′ E 110◦52′35.99′′ 192◦∠89◦
101 N 39◦03′35.25′′ E 111◦06′19.22′′ 272◦∠57◦ 216 N 37◦35′22.00′′ E 110◦52′35.99′′ 289◦∠68◦
102 N 39◦03′35.25′′ E 111◦06′19.22′′ 183◦∠88◦ 217 N 37◦35′20.02′′ E 110◦52′30.63′′ 189◦∠89◦
103 N 39◦03′34.15′′ E 111◦06′20.15′′ 267◦∠76◦ 218 N 37◦35′20.02′′ E 110◦52′30.63′′ 282◦∠79◦
104 N 39◦03′34.15′′ E 111◦06′20.15′′ 183◦∠74◦ 219 N 37◦35′20.02′′ E 110◦52′30.63′′ 186◦∠85◦
105 N 39◦03′30.99′′ E 111◦06′19.14′′ 355◦∠83◦ 220 N 37◦35′20.02′′ E 110◦52′30.63′′ 82◦∠66◦
106 N 39◦03′30.99′′ E 111◦06′19.14′′ 87◦∠81◦ 221 N 37◦35′19.18′′ E 110◦52′26.46′′ 82◦∠81◦
107 N 39◦03′30.99′′ E 111◦06′19.14′′ 230◦∠82◦ 222 N 37◦35′19.18′′ E 110◦52′26.46′′ 193◦∠86◦
108 N 39◦03′30.99′′ E 111◦06′19.14′′ 325◦∠46◦ 223 N 37◦35′13.14′′ E 110◦51′57.89′′ 179◦∠86◦
109 N 39◦03′30.26′′ E 111◦06′18.75′′ 359◦∠82◦ 224 N 37◦35′13.14′′ E 110◦51′57.89′′ 270◦∠79◦
110 N 39◦03′30.26′′ E 111◦06′18.75′′ 273◦∠79◦ 225 N 37◦35′13.14′′ E 110◦51′57.89′′ 175◦∠84◦
111 N 39◦03′30.15′′ E 111◦06′13.40′′ 224◦∠75◦ 226 N 37◦35′13.14′′ E 110◦51′57.89′′ 283◦∠84◦
112 N 39◦03′30.15′′ E 111◦06′13.40′′ 82◦∠87◦ 227 N 37◦35′13.70′′ E 110◦51′57.07′′ 184◦∠82◦
113 N 39◦03′31.40′′ E 111◦06′11.67′′ 337◦∠66◦ 228 N 37◦35′13.70′′ E 110◦51′57.07′′ 272◦∠85◦
114 N 39◦03′31.40′′ E 111◦06′11.67′′ 54◦∠75◦ 229 N 37◦35′14.15′′ E 110◦51′51.27′′ 177◦∠72◦
115 N 39◦03′31.40′′ E 111◦06′11.67′′ 209◦∠73◦ 230 N 37◦35′14.15′′ E 110◦51′51.27′′ 280◦∠69◦
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