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Abstract: The Upper Paleozoic coal measure strata in the
Southern North China Basin have good potential for
unconventional oil and gas exploration. However, there
has been no systematic evaluation of potential source
rock in this area; this affects the estimation of potential
resources and the choice of exploratory target layers. In
this study, full core holes ZK0901 and ZK0401, which per-
fectly reveal Upper Paleozoic strata in the study area, sys-
tematically collected and analyzed the samples for total
organic carbon, rock pyrolysis, chloroform bitumen “A,”
organic maceral, vitrinite reflectance, and kerogen carbon
isotopes. The results showed that in addition to coal rocks,
mudstones and carbonate rocks are also potential source
rocks in the Upper Paleozoic strata. Vertically, the source
rocks are continuous in Taiyuan Formation, the lower part
of Shanxi Formation, and Lower Shihezi Formation. The
organic matter type in the Upper Paleozoic coal rocks and
mudstone source rock belong to type III or II. This phe-
nomenon is mainly attributed to the special transgressive—
regressive sedimentary environment of the carbonate
rocks. The higher degree of thermal evolution in the
Upper Paleozoic source rocks may be related to the struc-
ture or a higher paleogeothermal gradient in this area. The
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coal layer and its upper and lower mudstone of the Shanxi
Formation and Lower Shihezi Formation are the main
target layers of unconventional oil and gas exploration.
The results from this study can be used as a reference
for the study on potential source rock for unconventional
oil and gas exploration in the Southern North China Basin.
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Paleozoic, source rocks, evaluation, Southern North
China Basin

1 Introduction

The Upper Paleozoic Permo-Carboniferous strata are
coal-bearing strata in the eastern part of Southern
North China Basin, which is part of the Late Paleozoic
coal-accumulating basin in North China and one of the
main coal-producing bases in Henan Province. It has
abundant coal-bed methane resources and shale gas
exploratory prospects. The occurrence rate and influen-
cing factors of coal-bed methane [1] and geological con-
ditions giving rise to shale gas reservoir formation have
been studied [2-4], but there has been no systematic
evaluation of the coal measure source rock in this area,
which affects the estimation of resources and the choice
of exploratory target layers.

The practice and research of unconventional oil and
gas exploration at home and abroad show that coal mea-
sure strata form a good source rock foundation [5-10]
and can form “sandwich” structures [11,12] with both
superior sources and reservoirs. As good source rocks
and coal-bed methane reservoirs, previous studies have
paid ample attention to coal rock [13-16]. However, the
different sedimentary environments of coal measure
strata can produce different types of rock. Mudstones
and carbonate rocks are potential source rock [17]. While
most scholars believe that coal rocks are main source
rocks of coal-bed methane in the Upper Paleozoic in
this area [18], they have not paid significant attention
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to other types of source rock. Hence, there has been no
systematic evaluation of potential source rock in this
area. The systematic evaluation of different types of
source rock and determination of distribution strata of
favorable source rock are very important for oil and gas
exploration in coal measure strata [2,8,9].

In this study, full core holes ZK0901 and ZK0401
(Figure 1), which perfectly reveal Upper Paleozoic coal
measure strata in the Yongcheng mining area, system-
atically collected samples of coal rock, mudstone, and
carbonate rock vertically, and conducted organic geo-
chemical analysis of the samples. Comprehensive evalua-
tion of the organic matter content, organic matter type,
and evolution degree of source rock was conducted. We
also determined the main development horizons of the
Upper Paleozoic source rock in the Yongcheng mining
area and analyzed the potential for oil and gas exploration
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of the coal measure source rock in this area according to
the regional geological characteristics.

2 Geological background

The South China North Basin, where the study area is
located, belongs to the southern part of the North China
Plate in the Paleozoic. On its Archean—Paleoproterozoic
metamorphic basement, stable sedimentary Mesoproterozoic
and Paleozoic sedimentary caprocks are generally developed.
Since the Mesozoic, the internal faults of the North China
Basin (the Paleozoic North China plate extent) have been
developed, and the sedimentary division was obviously
controlled by it. The South China North Basin is a subtec-
tonic unit surrounded by the faults of the interior of the
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Figure 1: Geological sketch of the study area and locations of the samples. (a) Tectonic unit sketch of southern North China Basin (modified
from ref. [19]); (b) geological sketch of study area (modified from ref. [20]).
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North China Basin. The Yongcheng Area is located in the
eastern part of the Taikang Uplift in the South China North
Basin (Figure 1a) [19].

The Yongcheng Mining Area developed a series of
high-angle normal faults trending in North-North-East
and North-West directions, which form stepped fault
blocks on both sides, and are arranged alternatively in
wide and gentle anticline—syncline, thus forming the tec-
tonic framework of this area, and controlling the occur-
rence and distribution of coal measure strata (Figure 1b)
[19]. Due to the larger thickness and deep burial of the
Upper Paleozoic in this area, the lower strata of the Upper
Paleozoic (ZK0901) can be revealed only at the impact of
normal faults and the uplift of the footwall, while other
holes cannot reveal the lower strata. Therefore, in order
to make an overall analysis of the changes in the Upper
Paleozoic source rock in this area, borehole ZK0901 near
borehole ZK0401 reveals the lower strata of the Upper
Paleozoic as a complement, ZK0901 and ZK0401 revealed
Upper Carboniferous Benxi Formation (C,b), Taiyuan For-
mation (C,f), Lower Permian Shanxi Formation (P;s), Lower
Shihezi Formation (Pyx), and Middle Permian Upper Shihezi
Formation (P,s) in the Upper Paleozoic (Figure 2).

The lithology of the Benxi Formation is mainly oolitic
aluminous mudstone, including hematite aggregates, with
a thickness of 13.03 m. Parallel unconformity contact occurs
with the underlying limestone of Middle Ordovician
Majiagou Formation (O,m). The lithology of Taiyuan
Formation is mainly composed of limestone, silty mud-
stone, and mudstone and thin coal bed with a thickness
of 70.20 m. It can be divided into lower limestone member,
middle clastic rock member, and upper limestone member.
The lithology of Shanxi Formation is dominated by mud-
stone and silty mudstone, followed by sandstone, with a
thickness of 51.32 m. The first coal bed (II,), with a thickness
of 4.48 m, is rich in plant fossil fragments. The lithology of
Lower Shihezi Formation is mainly composed of aluminous
mudstone, mudstone, sandy mudstone, and thin coal bed,
with a smaller thickness of 51.07 m. The lithology of Upper
Shihezi Formation is mainly composed of gray and light
gray mudstone, sandy mudstone, and purple porphyry
mudstone. The hole revealed a larger thickness of 656.74 m.

3 Standards for sample collection
and evaluation

All mudstone and carbonate rocks with thicknesses >1.00 m
had sample control. For mudstones and carbonate rocks
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with relatively larger thickness, the sample interval was
generally <2.00 m; for coal rocks, there was also sample
control. Considering previous works [8,9], the organic
carbon content of coal rock can generally meet the stan-
dards of source rock. Furthermore, during the 2-year storage
period of coal drill cores, the drilling unit collects more
samples from coal rock, which results in less coal core pre-
served. Therefore, no samples were collected from all coal
beds. Without the pollution of debris, drilling fluids, and
other substances, the weight of the sample was generally
around 1Kkg, and the sample was wrapped in a sealed bag.
Another 0.5 kg of the same sample was collected as a dupli-
cate. A total of 85 samples were collected. The location and
quantity of samples and sample distribution are respec-
tively described in Figure 2 and Table 1. According to the
requirements of rock pyrolysis analysis and total organic
carbon (TOC) analysis on sample size, all samples were
ground and passed through 80-mesh sieve to obtain sam-
ples with particle size less than 0.2 mm which can be used
for organic carbon analysis. Then, the remaining samples
were passed through 50-mesh sieve to obtain particles
smaller than 0.5 mm for rock pyrolysis analysis. The sam-
ples were sliced and polished before the vitrinite reflectance
experiment. A series of tests were carried out on all 85
samples, including rock pyrolysis analysis, TOC analysis,
vitrinite reflectance measurement, maceral observation
and identification, and argon ion polishing. The experi-
mental instruments are YY-3000A rock pyrolysis instru-
ment, DM LPWITH MSP200 vitrinite reflectance tester, Leica
DM4500P research microscope, and PECSII Model685 argon
ion polisher. Sample testing was mainly completed by
Sinopec Zhongyuan Oilfield Petroleum Geology and Experi-
ment Center and Henan Oilfield Geological Laboratory.
Due to the special sedimentary environment and
parent material composition of the coal measure strata,
the effective carbon content for oil and gas in the organic
matter was relatively low. When evaluating coal measure
source rock, we neither simply apply the general evalua-
tion criteria for organic matter abundance of lacustrine
mudstone nor improve the evaluation criteria for organic
matter abundance, so as to determine other correspond-
ing evaluation and classification criteria. Therefore, the
evaluation criteria adopted in this study are coal measure
mudstone and carbonaceous mudstone [21], which are
different from carbonate rocks [22]. The kerogen-type
index (KTI) is calculated based on the percentage of
kerogen organic macerals, which is a key parameter to
evaluate organic matter type. KTI = (sapropelinite% x 100 +
exinite% x 50 — vitrinite% x 75 — inertinite% x 100)/100
[23]. According to KTI, organic matter types can be divided
into four types, namely, type I with KTI larger than 80,
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Figure 2: Synthetic histogram of locations and organic geochemical parameters of coal-bearing strata in the study area based on the

samples.

type II; with KTI between 40 and 80, type I, with KTI The kerogen iso

tope, such as carbon isotope, has a strong

between 0 and 40, and type Il with KTI less than O [23]. inheritance and does not change much with maturity,
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which is a relatively stable indicator. The carbon isotopes
of kerogen provide a basis for the evaluation of kerogen
types for the source rocks with the high-mature to over-
mature stage. According to the isotope values, kerogen types
can be divided into three types, namely, type III with §°C
larger than —25%o, type II with 8°C between -26.5 and
—25%o, and type I with 8°C less than —26.5%o [23].

4 Results

All samples were analyzed for TOC and rock pyrolysis,
and representative samples were selected for analysis
to obtain the parameters of chloroform bitumen “A,”
organic maceral, vitrinite reflectance, and kerogen
carbon isotopes. The results are shown in Table 1.

4.1 Organic matter abundance
4.1.1 TOC content

In ZK0901, the TOC of the mudstone in Benxi Formation
varies from 0.43 to 2.15%, with an average of 1.29% (2)
(Note: The content in the parentheses after the average
value represents the sample size), which is a poor source
rock with a controlling thickness of 8.58 m (Table 2); the
TOC of the mudstone in Taiyuan Formation varies from
0.15 to 3.09%. Among them, the mudstone of minimum
TOC is aluminous mudstone with a controlling thickness
of 3.05m, not included in the average calculation. The
average value of the other mudstone is 1.64% (10), which
is medium source rock with a controlling thickness of
40.76 m. The TOC of the carbonate rock varies from 0.15
to 7.53%, with an average of 1.82% (6), which is medium-
good source rock with a controlling thickness of 41.65 m.
The TOC of the coal rock is 59.10%, which is good source
rock, with a controlling thickness of 1.00 m; the TOC of
the coal rock in Shanxi Formation is 60.10%, which is
good source rock with a controlling thickness of 5.11 m.
Bounded by the upper mudstones of II, coal bed (Figure 2a)
(including these mudstones), the TOC of the lower mud-
stone varies from 0.78 to 2.69%, with an average of 1.78%
(7), which is medium source rock with a controlling thick-
ness of 51.54 m. The TOC of the upper mudstone varies from
0.09 to 0.47%, with an average of 0.20% (4), which does not
meet the standards of source rock.

In ZK0401, the TOC of mudstones in Lower Shihezi
Formation varies from 0.31 to 1.24%, with an average of
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0.68% (4), which is nonsource rock and poor source rock
with a controlling thickness of 12.66 m; the TOC of the
carbonaceous mudstones varies from 14.60 to 24.30%,
with an average of 19.45% (2), which is good source
rock with a controlling thickness of 3.35 m. The TOC of
the coal rock varies from 37.70 to 46.90%, with an
average of 42.30% (2), which is good source rock with a
controlling thickness of 4.04 m; the TOC of the carbonac-
eous mudstone of Upper Shihezi Formation varies from
6.19 to 16.10%, with an average of 11.15% (2), which is
medium-good source rock with a controlling thickness of
44,01 m. The higher TOC of the mudstone varies from 1.10
to 3.20%, with an average of 1.42% (5), which is poor
source rock with a controlling thickness of 39.27 m. The
TOC of the other mudstone varies from 0.06 to 0.98%,
with an average of 0.30% (38), which is nonsource rock.

Only in terms of TOC, source rock of ZK0901-ZK0401
is mainly developed in the lower part of the Upper
Paleozoic (i.e., horizons below II,). Coal rock, mudstone,
and carbonate rock are all potential source rock in the
Upper Paleozoic and are continuous with a controlling
thickness of 148.64 m. Besides K, mudstone and sand-
stone in the lower part of Lower Shihezi Formation, the
mudstone and carbonaceous mudstone of Lower Shihezi
Formation generally meet the standards of source rock,
with a controlling thickness of 20.05 m. In Upper Shihezi
Formation, the carbonaceous mudstone meets the stan-
dards of source rock, and there are mudstone members
with TOCs greater than 0.75% that are mainly developed
in coal members 5 and 6 (Figure 2b and c), or nearby the
coal bed, with a controlling thickness of 83.28 m.

4.1.2 Hydrocarbon potential (S; + S,) and chloroform
bitumen “A”

Hydrocarbon potential (S; + S,) of mudstone in Benxi
Formation at bore hole ZK0901 varies from 0.06 to
0.11mg/g, with an average of 0.09mg/g (2); S; + S,
of mudstone in Taiyuan Formation varies from 0.01 to
0.30 mg/g, with an average of 0.11mg/g (11); S; + S, of
the carbonate rock varies from 0.01 to 0.93 mg/g, with
an average of 0.22mg/g (6). S; + S, of the coal rock is
8.03mg/g; S; + S, of coal rock in Shanxi Formation is
8.11mg/g, and S; + S, of the lower mudstone varies
from 0.11 to 0.35mg/g, with an average of 0.20 mg/g
(7); S; + S, of the upper mudstone varies from 0.01 to
0.05mg/g, with an average of 0.02mg/g (4). S; + S, of the
coal rock in Lower Shihezi Formation at ZK0401 varies
from 1.70 to 11.95 mg/g, with an average of 6.83 mg/g (2).
S; + S, of the carbonaceous mudstone varies from 2.55 to
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Table 2: TOC content and its controlling thickness of different rocks in coal-bearing layers in the study area based on the samples

Borehole Horizon Lithology

TOC range (%)

TOC
average (%)

Grade of source rock  Controlling

thickness (m)

ZK0401  Upper Shihezi Other mudstones 0.06-0.98
Formation Mudstones with 1.10-3.20
higher TOC
Carbonaceous 6.19-16.10
mudstones
Lower Shihezi Mudstones 0.31-1.24
Formation
Carbonaceous 14.60-24.30
mudstones
Coals 37.7-46.90
ZK0901  Shanxi Formation Upper mudstones 0.09-0.47
Coals 60.10
Lower mudstones 0.78-2.69
Taiyuan Coals 59.10
Formation Carbonate 0.15-7.53
Mudstones 0.15-3.09

0.30 (38) Nonsource rock 371.80
1.42 (5) Poor 39.27
11.15 (2) Medium 44.01
0.68 (4) Nonsource rock/poor 12.66
source rock
19.45 (2) Good 3.35
42.30 (2) Good 4.04
0.20 (4) Nonsource rock 7.24
60.1 (1) Good 5.11
1.78 (7) Medium 51.54
59.1 (1) Good 1.00
1.82 (6) Medium 41.65
1.50 (11) Medium 40.76

The contents in the parentheses after the average value represents the sample size, the same below.

7.07 mg/g, with an average of 4.81 mg/g, while that of the
mudstone varies from 0.02 to 0.19 mg/g, with an average
of 0.09mg/g; S; + S, of the carbonaceous mudstone in
Upper Shihezi Formation varies from 1.46 to 10.40 mg/g,
with an average of 5.93 mg/g, and that of the mudstone
with the higher TOC varies from 0.13 to 0.64 mg/g, with an
average of 0.33mg/g (5). S; + S, of all other mudstone varies
from 0.01 to 0.28 mg/g, with an average of 0.05 mg/g (38).
The chloroform bitumen “A” of the carbonate rock in
Taiyuan Formation at bore hole ZK0901 in the Yongcheng
Area is 0.0036%; the chloroform bitumen “A” of the mud-
stone there varies from 0.0026 to 0.0119%, with an average
of 0.0064% (3), while that of the coal rocks is 0.0024%;
that of the lower mudstone in Shanxi Formation is
0.0033%; and that of the coal rock is 0.0957%. The chloro-
form bitumen “A” of the mudstone in Lower Shihezi
Formation at bore hole ZK0401 is 0.0053%; that of the
coal rocks there is 0.0393%; the chloroform bitumen “A”
of the mudstone in Upper Shihezi Formation varies from
0.0053 to 0.0070%, with an average of 0.0060% (4) while
that of the mudstone with the higher TOC is 0.0104%.

4.2 Organic matter type
4.2.1 Organic maceral
The vitrinite of the carbonate rock in Taiyuan Formation

in bore hole ZK0901 is 75.54%, dominated by euvitrinite,
with 24.5% exinite and a KTI value of —44; the vitrinite of

the mudstone in Taiyuan Formation is 14 and 7%, with 86
and 93% exinite and a KTI value of 33 and 44; the vitrinite
of the coal rock in Taiyuan Formation is 64%, with 36%
exinite and a KTI value of -30; the vitrinite of the lower
mudstone in Shanxi Formation is 6%, with 94% exinite and
a KTI value of 43; the vitrinite of the coal rock in Shanxi
Formation is 56%, with 44% exinite and a KTI value of —20.
The vitrinite of the mudstone in Lower Shihezi Formation of
bore hole ZK0401 is 3%, with 97% exinite and a KTI value of
46; the vitrinite of the coal rock in Lower Shihezi Formation
is 49%, with 51% exinite and a KTI value of —11; the vitrinite
of the mudstone in Upper Shihezi Formation varies from 1 to
4%, with an average of 2.67% (3), and the exinite varies
from 96 to 99%, with an average of 97.33% (3), and a KTI
value from 45 to 49, with an average of 46.67 (3). According
to the criteria for determining the organic matter type by KTI
and KTI-I; (mg/g) correlation, both the mudstone and coal
rock indicated the characteristics of type II or III kerogen
macerals (Table 3, Figure 3).

4.2.2 Carbon isotopes

The kerogen carbon isotope of the carbonate rock of
Taiyuan Formation at bore hole ZK0901 is —28.6%o0 and
that of the mudstone varies from —23.7 to —23.5%o, with an
average of —23.56%0 (2); that of the coal rock is —23.7%o;
that of the lower mudstone of Shanxi Formation is —23.4%o
and that of the coal rock is —25.0%o. The kerogen carbon
isotope of the mudstone of Lower Shihezi Formation in
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§ e d e a . bore hole ZK0401 is —27.3%0 while that of the coal rock is
Fl=E========== —23.4%0; that of the mudstone of Upper Shihezi Formation
varies from —24.0 to —22.7%o, with an average of —23.08%o
Elnooaf 0w mmIS o (2). According to the criterion for distinguishing source
il L L S A rock type by kerogen carbon isotopes, mudstone and
coal rock in all strata are type III or II kerogen.
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Figure 3: Kerogen organic macerals of different rocks in the coal-bearing layers in the study area based on bore holes ZK0901-ZK0401.
(a) Euvitrinite in limestone of Taiyuan formation; (b) Euvitrinite in mudstone of lower Shihezi formation; (c) Fungus in mudstone of Upper
Shihezi Formation; (d) Phyllovitrinite in limestone of Taiyuan formation; (e) Phyllovitrinite in mudstone of Upper Shihezi Formation;

(f) Sporinite in mudstone of Upper Shihezi Formation; (g) Suberinite in mudstone of Shanxi formation; (h) Cutinite in mudstone of Upper
Shihezi Formation; (i) Suberinite in mudstone of Upper Shihezi Formation.

505°C (2), and that of the mudstone with the higher TOC
varies from 519 to 541°C, with an average of 531°C (4).
According to the criteria for the determination of organic
matter evolution degree by maximum pyrolysis temperature
(Tmax), the source rock basically indicates the characteristics
of high-mature to over-mature, which is consistent with the
characteristics reflected by kerogen vitrinite reflectance.

5 Discussion

5.1 Low hydrocarbon generation potential of
the Upper Paleozoic source rocks

From the above analysis data, it can be seen that the
hydrocarbon potential (S; + S;) and chloroform bitumen
“A” of the mudstone, carbonaceous mudstone, and coal

rock at ZK0901-ZK0401 are low, and most of the samples
cannot meet the standards of source rock. This major
reason may be the high thermal maturity (Ro shown in
Table 1), and a minor factor may be the long storage time
of the core. According to the test data analysis (Table 1),
which can support this finding, S; generally does not
exceed 0.5mg/g, remaining mostly 0 or 0.01 mg/g, and
chloroform bitumen “A” is very low. In the case of deep-
buried source rock with good caprock and fresh cores,
higher hydrocarbon potential and chloroform bitumen
“A” can be expected [8,9]. In the theory, S; + S, and
chloroform bitumen “A” cannot be used to evaluate the
organic matter content of source rock in this area; but
according to the residual organic index and significant
positive correlation between hydrocarbon potential (S; + S;)
and TOC (Figure 4), the hydrocarbon potential is also of
significance for analyzing the quality of source rock under
the same conditions.
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Figure 4: TOC-S; + S, correlation diagram of different coal-bearing
layers in the study area based on the samples.

Test results of the Upper Paleozoic source rocks in
the Southern North China Basin [8,9] show that coal
rocks, mudstones, and carbonate rocks are all possibly
potential source rocks in Upper Paleozoic. These source
rocks are vertically continuous in Taiyuan Formation and
in the lower part of Shanxi Formation, mainly distributed
nearby coal bed with small thickness in the upper part
of Shanxi Formation and XiaShihezi Formation, seldom
in Shangshihezi Formation. The vertical variations and
quality differences of the Upper Paleozoic source rocks
may be mainly attributed to the sedimentary environ-
ment. Previous studies show that the Late Paleozoic
coal-bearing stratum is a complete transgressive-regres-
sive cycle [24], and that the thick coal rock of Shanxi
Formation was formed in the transition point of a trans-
gressive—regressive cycle. This set of strata has a stable
sedimentary base for a long time and thereby have
superior conditions for the formation of source rock
[24]. Mudstone at the bottom of this set of strata (mainly
including the lower mudstone of Benxi Formation,
Taiyuan Formation, and Shanxi Formation) is developed
in tidal flat environments and accompanied by sudden
transgression [25,26]. Sea level frequently rises and falls,
resulting in the alternating occurrences of carbonate rock
and tidal flat facies mudstone so as to form the super-
imposition of a bioclastic limestone-mudstone—coal bed
(seam), with good source rock development conditions.
Subsequently, large-scale transgression developed, pro-
viding the sedimentary environment to develop source
rock of Lower Shihezi Formation; Upper Shihezi Forma-
tion was mainly developed in a delta plain environment.
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Here, valuable coal beds were formed under discarded
clastic tidal flat peat bogs, lower delta plain peat bogs,
and water-covered bogs marked by coal rock (or carbo-
naceous mudstone). However, multiple secondary trans-
gressions hindered the sustainable development of peat
bogs. Therefore, only multilayered thin coal beds were
formed [27], with smaller controlling thickness and poorer
vertical continuity. Especially with the continuation of
regression, the development conditions of the coal rock
deteriorated gradually, generally resulting in poor source
rock in Upper Shihezi Formation. According to the above
analysis, the Upper Paleozoic source rock in the Southern
North China Basin is dominated by coal rock and mud-
stone, and carbonate rock is mainly distributed in the
upper and lower strata of the coal bed. Therefore, II,
coal bed and its upper and lower mudstones in Shanxi
Formation, and the thin coal rock and upper and lower
mudstone of Lower Shihezi Formation are the most impor-
tant source rock development horizons, followed by the
coal bed (seam) of Taiyuan Formation and its nearby mud-
stone and carbonate rock.

The organic matter types of the Upper Paleozoic
source rocks in the Yongcheng Area are mainly type III
or II kerogen and kerogen macerals of mainly euvitrinite.
It is found that Taiyuan Formation consists of several
sedimentary sequences of limestone—fine clastic rocks.
The upper limestones are mostly mudstones or siltstones
with thin coal beds or carbonaceous mudstone above.
The limestones of the next sedimentary sequence directly
contact the coal bed or carbonaceous mudstones of the
previous sedimentary sequence. The carbonate rock dis-
plays an obvious scouring structure, which is considered
to be caused by frequent and sudden transgressions
[28]. Therefore, the sedimentary environment of Taiyuan
Formation changed rapidly during the sedimentary period
and there was frequent seawater transgression—regres-
sion. For transgression, the water body deepened and
the hydrodynamic force was strong, causing strong
scouring to the underlying coal bed or carbonaceous
mudstone. It not only interrupts coal accumulation,
but also leads to the deposition of a large amount of
eroded carbon debris in carbonate rocks, enriching
the carbon debris in limestone and rapidly depositing
it. This speculation has been confirmed by the large
amount of carbon debris remaining after dilute hydro-
chloric acid dissolution of Taiyuan Formation limestone
[17]. After rapid regression, the upper mudstones and
coal beds were formed. As a result, Taiyuan Formation
limestone has high organic carbon content.
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5.2 High thermal evolution degree of the
Upper Paleozoic source rocks

The Upper Paleozoic has basically reached the high-
mature to over-mature stage, with the highest Ro of
around 2.5%, increasing gradually with depth. Previous
studies have shown that the thermal evolution degree of
the Upper Paleozoic coal measure source rock in different
regions of the Southern North China Basin is quite dif-
ferent [29,30]. Based on the restoration of the sedimen-
tary and burial history in the area, through geothermal
history simulation of the Upper Paleozoic and by com-
paring the relationship between the paleogeothermal
field and the thermal evolution history in different areas
of Southern North China Basin and the evolution degree
of the source rock [31], it can be determined that this area
had a high geothermal gradient during the Yanshanian
and Himalayan periods, during which the regional mag-
matic thermal metamorphism played an important role in
the study area [32]. In fact, it has become a common
understanding that the evolution degree of the Upper
Paleozoic in the Southern North China Basin varies greatly
in different regions, which is also attributed to the differ-
ences in the Cenozoic geothermal gradients in different
regions [31,33].

5.3 Geological process and tectonic
evolution

Although this study only analyzed the basic characteris-
tics of the Upper Paleozoic coal measure source rock in
two boreholes in the study area, based on small changes
of Late Paleozoic epicontinental deposits in the regional
sedimentary environment, the boreholes can represent
the basic characteristics and vertical distribution charac-
teristics of the Upper Paleozoic source rocks in the
Yongcheng. Tectonic and magmatic activities are fre-
quent in the study area, especially in the Mesozoic
Yanshanian period [32,34], which is characterized by
folds and faults. The distribution of magmatic rocks is
closely related to uplift and faults. The rock masses are
basically distributed in near NNE trending anticline axes,
and then invade along the weak part of the structure or
soft stratum of two limbs of the anticline (mainly coal
beds). However, due to the irregular intrusion of mag-
matic rocks, the distribution of various types of magmatic
rocks cannot be accurately delineated. Aeromagnetic
data show that there are a large number of magnetic
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anomaly areas around the study area, and it is speculated
that there may be larger hidden rock masses in the deep
part [32]. Vertically, Lower Shihezi Formation is more
strongly intruded by magmatic rocks than Shanxi Forma-
tion. In plane, the western limb of the anticline mainly
intrudes into the Shanxi Formation, while the eastern
limb mainly intrudes into the Lower Shihezi Formation.
Its spatial distribution is controlled by tectonics [32,35].
Strong tectonic movement and magmatic activity have
had a great impact on the regional coal quality and
coal body structure, which may lead to a large amount
of coal-bed methane loss and affect the maturity of coal
measure strata system [36,37]. However, in the study of
the influence of igneous rocks on the secondary hydro-
carbon generation of Carboniferous-Permian coal rocks
in North China [38], it is found that magmatic rocks do
participate in and affect the hydrocarbon generation of
coal measure source rock. With igneous rock, the gas
hydrocarbon yield of coal rocks increases by 11-28%,
which has an obvious promoting effect on coal-to-gas.
In addition, because of the high TOC of mudstone near
the coal rock, large methane adsorption capacity and
developed pores [5,39,40], the brittle mineral content
in Shanxi Formation and Lower Shihezi Formation is
higher, which provides good conditions for coal-formed
gas accumulation and exploitation.

6 Conclusions

Coal rock, mudstone, and carbonate rock are all possible
potential source rock in the Upper Paleozoic, in which the
coal rock is the most important source rock. The organic
matter type of coal rock and mudstone belongs to type III
or II, which is related to the scouring of lower coal beds
by sudden transgression.

The thermal evolution degree of the Upper Paleozoic
source rock has reached high-mature to over-mature
stage and increases gradually with depth. The phenom-
enon may be related to the high geothermal gradient in
the Southern North China Basin.

The coal layer and its upper and lower mudstone are
the main target layers of unconventional oil and gas
exploration, which is highly useful in finding potential
advantaged exploration area.
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