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Abstract Sequence stratigraphy and coal petrology can
be used to comprehensively analyze the mechanism of
extremely thick coal seams under the influence of the
paleo-climate, paleo-environment, and accommodation
space during a coal-forming period. Based on the vertical
variations in coal quality, macerals, and lithology, key
sequence surfaces were identified, including the
terrestrialization surface (TeS), paludification surface
(PaS), give-up transgressive surface (GUTS), accom-
modation reversal surface (ARS), exposure surface (ExS),
and flooding surface (FS) in thick coal seams of the
Middle Jurassic Dameigou Formation in the Saishiteng
Coalfield, northern Qaidam Basin. Using these key
sequence surfaces, thick terrestrial coal seams can be
divided into several wetting-up and drying-up cycles. In
general, the vitrinite content, vitrinite/inertinite ratio (V/I),
and gelification index (GI) increased from bottom to top,
whereas the inertinite content decreased in the wetting-up
cycles. The vertical stacking pattern considers the PaS as
the bottom boundary, and the GUTS or ARS as the top
boundary, representing an increasing trend in the
accommodation space. However, the vitrinite content, V/I,
and GI values decreased from the bottom to the top,
whereas the inertinite content increased during the drying-
up cycle. Another vertical stacking pattern started from the
TeS, with the ExS or ARS as the top boundary,
representing a decreasing trend in the accommodation
space. The thick coal seams at the edge of the Saishiteng
Coalfield are blocked by a large number of clastic
sediments, whereas relatively few clastic sediments are
found in the coalfield center; thus, a single extremely thick
coal seam with good continuity can be formed. Based on
the coal petrology and sequence stratigraphic analyses, a
model of extremely thick coal seams superimposed on
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multiple peatlands was established from the basin margin
to the basin center. Four to five drying-up and wetting-up
cycles were predicted in accumulation variation. During a
water transgression stage, new peat accumulates on the
land, corresponding to a wetting-up cycle. In a water
regression stage, new peat accumulates in the basin center,
corresponding to a drying-up cycle. Analysis of the genesis
of thick coal seams is important for the in-depth
excavation of geological information during the coal-
forming period and for coal resource exploration in
terrestrial basins.

Keywords Northern Qaidam Basin, coal seams, coal
petrology, sequence stratigraphy, accommodation space

1 Introduction

Coal is a common solid energy source, but a highly
sensitive sediment. Geological information in coal
records paleo-environmental evolution and paleo-climatic
fluctuations at high resolution during coal-forming
periods (Oskay et al., 2016; Dai et al., 2020; Zhang et al.,
2020; Hou et al., 2022). In particular, the geological
information contained in thick seams is more abundant,
because the evolution from peat to coal seams occurs
from continuous compaction (Ryer and Langer, 1980; Lu
etal., 2018). Studying the genetic mechanism of thick
coal seams cannot only reveal the paleo-environment and
paleo-climate of the coal-forming period with the help of
geological information contained in coals (Greb, 2013;
Falahatkhah et al., 2021; Shao etal., 2021; Wang et al.,
2022), but also guide the exploration and mining of coal
resources in a basin.

An extremely thick coal seam has a thickness of more
than 8 m. For the coal-forming model and the distribution
of thick coal seams under different sequence stratigraphic
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frameworks, scholars have proposed that the lowstand
system tract is the main coal-forming site in parts of the
region. For most basins, transgressive and highstand
system tracts are conducive to the formation of thick coal
seams (Diessel, 2010; Lv et al., 2023). Owing to changes
in the sedimentary environment, the distribution
characteristics and accumulation mechanisms of coal
seams are different. Based on sequence stratigraphic
analysis, episodic coal accumulation, transgressive
processes, transgressive events, and lag time models of
marine limestone beds have been proposed by different
researchers (Shao et al., 2003, 2021; Yang et al., 2006).
The concept of an “accommodation space” refers to a
theoretical basis for further understanding the mechanism
of coal accumulation (Jervey, 1988; Shao et al., 2021). A
previous study found that coal thickness depends on the
relative  equilibrium  between  the  increasing
accommodation and peat accumulation rates. However,
an extremely rapid or slow rise rate at the base level is not
conducive to the formation of a thick coal seam (Bohacs
and Suter, 1997). On this basis, different types of
discontinuities in extremely thick coal seams have been
identified and the discontinuity surfaces divided into
exposure and flooding surfaces (ExS and FS),
emphasizing that the formation of extremely thick coal
seams underwent multiple sedimentary discontinuities
(Jerrett et al., 2011a).

The formation of thick coal seams has attracted the
attention of coal geologists worldwide. Shearer et al.
(1994) suggested that most of the thick coal seams were
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superimposed by ancient peat bodies. The genetic
mechanism of thick coal seams has been studied in
transitional environments, and it has been found that
macerals change regularly with increasing or decreasing
accommodation space, allowing various types of
sedimentary discontinuities to be identified (Lietal.,
2020). The accommodation space above the
terrestrialization surface (TeS) gradually decreases,
representing the beginning of a drying-up cycle, which
can be identified as a non-hiatal surface. The ExS is hiatal
and is formed by peat exposure and oxidation,
representing the end of the drying-up cycle (Wang et al.,
2020). The accommodation space above the
paludification surface (PaS) gradually increases,
representing the beginning of a wetting-up cycle, which
may be hiatal or non-hiatal surfaces. The give-up
transgressive surface (GUTS) is non-hiatal and is caused
by a slow increase in accommodation space. In contrast,
the FS is hiatal and is caused by a sudden increase in
accommodation space, representing the end of the
wetting-up cycle (Davies et al., 2005; Zainal Abidin et al.,
2022a) (Fig. 1). A previous investigation found that thick
peats move quickly to humification and gelification under
continuous dry-wet cycles by analyzing maceral
petrology and coal sequence stratigraphic characteristics.
Paleoenvironmental changes give rise to the accumulation
and transformation of organic matter, resulting in the
formation of thick peat deposits (Mangi et al., 2023). In
addition, the allochthonous accumulation coal formation
model cannot be ignored. When studying the genetic
mechanism of thick coal seams in fault basins, several
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Fig. 1 Relationship between accommodation space change and peat accumulation rates (modified from Jerrett et al., 2011b). ARS:
Accommodation reversal surface; TeS: Terrestrialization surface; PaS: Paludification surface; GUTS: Give-up transgressive surface;
FS: Flooding surface; ExS: Exposure surface; and AR/PPR: Accommodation rate/Peat production rate.
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scholars have found gravity flows and underwater debris
flows in thick coal seams, indicating that peat
accumulation was affected by storms, slumps, and other
events, and then transported and accumulated again
(Wang and Wang, 2000; Wu etal.,, 2007). Peat
accumulation is closely related to the paleoclimate, and
scholars have proposed a coal accumulation model
controlled by paleoclimate evolution (Hou et al., 2023a,
2023b) and astronomical-forcing superimposed multi-
staged swamp models (Wang et al., 2020). Additionally,
the coal accumulation model and its processes are
influenced by diverse factors; thus, a multiple coal-
forming theoretical model has been proposed (Li et al.,
2015).

To analyze the formation process of extremely thick
coal seams in a terrestrial basin, this study considered the
Beiloutian exploration area of the Saishiteng Coalfield in
the northern Qaidam Basin. Based on proximate analysis,
macro-lithotypes, and maceral identification, changes in
coal facies and coal quality parameters under different
sequences were analyzed. The super-thick coal seam
model in the terrestrial basin was established from the
basin margin to the center, which is important for guiding
the exploration of coal resources in terrestrial basins and
analyzing the genesis of super-thick coal seams in
continental basins with similar geological conditions in
other regions.

2 Geological setting

The Qaidam Basin, located on the north-eastern Qinghai-
Xizang Plateau, belongs to the southern Tarim-China-
Korea Plate and is the third largest inland basin in China.
Since the Proterozoic, the Qaidam Basin has undergone
multi-stage tectonic transformations, including the
Caledonian, Hercynian, Indosinian, Yanshan, and
Himalayan (Lietal., 2022). The Qaidam Basin is
separated from the surrounding tectonic units by large
faults, which are bounded by the Zongwulongshan-
Qinghai Nanshan Fault in the north, the Tarim Basin and
Altun Mountains in the west, the Qinling Orogenic Belt
and Elashan Fault to the east, and the Kunbei Fault and
East Kunlun Orogenic Belt in the south (Hu et al., 2022).
The northern Qaidam Basin is rich in coal, oil, and gas
resources (Hou et al., 2021) and can be divided from west
to east into the Saishiteng (Saishiteng Depression), Yugia
(western  Yugia-Hongshan Depression), Dameigou
(eastern Yugqia-Hongshan Depression), and Delingha
Coalfields (Delingha Depression) (Fig.2(a)). The
Beiloutian exploration area is located in the Saishiteng
Coalfield (Fig. 2(b)), with a strike of 13°NW and dip of
58°—61° (Li et al., 2016).

The Laogaoquan coal mine is located in the center of
the Beiloutian exploration area, Saishiteng Coalfield,
northern Qaidam Basin. The Jurassic substratum in the
Laogaoquan coal mine is primarily composed of
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Devonian gray-white and gray-brown tuff. The Middle
Jurassic can be divided into three third-order sequences,
which correspond to the Dameigou Formation, the lower
part of the Shimengou Formation, and the upper part of
the Shimengou Formation. The Dameigou Formation was
the object stratum in this study. The lower part was
deposited in the meandering channel from the upper delta
plain to the sediments of gray-white coarse sandstone.
The developed thick and recoverable M7 coal seam was
found in the middle section of the Dameigou Formation
with a thickness of 23.33—43.57 m (average 30.73 m).
The upper section was deposited in the estuary bar of the
delta front, and the inter-distributary bay and channel
were deposited in the lower delta plain. The sediments of
the Dameigou Formation are primarily gray-white coarse
sandstone, fine sandstone, siltstone, and the M7 and M6
coal seams. The lower part of the Middle Jurassic
Shimengou Formation was deposited in the meandering
channel and marsh of the upper delta, with sediments
mainly consisting of gray coarse sandstone, fine
sandstone, and the M5 coal seam. The sediments in the
upper part of the Shimengou Formation are mainly
siltstone, mudstone, and the M4 coal seam (Liu et al.,
2013; Fig. 3).

3 Sampling and methods

Thirty-six samples were collected from the M7 coal seam
in the Laogaoquan coal mine and numbered G1-G36
from west to east (from top to bottom) with a sampling
interval of approximately 0.5 m (Fig. 2(c)). To prevent
the contamination and oxidation of fresh samples, all
samples were immediately stored in sealed bags after
collection. All samples were crushed and sieved, and the
coal bricks were used in the laboratory. All experiments
were performed at the Geological Experiment Center of
Liaoning Technical University.

3.1 Macroscopic type

The spatial distributions of the macroscopic lithotype
components can be determined based on the physical
properties of coal, including color, streak, luster,
hardness, and fractures. Specifically, they were divided
into seven macroscopic lithotypes: bright (B), bright and
semi-bright (B and S-B), semi-bright (S-B), semi-bright
and semi-dull (S-B and S-D), semi-dull (S-D), semi-dull
and dull (S-D and D), and dull (D). The proportions of
vitrain and bright coal were >80%, 65%—80%,
50%—65%, 35%—50%, 20%—35%, 10%—20%, and <10%,
respectively.

3.2 Maceral identification

The coal samples were observed under an OLYMPUS
BX51 polarizing microscope (objective lens 50x,
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eyepiece 10x) under reflected light. Color and structure
are commonly used to identify coal macerals. The
vitrinite is shown in gray to light gray, in which the
outline of the telocollinite is clear, and the composition is
uniform. The inertinite is bright white in color, in which
the cell structure of the fusinite is well preserved, but the
semifusinite is poorly preserved. The point and row
spacings were 0.5 mm with more than 500 effective
measuring points. To reduce errors, three measurements
were required for each sample, and the average value was
used.

3.3 Proximate analysis
The ash yield, moisture content, and volatile and fixed

carbon contents of the coal samples were obtained using
proximate analysis. The moisture content was calculated

by the mass loss that occurred coal samples were heated
to 105°C—110°C under an N, atmosphere. The ash yield
was determined by the mass of the residue measured after
the coal samples were heated to 815 = 10°C under an N,
atmosphere. Then, 1 g of dried coal sample with particle
size less than 0.2 mm was heated for 7 min at 900 = 10°C
in isolated air. The volatile fixed carbon content was
calculated using the mass conservation principle.

4 Results
4.1 Coal petrology
4.1.1 Macroscopic lithotype

The macroscopic lithotypes of the M7 coal seam are
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Lithofacies, depositional facies, and sequence stratigraphy of the Middle Jurassic strata in Laogaoquan Coal Mine, northern

Qaidam Basin (modified after reference Liu et al., 2013). HST: Highstand systems tract; TST: Transgressive systems tract; and LST:

Lowstand systems tract.

mainly S-B and S-D, with the number of eleven type S-B
and S-D, eight type S-B, and eight type S-D (Table 1).
Vertically, the macrolithotypes of the coal samples from
G36 to G33 changed from S-D to B and S-B; G26 to G22
changed from D to B and S-B; G19 to G11 changed from
D to B; G8 to G4 changed from S-D to S-B; and G2 to
G1 changed from S-D and D to B and S-B. Therefore, the
coal gloss gradually became brighter, corresponding to
the wetting-up cycle. The macrolithotypes of the coal
samples from G33 to G26 and G22 to G19 changed from
B and S-B to D, G11 to G8 changed from B to S-D, and
G4 to G2 changed from S-B to S-D and D. Therefore, the

gloss gradually became dull, corresponding to the drying-
up cycle.

4.1.2 Macerals analysis

The maceral composition of the M7 coal seam is
dominated by vitrinite (average 77.71%). The sub-
maceral of vitrinite primarily contains desmocollinite and
telocollinite at 13.62%—68.86% (average 37.56%) and
5.59%-71.70% (average 26.99%), respectively. The
telinite and vitrodetrinite were less abundant, with
percentages of 0—40.78% (average 7.38%) and 0—15.22%
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Table 1 Macrolithotypes, proximate analysis, and coal maceral parameters of the Laogaoquan coal samples, northern Qaidam Basin.

Sample Macrolithotypes Proximate analysis/% Vitrinite/% Inertinite/% V/1
My Ay Va FCy Ay Vg T CI C2 C3 C4 VD Total SF F Mi Ma ID Total
Gl BandS-B  3.19 1.62 34.66 60.53 1.67 35.80 2.93 49.45 36.08 0.00 0.00 0.55 89.01 5.86 2.75 0.00 0.37 0.73 9.71 9.17
G2 S-DandD  3.09 4.22 28.66 64.03 4.35 29.57 1.21 28.34 33.20 0.00 0.00 0.81 63.56 15.59 0.81 0.00 0.00 18.83 35.22 1.80
G3 S-Band S-D  2.97 1.40 34.83 60.88 1.44 3590 2.30 47.79 30.71 0.19 0.00 0.38 81.38 4.61 1.92 557 0.38 2.88 1536 5.30
G4 S-B 3.07 1.32 29.43 66.10 1.36 30.36 15.26 44.33 24.95 0.41 0.00 0.41 8536 4.74 0.00 0.00 0.00 9.07 13.81 6.18
G5 S-D 3.05 3.86 25.33 67.76 3.98 26.13 8.69 21.81 34.75 0.74 0.18 6.47 72.64 12.75 0.55 0.92 1.48 10.54 26.25 2.77
G6 S-Band S-D  2.52 3.96 34.48 59.04 4.06 3537 1.53 31.61 33.72 0.00 0.00 0.00 66.86 15.13 8.05 4.02 0.38 2.49 30.08 2.22
G7 S-Band S-D  2.21 21.11 24.82 51.86 21.59 2538 0.74 58.82 22.06 0.00 0.00 8.82 90.44 2.94 0.00 2.21 2.21 221 9.56 9.46
G8 S-D 2.69 4.46 30.68 62.17 4.58 31.53 8.54 16.75 18.09 5.70 0.00 12.56 61.64 8.04 9.38 2.18 2.35 6.87 28.81 2.14
G9 S-B 2.56 3.08 36.57 57.79 3.16 37.53 0.00 39.81 21.54 0.19 0.00 1.73 85.00 10.00 0.00 0.00 0.00 5.00 15.00 5.67
G10 S-B 2.81 4.29 29.81 63.09 4.41 30.67 20.33 21.26 25.88 0.00 0.00 2.22 69.69 16.82 1.29 0.00 1.66 9.61 29.39 2.37
Gl1 B 2.93 3.93 3526 57.88 4.05 36.32 23.91 44.97 17.65 0.00 0.00 1.90 88.43 4.93 0.00 0.00 0.00 3.23 8.16 10.83
G12 S-B 3.15 6.15 23.34 67.36 6.35 24.10 2.50 11.37 55.30 0.77 0.00 15.22 85.16 3.47 2.89 0.19 0.58 1.73 8.86 9.61
G13 S-B 3.06 2.65 34.87 59.42 2.73 36.97 2.50 42.77 33.53 0.00 0.00 0.19 79.00 10.98 4.82 1.93 0.00 0.96 18.69 4.23
Gl4 S-D 3.41 522 22.07 69.30 5.40 22.85 2.60 21.56 54.65 7.62 0.00 0.00 86.43 3.72 1.86 0.00 0.00 6.69 12.27 7.04
GI15 S-Band S-D  3.16 1.42 32.60 62.82 1.47 33.66 1.07 33.51 38.68 0.18 0.36 1.60 75.40 13.90 3.39 4.10 0.53 1.78 23.71 3.18
Gl6 S-D 2.64 197 33.67 61.72 2.02 34.58 8.27 12.03 36.84 0.94 0.00 6.20 64.29 14.29 0.00 0.00 0.75 20.30 35.34 1.82
G17 S-Band S-D  3.05 3.23 33.00 60.72 3.33 34.04 12.19 29.96 15.29 4.55 0.00 8.68 70.66 10.33 5.58 1.24 2.89 4.75 24.79 2.85
GI18 S-Band S-D  3.44 3.02 24.86 68.68 3.13 25.75 9.92 28.60 28.60 5.25 0.00 12.26 84.63 7.20 0.78 0.58 0.97 4.86 14.40 5.88
G19 D 3.04 3.94 27.58 66.44 4.03 2844 3.08 5.59 3526 0.00 0.00 2.31 46.24 23.51 0.00 0.00 0.19 28.32 52.02 0.89
G20 S-B 3.34 2.02 2742 67.22 2.09 28.37 17.10 14.87 49.44 0.37 0.19 0.74 82.71 8.74 2.23 130 1.67 2.79 16.73 4.94
G21 S-Band S-D  3.30 3.27 30.79 64.88 3.38 31.84 1.25 13.62 68.86 0.00 0.00 0.47 84.19 7.20 5.63 1.41 0.00 0.00 14.24 591
G22 BandS-B 334 1.03 21.95 71.44 1.07 22.71 40.78 21.15 15.91 0.17 0.00 12.01 90.02 0.85 0.00 0.00 0.00 7.28 8.12 11.09
G23 S-D 3.37 294 22.53 71.16 3.04 23.32 14.17 20.19 40.58 0.00 0.00 10.68 85.63 9.90 0.00 0.97 0.39 3.11 14.37 596
G24 S-D 3.09 1.72 26.61 68.58 1.77 27.46 8.47 19.40 42.37 0.38 0.00 0.75 71.37 18.46 1.88 2.26 0.56 3.95 27.12 2.63
G25 S-DandD  3.30 4.40 21.78 70.52 4.55 22.52 12.50 12.68 47.46 1.09 0.00 11.78 85.51 1.63 0.00 0.00 0.00 12.14 13.77 6.21
G26 D 3.05 8.76 25.94 62.25 9.04 26.76 1.87 21.46 34.89 0.75 0.19 3.92 63.06 26.12 2.24 3.17 1.12 3.92 36.57 1.72
G27 D 3.07 5.07 23.01 68.85 523 23.74 8.46 18.42 43.23 0.94 0.00 3.38 74.44 16.92 2.07 1.13 0.38 4.89 25.38 2.93
G28 S-Band S-D  3.23 2.87 25.88 68.02 2.97 26.74 0.94 16.79 53.58 0.38 0.00 528 76.98 6.79 0.00 0.19 0.19 14.53 21.70 3.55
G29 S-Band S-D  3.01 3.15 26.96 66.88 3.25 27.80 7.09 15.86 51.49 0.00 0.00 821 82.65 2.05 0.00 0.00 0.00 14.74 16.79 4.92
G30 S-Band S-D  3.22 6.10 27.59 63.09 6.30 28.51 0.55 26.37 45.42 0.18 0.00 2.75 75.27 9.71 6.41 3.85 0.00 3.66 23.63 3.18
G31 S-B 2.94 3.40 3236 61.30 3.50 33.34 0.38 27.79 39.70 0.19 0.00 0.57 68.62 5.67 3.59 19.09 0.76 1.51 30.62 2.24
G32 S-B 2.50 5.64 27.52 64.34 5.78 2823 1.92 13.41 53.83 0.19 0.00 3.26 72.61 17.82 0.38 0.57 0.57 8.05 27.39 2.65
G33 BandS-B  3.02 1.70 34.07 61.21 1.75 35.13 1.34 71.70 19.50 0.00 0.00 1.34 93.88 0.76 0.57 0.96 1.15 2.10 5.54 16.94
G34 S-D 2.68 2.41 29.56 65.35 2.48 30.37 3.79 27.07 48.28 0.00 0.00 1.55 80.69 10.34 0.00 0.00 0.00 7.59 17.93 4.50
G35 S-Band S-D  2.80 3.64 24.85 68.71 3.74 25.57 13.15 17.41 52.78 0.93 0.00 3.52 87.78 9.81 0.00 0.19 0.56 1.48 12.04 7.29
G36 S-D 2.51 3.20 32.17 62.12 3.28 33.00 4.33 23.35 48.40 0.00 0.00 0.56 76.65 16.20 0.94 1.51 1.13 3.58 23.35 3.28

Notes: A, : Ash yield; M, ;: Moisture content; V ,: Volatile; FC,;: Fixed carbon; ad: Air-dried basis; d: Dried basis; T: Telinite; C1: Telocollinite; C2:
Desmocollinite; C3: Corpocollinite; C4: Gelocollinite; VD: Vitrodetrinite; SF: Semifusinite; F: Fusinite; Mi: Micrinite; Ma: Macrinite; ID: Inertodetrinite;
V/I: Vitrinite/Inertinite; B: Bright; S-B: Semi-bright; S-D: Semi-dull; D: Dull; B and S-B: Bright and semi-bright; S-B and S-D: Semi-bright and semi-dull;
S-D and D: Semi-dull and dull.

(average 4.25%). The coal macerals contain a small
amount of corpocollinite and gelocollinite, with averages
of 0.89% and 0.03%, respectively. The sub-macerals of
inertinite (average 20.74%) are dominated by semifusinite

and inertodetrinite, with percentages of 0.76%—26.12%
(average 9.94%) and 0-28.32% (average 6.56%).
Furthermore, the percentages of fusinite and micrinite
were 0—9.38% (average 1.94%) and 0—19.09% (average
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1.65%), respectively, with a small amount of macrinite
(average 0.65%) (Table 1; Fig. 4).

Vertically, the vitrinite percentage and V/I values of the
coal samples increased from G36 to G33, G26 to G22,
G19 to G11, G8 to G4, and G2 to G1, whereas the
percentage of inertinite decreased for the wetting-up
cycle. The vitrinite percentage and V/I values of the coal
samples decreased from G33 to G26, G22 to G19, G11 to
G8, and G4 to G2, whereas the inertinite percentage
increased, corresponding to the drying-up cycle.

4.1.3 Proximate analysis

Based on the results of the proximate analysis, the M7
coals are ultra-low ash and medium volatile coals. The
moisture content had a narrow range from 2.21%-3.44%
(average 2.99%), reaching a maximum value in the
middle of the M7 coal seam. The ash yield ranged from
1.03 to 8.76% (average 3.95%), and only the G7 coal
sample had an abnormally high value. Under weak
hydrodynamic conditions, terrigenous debris input is
lower during swamp development, resulting in a lower
ash yield (Liu et al., 2023). The volatile content and fixed
carbon were 21.78%—36.57% (average 28.82%) and
51.86%—71.44% (average 64.26%), respectively (Table 1).

In terms of the wetting-up cycle, the base level
increased, but the hydrodynamic force, terrigenous debris
input, and ash yield decreased. Conversely, for a drying-
up cycle, the base level decreased, but the hydrodynamic
force, terrigenous debris input, and ash yield increased
(Xuetal.,, 2010). The ash yield decreased for coal
samples G36 to G33, G26 to G22, G19 to G11, G8 to G4,
and G2 to G1, corresponding to the wetting-up cycle. The
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ash yield increased for coal samples G33 to G26, G22 to
G19, G11 to G8, and G4 to G2, corresponding to the
drying-up cycle.

4.2 Coal facies (GI and TPI)

Coal facies largely reflect the original genetic type of coal
in coal-forming swamp environments (Zainal Abidin
etal., 2022b; Guatame etal., 2023). Diessel (1986)
established coal facies indices based on the relationship
between swamp type, peat accumulation conditions, and
swamp sedimentary environment, namely the gelification
index (GI) and tissue preservation index (TPI).

GI is the ratio of the gelification component to the
fusinization component in coal (Eq. (1)), which
represents the degree of water depth of the coal-forming
swamp. A high GI value indicates that the peat swamp is
wet, and the water depth is deep; otherwise, it is relatively
dry and shallow. TPI is the ratio of primary to destroyed
macerals in vitrinite and inertinite (Eq. (2)) (Guatame and
Rincon, 2021; Jiu et al., 2021), indicating the degradation
intensity of plant tissues and the integrity of plant cell
preservation. The high TPI value in the coals indicates
that the plant structure was well preserved, and the peat
paleoenvironment was humid and weakly oxidizing. A
low TPI value indicates that the plant structure is poorly
preserved, and the peat swamp is a dry, partially oxidized,
or extremely humid environment. Therefore, when the GI
and TPI values increased in the coal samples, they
corresponded to a wetting-up cycle, with a decreasing
trend corresponding to a drying—l\llllp cycle:

_ Vitrinite + Macrinite
" Semifusinite + Fusinite + Inertodetrinite’

)

30 pm

30 pwm

Fig. 4 Coal macerals under reflected light from the Middle Jurassic Dameigou Formation in the Laogaoquan Coal Mine, northern
Qaidam Basin. T: Telinite; C1: Telocollinite; C2: Desmocollinite; VD: Vitrodetrinite; SF: Semifusinite; F: Fusinite; and ID:

Inertodetrinite.
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Telinite + Telocollinite + Semifusinite + Fusinite
TPI = — — —. (2)
Desmocollinite + Macrinite + Inertodetrinite

Diessel (2007) proposed a GI-TPI diagram that has
been widely used for coal facies analysis. In this study, a
TPI-GI diagram was obtained by calculating the macerals
of the 36 coal samples from the Laogaoquan Coal Mine
(Fig. 5). The TPI values were below two for most coal
samples, indicating that the microbial activity was strong
during the coal-forming period, and the plant structure
was poorly preserved. Most GI values exceeded one,
accompanied by a peat swamp environment of moist and
shallow water, indicating that the degree of gelification of
the plant wood fiber tissue was stronger (Akinyemi et al.,
2022). The values of GI and TPI in this study showed
periodic changes, which agreed with the changes at the
base level. Therefore, the peat swamp of M7 coal
experienced many drying-up and wetting-up cycles.

There was a weak positive correlation between GI and
TPI values. The GI value and ash yield of Sample 7 were
the highest; however, the TPI of this sample is not high
(Fig. 5), which could be attributed to the influence of
eutrophic swamps. The GI and TPI values varied from
low to high for the coal samples from G36 to G33, G26 to
G22, G19 to G11, G8 to G4, and G2 to G1, owing to the
change from dry to wet in the peat paleoenvironment,
indicating they belonged to a wetting-up cycle. However,
the GI and TPI values changed from high to low for coal
samples G33-G26, G22-G19, G11-G8, and G4-G2,
indicating they belonged to a drying-up cycle (Fig. 6).
However, the majority of wetting-up or drying-up cycles
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within the GI and TIP values belong to a fluctuating
change, suggesting that the paleoenvironment and
paleoclimate during swamp-forming periods are not
linear.

4.3 Sequence stratigraphy analysis

As the base level increased, the reduction degree of the
peat swamp and gelification degree, vitrinite percentage,
and coal seam gloss increased, but the inertinite
percentage and ash yield decreased. In this case, semi-
bright coal was the main macroscopic lithotype deposited
in shallow-water forest swamp facies (Lv etal., 2023).
When the base level decreases, the peat layers are
susceptible to oxidation; thus, inertinite and ash yields in
the coals increased (Shen et al., 2023). In this case, the
macroscopic lithotypes were dominated by semi-dull or
dull coal deposited in the moist forest swamp facies.

The variations in the coal facies parameters of the 36
coal samples from the Laogaoquan Coal Mine were
analyzed (Table 1). From samples G36 to G33, G26 to
G22, G19 to G11, G8 to G4, and G2 to G1, the vitrinite
content, V/I and GI values, and base level increased, but
the inertinite content and ash yield decreased, that is, they
were in a wetting-up cycle. From samples G33 to G26,
G22 to G19, G11 to G8, and G4 to G2, the vitrinite
content, V/I and GI values, and base level decreased, but
the inertinite content and ash yield increased, indicating a
drying cycle. Assuming that the compaction rate from
peat to coal was 6:1, the average peat sedimentation rate
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Fig.5 TPI-GI diagram of the M7 coal seam of the Laogaoquan Coal Mine, northern Qaidam Basin.
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V: Vitrinite; I: Inertinite; ARS: Accommodation reversal surface; PaS: Paludification surface; o : Wetting-up cycle; w: Drying-up cycle;
GUTS: Give-up transgressive surface; T1: Water-transgression discontinuity and number; R1: Water-regression discontinuity and number;
AR/PPR:Accommodation Rate/Peat Production Rate; B: Bright; S-B: Semi-bright; S-D: Semi-dull; D: Dull.

Fig. 6 Coal facies evolution, base level, and AR/PPR changes in the M7 coal seam of the Laogaoquan Coal Mine, northern Qaidam

Basin.

was approximately 0.2 mm/yr (Luetal., 2018).
Therefore, the duration of each drying-up and wetting-up
cycle can be predicted to be 0.105-0.165 Ma, which
belongs to the fourth-order sequence period (0.08—
0.5 Ma). The M7 coal seam can be divided into four
fourth-order sequences, with samples from G36 to G26
corresponding to Sequence I, G26 to G19 Sequence II,
G19 to G8 Sequence III, and G8 to G1 Sequence IV

(Fig. 6).

5 Discussion

During peat accumulation, basin subsidence rates and
groundwater level variations largely determined
accommodation space changes. The relationship between
accommodation space and peat accumulation rate directly
affects the start and termination of peat accumulation
(Shen et al., 2024), which also determines its basin
locations and genesis (Zhao et al., 2021). Furthermore,
with an increase or decrease in groundwater level at the
basin margin, the peatification process can be easily
interrupted (Wang et al., 2020). For low accommodation
space, peat deposited in the basin center can be

continuously accumulated. There is litter parting inside
the peat, which is conducive to the formation of a single
thick coal seam. Based on the analysis of the lithology,
accommodation space, and maceral composition from
boreholes at the edge and center of the Beiloutian
exploration area in the Saishiteng Coalfield, the factors
controlling the formation of extremely thick coal seams in
different basin positions were analyzed, and a model of
extremely thick coal seams in terrestrial basins was
established.

5.1 Genesis analysis of the thick coal seam

5.1.1 Basin margin

At the eastern edge of the Beiloutian exploration area in
the Saishiteng Coalfield, the M7 thick coal seam
developed in the lower section of the Dameigou
Formation. During peat accumulation, the M7 seam in
borehole P15 was vertically divided into four subseams
by terrigenous clastic sediments (Fig. 7(a)). The bottom
of the M7-1 seam is composed of coarse sandstones and
siltstones, and the upper part is separated by siltstones.
Thus, a first water-transgression and then a rapid water-
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regression likely occurred (Figs. 7(a) W—@) and 7(b) D).
The upward sediment source gradually changed to peat,
corresponding to a gradual water transgression process.
The M7-2 seam was formed with a rising base level and
increasing accommodation space. Finally, the peat was
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replaced by mudstone. The process was a complete
wetting-up cycle, and the top boundary was interpreted
by a maximum GUTS (Figs. 7(a) ®-® and 7(b) @)
(Guo et al., 2018). After a short water regression period,
the base level began to rise again with peat accumulation,
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Fig. 7 Change trends in accommodation space and peatland evolution in borehole P15. (a) Change trend of accommodation space.

(b) Peatland evolution.
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and a PaS surface was formed. As the base level
continued to rise, the peat accumulation was replaced by
mudstone, forming GUTS (Figs. 7(a) ®—-@ and 7(b) ®).
The base level continued to rise until the ARS
occurrence; then, the thinner M7-4 seam was formed after
a short water-regression cycle (Figs. 7(a) M)—@® and 7(b)
@). After the deposition of the M7-4 seam, the lithology
was composed of sandstones with varying grain sizes,
including coarse sandstone, medium sandstone, fine
sandstone and siltstone, which then transitioned upward
to fine sandstone, siltstone, mudstone, and the M6 coal
seam in the upper section of the Dameigou Formation
(Fig. 7(a) ©).

Borehole P16 was closer to the basin center than
borehole P15. The M7 thick coal seam was deposited in
the meandering system in the lower part of the Dameigou
Formation, covering the pebbled coarse sandstone of the
distributary channel. During peat accumulation, owing to
a gradual rise in the base level, the pebbled coarse
sandstone was gradually replaced by peat. The PaS
formed and was accompanied by a continuous
accumulation of peat layer (Fig. 8 M—®)), indicating that
the peat deposition in the basin was less affected by
tectonic or terrestrial activities (Milici, 2005). Then, the
coarse sandstone, fine sandstone, siltstone and M6 coal
seam were formed in the upper section of the Dameigou
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Borehole P21-22 is near the western edge of the
Beiloutian exploration area. The lower section of the
Dameigou Formation was primarily deposited in the delta
plain, covering the interdistributary bay siltstone, fine
sandstone, and mudstone (Fig. 9 (D—®). During peat
accumulation, the M7 coal seam may have been affected
by crevasse splay, dividing it into five layers by fine
sandstone, siltstone and coarse sandstone interbed, fine
sandstone, and sandy mudstone (Fig. 9) (Liu et al., 2013).
The M7-1 (Fig. 9 @), M7-2 (Fig. 9 @), M7-3 (Fig. 9 ®),
M7-4 (Fig. 9 ®), and M7-5 (Fig. 9 @) coal seams were
formed in a wetting-up cycle, indicating that the peat
layers experienced multiple water-transgressions during
peat accumulation. A peat layer is formed when the base
level increases slowly, whereas terrigenous clastic
sediments are formed when the base level decreases
rapidly.

5.1.2 Basin center

In the east and west of the Beiloutian exploration area, the
peat accumulation process was repeatedly interrupted
because of the multiple effects of terrigenous debris. In
the basin center, owing to the minimal influence of
terrigenous debris, continuous peat layers (such as in
borehole P16) can be formed under the long-term

Formation (Fig. 8 @—). advantages of matching peat accumulation and
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Fig. 8 Core column and change trend of the peatland accommodation space in borehole P16 (examples see Fig. 7(a)).
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accommodation rates. To further analyze the
accommodation space change and dry-wet cycle

transition characteristics of the peatland in a single thick
coal seam, the M7 coal seam of the Laogaoquan Coal
Mine in the basin center was continuously sampled. The
lithology of the underlying stratum of the coal seam is
siltstone, and the overlying stratum is mudstone,
indicating that peat accumulation begins on the PaS and
ends on the GUTS, with multiple ARS (Fig. 10).

Based on variations in the macrolithotype, maceral and
coal facies parameters, and ash yield, the M7 coal seam
of the Laogaoquan Coal Mine can be divided into four
fourth-order sequences. Each fourth-order sequence
contained a dry-wet cycle (Fig.6). In sequence I, a
wetting-up cycle occurred from coal sample G36 to G33,
with increasing V/I, GI values, and coal gloss and
decreasing ash yield, indicating that the ARS is close to
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G33 (Fig. 10(a) —@). However, a drying-up cycle
occurred from coal samples G33 to G26, with decreasing
V/1, GI values, and coal gloss and increasing ash yield,
indicating that the ARS is close to G26 (Fig. 10(a)
@-®). In sequence II, the V/I and GI values, gloss, and
accommodation space of coal sample from G26 to G22
increased, but the ash yield decreased under a wetting-up
cycle, indicating that the ARS is near G22 (Fig. 10(a)
®-@). The V/ and GI values, gloss, and
accommodation space of coal samples G22 to GI19
decreased, but the ash yield decreased, representing a
drying-up cycle (Fig. 10(a) @—-®). In sequence III, a
wetting-up cycle occurred from coal sample G19 to G11,
with increasing V/I, GI values, and coal gloss and
decreasing ash yield, indicating that the ARS is close to
Gl11 (Fig. 10(a) ®-®). However, a drying-up cycle
occurred from coal sample G11 to G8, with decreasing
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Fig. 10 Changes in peatland accommodation space and peatland evolution of the M7 coal seam in the Laogaoquan Coal Mine (see
Fig. 7). (a) Change trend of peatland accommodation space. (b) Peatland evolution.
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V/1, GI values, and coal gloss and increasing ash yield,
indicating that the ARS is close to G8 (Fig. 10(a) ©—).
In sequence IV, the V/I and GI values, gloss, and
accommodation space of coal samples from G8 to G4
increased, but ash yield decreased under a wetting-up
cycle, indicating that the ARS is near G4 (Fig. 10(a)
(@—®). The V/I and GI values, gloss and accommodation
space of coal samples G4 to G2 decreased, with an
increasing ash yield, representing a drying-up cycle (Fig.
10(a) ®—©@). Coal sample G1 had higher V/I and GI
values, indicating that G1 was formed in a higher
accommodation space (Fig. 10(a) 0).

Figure 10(b) shows the deposition of the M7 coal seam
in the water transgression and regression phases (Fig.
10(b) W—®). Pealandts first began to accumulate with an
increase in the base level. After several wetting-up and
drying-up cycles, peatland continued to accumulate,
forming a continuous thick peat layer. Finally, with the
rise of base level, a sedimentary hiatus dominated by
mudstone was formed (Fig. 10(b) ®).

5.2 Genetic model of thick coal seam

Based on previously proposed coal accumulation models,
the vertical variation in macroscopic type, macerals, coal
facies index, and ash yield of the M7 coal seam were
analyzed in the northern Beiloutian exploration area of
the Saishiteng Coalfield. The internal sequence interface
and fourth-order sequence of the coal seam were
identified, and the genetic mechanism of the extremely
thick coal seam in the fourth-order sequence stratigraphic
framework is comprehensively discussed. Furthermore, a
model of an extremely thick coal seam was established
from the basin margin to the basin center for a terrestrial
basin (Fig. 11).

Borehole P15, located at the eastern basin margin, is
divided into four layers by three layers of terrigenous
clastic sediments. Borehole P21-22, located at the western
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edge of the basin, is divided into five layers by four layers
of terrigenous clastic sediment. Based on observations of
drilling cores and field profiles, storm and gravity flow
deposition were not found in the M7 coal seam,
indicating that they were mainly caused by in situ
accumulation (Liu et al., 2023). When the base level rises,
new peat accumulates in the land direction during a
water-transgression stage, corresponding to a wetting-up
cycle. The coal petrology characteristics show that the
vitrinite content increases, but the inertinite content
decreases, such as in samples G36 to G33, G26 to G22,
G19to G11, G8 to G4, and G2 to G1 in the M7 coal seam
of the Laogaoquan Coal Mine in the center of the basin.
The supply of terrigenous debris increased at the basin
margin; thus, peat accumulation was replaced by parting.
When the terrigenous supply weakened, there was a
continuous water-transgression sedimentary transition
surface. In the basin center, there was a continuous water-
transgression sedimentary conversion surface, suggesting
the continuous accumulation of peat (Wang et al., 2016).
Therefore, extremely thick coal seams in terrestrial basins
can also form via vertical superposition. Furthermore, the
sedimentary environment in the basin center was likely
dominated by shore-shallow lakes rather than deep and
semi-deep lakes.

When the base level decreased during the regressive
stage, new peat was deposited in the direction of the basin
center, representing a drying-up cycle. Coal petrology is
characterized by an increase in inertinite content and a
decrease in vitrinite content (Shao et al., 2017), such as in
samples G33 to G26, G22 to G19, G11 to G, and G4 to
G2. When the terrigenous supply was weak at the basin
margin, a continuous water-regression conversion surface
formed. In contrast, when the terrigenous supply was
strong in the newly produced parting, a water
transgression discontinuity surface formed. In the center
of the basin, the M7 coal seam shows a continuous
accumulation of peat, but there are also continuous
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Fig. 11 Multistage peatland superimposition model of the M7 thick coal seam in the Beiloutian exploration area, Saishiteng

Coalfield.
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sedimentary conversion surfaces of water regression and
transgression (Li et al., 2012). Based on these interfaces,
nine stages of peatland development were identified,
further indicating that the single thick coal seam in the
terrestrial basin was composed of multiple vertically
superimposed peat bodies rather than a single
transgressive-regressive cycle (Fig. 11).

6 Conclusions

1) The macrolithotypes of the M7 coal seam are primarily
semi-bright and semi-dull coals from the Laogaoquan
Coal Mine of Middle Jurassic Dameigou Formation in the
northern Qaidam Basin. Macerals were dominated by
vitrinite (average 77.71%), followed by inertinite
(average 20.74%). The TPI and GI values of the M7 coal
seam changed periodically, indicating that the peat
accumulation period occurred in a paleoenvironment of
multiple water transgression and regression cycles.

2) When the base level increased, the vitrinite, V/I, GI
values, and gloss increased, whereas the inertinite content
decreased with mainly semi-bright coal, and the coal face
belonged to the shallow-water forest swamp. When the
base level decreased, the vitrinite, V/I, GI values, and
gloss decreased, whereas the inertinite content increased
with mainly semi-dull or dull coal, and the coal face
belonged to a dry forest swamp.

3) Based on changes in coal macerals, coal quality, and
coal facies, surfaces including TeS, PaS, GUTS, ARS,
ExS, and FS were identified in extremely thick coal
seams. The M7 thick coal seam contained a series of
wetting-up and drying-up cycles bounded by
discontinuities, indicating that the thick coal seam was the
product of a multi-stage peat swamp with vertical
superposition.

4) An extremely thick coal model under multiple peat
layer overlays was established for terrestrial basins from
the basin margin to the center. Owing to the influence of
terrigenous debris, the basin margin was repeatedly
interrupted during peat accumulation to form a parting
layer. However, the basin center has relatively less
terrigenous debris, with a long-term balance between peat
accumulation and accommodation space, forming a single
super-thick coal seam.
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