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Abstract: The thermal evolution process of organic matter is associated with the complete hydrocar-
bon generation and expulsion process in shale, however, the thermal evolution of organic matter is a
long process and cannot be realized without experimental simulations. Although several scholars
have substantially studied the thermal evolution of organic matter, it remains a challenging and
much debated issue in the studies of organic geochemistry. Volcanic events are crucial in the en-
richment of organic matter, and appropriate heating accelerates the thermal evolution of organic
matter. However, how strong-rock baking restricts the evolution of organic matter in shale has not
been specifically studied. The South Qilian Basin in China is a typical superimposed basin where
complex tectonic movements have induced multiple volcanic events, which makes it a favorable
location to perform the aforementioned research. This study used the Galedesi Formation shale in
the Hala Lake Depression of the South Qilian Basin as an example for investigating the constraints
of the volcanic events related to the thermal evolution of organic matter by integrating the results
obtained using the geochemical and petrological methods. Our results demonstrate that the lacustrine
Galedesi Formation shale of the Hala Lake Depression in the Late Triassic is a typical deep-lake
facies deposit with good hydrocarbon generation potential. However, because of the influence of
regional tectonic evolution, the burial depth of shale is not deep and the thermal evolution of organic
matter is insufficient. Due to the influence of multiple volcanic thermal events in the later stages, the
thermal maturity of organic matter in the Galedesi Formation shale generally exceeds 3.0%, which is
abnormally high. The apparent carbonization of organic matter can be observed via scanning electron
microscopy. Rapid magma baking typically cannot effectively promote the hydrocarbon generation of
shale organic matter. Finally, the burial depth of lacustrine shale of the Galedesi Formation in the Hala
Lake Depression of South Qilian Basin is too shallow. Organic matter hydrocarbon generation and
later shale preservation conditions are not conducive to the enrichment, accumulation, exploration,
and development of shale gas.

Keywords: organic matter; thermal evolution; shale; Galedesi Formation; South Qilian Basin

1. Introduction

With the advancement of shale o0il and gas exploration and development, research
on the hydrocarbon generation potential and processes of organic shale has attracted
increasing attention [1-5]. Several factors affect the hydrocarbon generation processes
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of various organic matter such as the burial history, temperature, pressure, and fluid
properties. The hydrocarbon generation capacity of organic matter correlates with the
degree of the oil and gas enrichment in shale [6,7]. However, the current research on
the influence of abnormal thermal events on organic matter hydrocarbon generation is
inadequate, and whether the various thermal events are constructive or destructive in
organic matter hydrocarbon generation remain unclear. This limits the advancement of
shale oil and gas exploration as well as development in the areas with strong compressive
tectonic background.

Volcanic thermal events studies have focused on metal deposits, event deposition, hy-
drothermal activity, alteration mineralogy, and petrophysics [8-10]. Volcanic hydrothermal
fluids can promote metal-rich mineral crystallization in the compressive fault structural
belt to form hydrothermal deposits. Volcanic ash can be deposited to form a thin tuffa-
ceous sedimentary layer, providing nutrients for seabed organisms, promoting plankton
reproduction, and increasing marine paleoproductivity [11-13].

As a tectonic-superimposed basin with a typical compressional tectonic background
and frequent volcanic thermal events, the South Qilian Basin in China is a potential en-
richment zone for metal deposits [14,15]. Lacustrine organic-matter-rich shale developed
in the South Qilian Basin, which is an ideal location for studying the thermal evolution
mechanisms of organic matter caused by abnormal thermal events. Therefore, considering
the shale of the Upper Triassic Galedesi Formation in the Hala Lake Depression of the South
Qilian Basin as an example, this study investigates the relationship between the volcanic
thermal events and hydrocarbon generation processes of lacustrine organic-matter-rich
shale to provide new theoretical support for the investigation of the thermal evolution of
terrestrial shale organic matter.

2. Geological Setting

The South Qilian Basin in the northeastern Qinghai Tibet Plateau is a typical super-
imposed basin in western China [16,17] (Figure 1). The Hala Lake Depression is in the
northwestern South Qilian Basin. Since the Caledonian orogeny, multi-stage structures
have transformed the Hala Lake Depression into a typical fault depression, and the strata
of the Atasi Formation and Galedesi Formation are exposed on the surface.

Since the Middle Permian, the sedimentary environment of the Hala Lake area has
primarily comprised shallow sea facies. Following the Hercynian orogeny, the marine—
continental transition occurred, the marine—continental transition facies deposition began,
and many marine-continental deposits were developed. More than 1000 m of lacustrine
clastic rocks were deposited until the Late Triassic. After the Late Triassic, the Indosinian
orogeny uplifted the Hala Lake area on a large-scale and the lake became a typical denuda-
tion area in the South Qilian region, lacking the Jurassic and Cretaceous outcrops in the
study area. In the Himalayan period of the Cretaceous, affected by the long-range effect
of the subduction and collision of the Indian plate to the Eurasian plate, the depression
became an uplift fold belt and developed a series of thrust faults [18,19]. The tectonic line
in the study area primarily trends northwest to southeast, and the folds as well as the faults
developed due to collision orogeny (Figure 1).

The basement at the Hala Lake Depression comprises the Silurian metamorphic, which
unconformably contacts the overlying sedimentary strata (Figure 2). The basement Silurian
sericite schist developed in the uplift area. The Permian, Triassic, and the younger strata
are widely distributed in the depression area.
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Figure 1. The regional structural characteristics of the study area.
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Figure 2. Schematic diagram of the structural and stratigraphic in sections (section locations are
shown in Figure 1).

3. Samples and Methods

A total of 113 shale samples were collected from the two sections of the Galedesi
Formation in the Hala Lake Depression and analyzed via organic geochemistry data,
the inclusion temperature measurement method, and scanning electron microscopy. All
samples were analyzed and tested at the State Key Laboratory of Oil and Gas Reservoir
Geology and Exploitation, Chengdu University of Technology and the Sichuan Coalfield
Geology Bureau. The homogenization temperatures of the 19 fluid inclusions found in the
shale veins and cements were measured by the Linkam cold and hot platform (THMSG
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600, Linkam, UK). Before the tests, the inclusion sheets were polished and soaked using an
intelligent sheet automatic polishing machine (ZMP-1000ZS, Tianjing, China).

All debris samples (diameter less than 1 cm) were selected and dried at a low tempera-
ture before being ground into a 200-mesh. To remove the carbonate minerals before testing,
10% hydrochloric acid was added to each sample in a centrifuge tube and a glass beaker.
The total organic carbon (TOC) content and bitumen reflectance (Rb) of all the shale samples
were analyzed using a LECO CS230 (Leco, St. Joseph, MO, USA) carbon and a Leica MPV-III
(Leica, Weztlar, Germany) microphotometer under oil immersion, respectively. Moreover,
the temperatures at the maximum hydrocarbon generation (Tmax) were determined using
ROCK-EVAL 6 (Vingi, Paris, France) at the Sichuan Coalfield Geology Bureau.

All microscopic analyses (scanning electron microscopy and the nitrogen adsorption
experiment) were conducted at the State Key Laboratory of Oil and Gas Reservoir Geology
and Exploitation, Chengdu University of Technology, China. A Quanta FEG 250 (FEI,
Hillsboro, OR, USA) environmental field emission scanning electron microscope was used
with image magnifications from 10 to 500,000.

4. Results
4.1. Sedimentary Evolution Characteristics

The shale in the study area is a typical deep lacustrine black shale, which is rich
in more terrigenous input minerals and is remarkably different from the current marine
shale sedimentary environments compared to North America and southern China [15,20].
During the shale deposition period of the Galedesi Formation in the Late Triassic in the
Hala Lake Depression, continental lacustrine facies and a sedimentary environment with
distinct biomarkers can be identified (Figure 3) [21]. The Shulenanshan Mountain in the
north and Yangkang Uplift in the south provided sediment sources for the Hala Lake
Depression in the Late Triassic. A large set of black organic-rich shale was deposited in the
Hala Lake Depression, and alluvial fan as well as fan delta facies and clastic deposits were
developed at the edge of the lake basin [19].
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Figure 3. The sedimentary facies model of the Galedesi Formation shale in the Hala Lake Depression
(Section 3 locations are shown in Figure 1).
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In addition to the regional evolutionary events, the entire Hala Lake Depression
was strongly affected by the Indosinian orogeny, resulting in the early intra-continental
lake basin rising to an intra-continental highland that underwent weathering as well as
denudation. Therefore, the shale of the Galedesi Formation in the Hala Lake Depression
area is not completely preserved. As part of an argillaceous siltstone in the upper part of
the Galedesi Formation is denuded, the Jurassic and subsequent strata are missing.

4.2. Organic Geochemical Characteristics

The data obtained from the organic geochemical analysis and testing of 113 lacustrine
black shale samples collected from the Galedesi Formation exhibited strong hydrocarbon
generation potential after undergoing high thermal evolution (Table 1, Figure 4).

Table 1. Shale organic geochemical analysis data.

Test Type Number of Minimum Maximum Average Result
Samples
TOC (%) 113 0.47 2.68 1.62 Good level
Ro (%) 66 2.82 4.13 3.65 Over mature
513C (%) 113 —28.89 —24.83 —26.90 II, kerogen
H/C 66 0.07 0.62 0.28 I kerogen
0/C 66 0.02 0.36 0.19 &
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Figure 4. Organic geochemical parameters of the Galedesi Formation shale.

First, the average value of the total organic carbon (TOC) was as high as 1.62, indicating
good hydrocarbon generation potential, and the vitrinite reflectance generally exceeded
3.0% (average = 3.65%), which was much higher than that of the marine shale in southern
China. Based on the organic matter isotope (513Q) analysis and the elemental ratio (H/C
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and O/C), the types of kerogen in shale were inconsistent, which may be attributed to the
abnormally high thermal evolution process (R, > 2.0%). The analysis of the H/C and O/C
data is unreliable, and the possibility of the occurrence of type-II, kerogen is greater.

In addition, the TOC value, total hydrocarbon, and field analytical gas content of the
Galedesi Formation shale at different depths in the Tianye 1 Well were measured (Table 2).
The TOC value was between 0.04% and 5.61% (average = 1.26%). The total hydrocarbon
value was 0.0003~0.306% (average = 0.099%). The field analytical data showed that most of
the shale did not contain natural gas (maximum content = 0.115 m?/t). Scanning electron
microscopy showed that a large amount of carbonated organic matter is present in the
Galedesi Formation shale (Figure 5).

Table 2. The field analysis data of the Galedesi Formation shale in the Tianye 1 Well.

Sample Number Well Depth (m) TOC (%) Total Hydrocarbon (%) Gas Content (m3/t)
1 20.62 2.90 / /
2 67.74 1.77 / /
3 123.15 1.10 0.0876 0.0600
4 171.36 1.00 0.3062 0.1150
5 196.46 1.28 0.0824 /
6 255.67 0.73 0.0584 /
7 272.90 111 0.1840 /
8 299.40 1.52 0.1726 /
9 356.05 213 0.2537 /
10 385.50 0.25 0.0501 /
11 395.20 2.06 0.0965 /
12 418.50 2.84 0.0939 /
13 451.05 1.75 0.0524 /
14 468.30 3.06 0.1321 /
15 500.70 5.61 0.0801 /
16 516.70 0.74 0.1822 /
17 527.00 0.47 0.1179 0.0100
18 607.60 0.33 0.1225 /
19 627.04 0.20 0.0430 /
20 655.80 0.21 0.0412 /
21 664.60 0.35 0.1696 /
22 675.00 0.04 0.1036 /
23 692.60 0.13 0.1216 /
24 717.60 1.78 0.1468 /
25 744.34 1.40 0.1440 /
26 783.28 0.04 0.0776 /
27 816.00 1.20 0.0635 0.0500
28 852.60 0.97 0.1237 /
29 866.60 1.12 0.0373 /
30 887.90 0.93 0.0918 /
31 921.90 1.10 0.0580 0.0800
32 1067.90 1.37 0.0052 0.0500
33 1088.64 1.02 0.0036 0.0200
34 1105.45 0.74 0.0698 0.0400
35 1148.70 2.54 0.0074 0.0300
36 1156.18 1.50 0.0063 /
37 1168.50 294 0.0700 0.0600
38 1303.50 0.15 0.0063 0.0500
39 1321.90 0.45 0.0004 0.0500
40 1338.90 0.72 0.0003 0.0500
41 1362.10 0.75 0.2576 0.0400
42 1420.60 0.67 0.0729 0.0700
43 1443.30 1.05 0.2161 0.0500
44 1478.40 1.33 0.1811 0.0500

Remarks: “/” indicates that the value was lower than the detection range of the instrument.
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Figure 5. Microscopic characteristics of the carbonized organic matter in shale. (a) Tianye 1 Well,

1148.70 m, organic matter. (b) Section 1, Organic matter.

4.3. Diagenetic Fluid Properties

A total of 19 hydrocarbon and liquid inclusions were found in the veins and calcite
cements of the Galedesi Formation shale. Under the microscope (Leica MPV-III), the
hydrocarbon inclusions were blue (Figure 6), and the homogenization temperature test
showed that the formation temperature of the hydrocarbon inclusions was concentrated
at 170-180 °C and the diagenetic as well as the cementation temperatures of calcite were
at 120-130 °C and 170-180 °C. Oil and gas accumulation mainly corresponded to the
cementation and formation of calcite veins in the late tectonic movement (Figure 6). The
inclusion temperature showed that the maximum diagenetic temperature of the shale
exceeded 200 °C, and the tectonic hydrothermal events were obviously multi-stage.

Calcite cement inclusion

Calcite Hydrocarbon
40
[ Calcite
30 [ Hydrocarbon
20

Frequency

—
—
0

Figure 6. The microscopic characteristics and homogenization temperature range of the fluid inclusions.
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4.4. Characteristics of the Reservoir Pore Structure

A total of 21 nitrogen adsorption experiments conducted on the samples collected

from the Tianye 1 Well in the Galedesi Formation showed that the adsorption curve mainly
indicated the presence of the medium-large pore type (Figure 7). Calculated via the BJH
method, the nano-pores of the Galedesi Formation shale in the study area were mainly meso-
pores and macro-pores, and the pores measuring less than 10 nm (micro-pore) accounted
for only 16.4% (Table 3).
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Figure 7. The nitrogen adsorption and desorption curves of the Galedesi Formation shale.

Table 3. Data of the pore volume distribution measured using the nitrogen adsorption method.

Pore Volume (cm®/g)

Percentage of Pore Volume (%)

Sample
Number <10 nm 10~00 nm >100 nm Total Pore Volume <10 nm 10~00 nm >100 nm
TY1-D01 0.0237 0.0421 0.0283 0.0941 25.19 44.74 30.07
TY1-D02 0.0144 0.0375 0.0695 0.1214 11.86 30.89 57.25
TY1-D03 0.0148 0.041 0.0135 0.0693 21.36 59.16 19.48
TY1-D04 0.0495 0.0595 0.0162 0.1252 39.54 47.52 12.94
TY1-D05 0.012 0.0378 0.0151 0.0694 18.49 58.24 23.27
TY1-D06 0.0117 0.0346 0.0151 0.0614 19.06 56.35 24.59
TY1-D07 0.0187 0.0514 0.0201 0.0902 20.73 56.98 22.28
TY1-D08 0.0103 0.0354 0.0317 0.0774 13.31 45.74 40.96
TY1-D09 0.0128 0.0377 0.0138 0.0643 19.91 58.63 21.46
TY1-D10 0.0071 0.0233 0.0094 0.0398 17.84 58.54 23.62
TY1-D11 0.0052 0.0192 0.0172 0.0416 12.50 46.15 41.35
TY1-D12 0.0044 0.0157 0.0372 0.0573 7.68 27.40 64.92
TY1-D13 0.0088 0.0244 0.0178 0.0510 17.25 47.84 34.90
TY1-D14 0.0098 0.0259 0.0197 0.0554 17.69 46.75 35.56
TY1-D15 0.0103 0.0264 0.051 0.0787 11.74 30.10 58.15
TY1-D16 0.0096 0.0255 0.0459 0.0810 11.85 31.48 56.67
TY1-D17 0.006 0.0218 0.0486 0.0764 7.85 28.53 63.61
TY1-D18 0.0058 0.0229 0.0204 0.0491 11.45 46.83 41.72
TY1-D19 0.0092 0.0092 0.0092 0.0426 20.75 57.55 21.70
TY1-D20 0.0118 0.0274 0.0541 0.0934 12.74 29.34 57.92
TY1-D21 0.0047 0.0167 0.0499 0.0713 6.59 23.42 69.98
Average value 0.0124 0.0303 0.0287 0.0719 16.45 44.39 39.16
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5. Discussion
5.1. Evidence and Models of Volcanic Events

The discovery of magmatic rocks on the surface is the most direct evidence to confirm
the existence of volcanic events. However, volcanic magmatic eruptions are not always
completely ejected from the surface and another type of volcanic event is underground
intrusion [22-24]. The burial history map of the Galedesi Formation shale was obtained by
the Basin Modeling software (Figure 8), where the burial depth of the Galedesi Formation
shale in the Hala Lake Depression should be less than 1500 m, the paleogeothermal temper-
ature should be lower than 65 °C, and the thermal maturity of organic matter should be
low maturity or immature. However, the measured homogenization temperature of the
inclusions in the study area was as high as 200 °C (Figure 6) and the vitrinite reflectance
showed that the thermal evolution of organic matter reached the over-mature stage (Table 1).
These findings indicate the occurrence of abnormal volcanic events that accelerated the
carbonization process of organic matter, thereby giving the impression of the high-thermal
maturity of the organic matter.

Depth(m)

Triassic Jurassic Cretaceous Paleogene |Neogenel)
ULIMIU L | M| U L | U L | U LU
- T=
. 1l
. afion -2
i Form
Galedes
1000
20007
Volcanic hydrothermal event
3000

| |
200 Time(Ma) 100

Figure 8. The burial history map of the Galedesi Formation shale in the study area.

Since the Caledonian movement, the entire South Qilian Basin has undergone multi-
stage volcanic intrusion and eruption events and many sets of exhalative rock combinations
are exposed on the surface [25,26]. However, the post-Triassic magma is mainly exposed
on the surface to the south of the study area [27]. During the Indosinian orogeny in the
Late Triassic, the volcanic events in the study area were dominated by intrusion and the
magma mainly overflowed along the early angular unconformity (Figure 9), which can be
attributed to the abundance of solid minerals in the study area.
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Figure 9. The model map of the magmatic thermal events in the study area.

5.2. Constraints of Volcanic Thermal Events on the Evolution of Shale Organic Matter

With the increasing shale gas exploration and development in recent years, continental
organic-rich shale has gradually become the focus of geologists [28-31]. Although the
hydrocarbon generation potential of continental shale is generally worse than that of
marine shale, continental shale often has a shallower burial depth and good reservoir
capacity [32,33].

The test data showed that the Galedesi Formation in the Hala Lake Depression has
good organic carbon enrichment capacity; however, the field analysis data obtained from
Tianye 1 Well showed that the total hydrocarbon content is generally lower than 0.1%
(Table 2), there is almost no shale gas, and the gas content is very low. Therefore, the
volcanic thermal events caused the rapid thermal evolution of organic matter in the Galedesi
Formation shale, which did not undergo gradual deep burial, and the organic matter in the
shale did not demonstrate the normal hydrocarbon generation process. The existence of
a large amount of carbonized organic matter could clearly be observed via the scanning
electron microscopy (Figure 5), indicating that the rapid thermal evolution cannot allow for
rapid hydrogenation generation in the shale organic matter, and that complete hydrocarbon
generation as well as the evolution of organic matter require a long process.

5.3. Shale Gas Exploration Prospect

The exploration prospect of shale gas is often closely associated with the evolution of
organic matter, hydrocarbon generation, and the shale reservoir pore structure [20-28]. The
Galedesi Formation shale in the Hala Lake Depression is a deep-water lacustrine deposit
(Figure 3). Furthermore, a large amount of organic matter was enriched and retained in the
Galedesi Formation shale during the deposition process. After the Indosinian orogeny, the
frequent tectonic movement and magmatic thermal events in the South Qilian Basin rapidly
baked the shale (Figure 8), and the organic matter in shale could not generate hydrocarbons
through normal thermal evolution. Moreover, the gas content of the Galedesi Formation
shale in the entire Hala Lake Depression was unusually low (Table 2). Therefore, from
the perspective of the deposition, hydrocarbon generation, and reservoir, the shale gas
exploration prospect of the Galedesi Formation in the study area is poor.
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6. Conclusions

(1) The Galedesi Formation shale in the Hala Lake Depression of the South Qilian Basin
is dominated by deep-lake facies, which has a large thickness, rich organic matter,
and abnormally high thermal evolution. The diagenetic temperature of the shale was
as high as 200 °C.

(2) After deposition, volcanic thermal events caused by multi-stage tectonic movements
considerably affected the Galedesi Formation shale. High temperatures prevented
the shale organic matter from generating hydrocarbons via the normal thermal evolu-
tion process; however, apparent carbonization occurred, indicating the possibility of
continental shale gas exploration in this area.
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