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Abstract. Organic matter types in the Taodonggou Group
mudstone exhibit significant differences with depth. In or-
der to understand the formation mechanism of this special
phenomenon, we analyzed the mineralogy and geochemistry
of the mudstone, as well as the source rocks, depositional
environment, and depositional processes of the Taodonggou
Group. Based on this, we have gained the following insights.
(1) The Taodonggou Group mudstone was deposited in an
intermediate-depth or deep, dysoxic, freshwater—brackish
lake environment under warm and humid paleoclimatic con-
ditions. The input of terrestrial debris was stable, but the sedi-
mentation rate was slow. In addition, the sedimentation in the
middle stage was influenced by hydrothermal activities, and
the changes in the depositional environment corresponded to
variations in organic matter types. (2) The source rocks of
the Taodonggou Group mudstone are mainly andesitic and
feldspathic volcanic rocks. Sediment sorting and recycling
were weak, and hydrocarbon source information was well
preserved. The tectonic background of the source area was a
continental island arc and an oceanic island arc. Furthermore,
changes in the provenance of the Taodonggou Group also had
a significant impact on the variations in organic matter types.
(3) The sedimentation of the Taodonggou Group involved
both traction and gravity flows. The variations in source area,
depositional environment, and depositional processes during

different depositional periods led to changes in the organic
matter types of the Taodonggou mudstone. (4) Based on the
depositional environment, provenance, and depositional pro-
cesses, the sedimentation of the Taodonggou Group can be
divided into three stages. In the early stages, the sedimenta-
tion center was in the Bogda area. At this time, the Bogda
Mountain region was not exposed, and the depositional pro-
cesses inherited the characteristics of early Permian gravity
flow sedimentation, resulting in the widespread deposition of
a series of high-quality Type III source rocks in the basin. In
the middle stage of the Taodonggou Group sedimentation,
the sedimentation center gradually migrated to the Taibei
Sag. During this period, the Bogda Mountain region experi-
enced uplift and hydrothermal activity, and the depositional
processes gradually transitioned to traction flows, resulting
in the widespread deposition of a series of Type II source
rocks in the basin. In the late stage of the Taodonggou Group,
the uplift of the Bogda Mountain region ceased, and the sedi-
mentation center completely shifted to the Taibei Sag. Mean-
while, under the influence of gravity flows, the organic matter
types of the Taodonggou mudstone changed to Type II1.
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1 Introduction

Turpan—Hami Basin, Junggar Basin, and the Bogda area all
belong to the southern part of the ancient Asian Ocean in
the Paleozoic era (Korobkin and Buslov, 2011; Jiang et al.,
2015). During the early Carboniferous to early Permian, they
began momentously to separate due to the continuous expan-
sion of the Bogda Rift and began to enter the basin-forming
period in the middle Permian (Miao et al., 2004; Novikov,
2013; Jiang et al., 2015; J. Wang et al., 2019; S. Zhang et
al., 2019). The middle Permian is a momentous stage in the
tectonic evolution of the Turpan—Hami Basin. During this pe-
riod, the expansion of the Bogda Rift stopped. With the grad-
ual withdrawal of seawater from Xinjiang, the sedimentary
environment of the Turpan-Hami Basin gradually shifted
to continental facies, and the sedimentary center gradually
shifted from the Bogda area to the Taibei Sag (Miao et al.,
2004; Shi et al., 2020; Li et al., 2022). Taodonggou Group
mudstones are widely deposited in the Turpan—-Hami Basin.
Previous studies have confirmed that Taodonggou Group
mudstone is a very good to excellent source rock with huge
hydrocarbon generation potential (Song et al., 2018; Miao et
al., 2021, 2022a, b). It has been found that the organic mat-
ter types of the Taodonggou mudstone can be classified into
two categories, with the upper and lower sections being Type
IIT and the middle section being Type II (Miao et al., 2021,
2023).

The hydrocarbon generation potential of mudstone is
closely related to its sedimentary environment (Wu et al.,
2021; Liet al., 2022; K. Zhang et al., 2019; Zhao et al., 2021;
Miao et al., 2004). Regarding the sedimentary environment
of the Taodonggou Group mudstone, previous researchers
have conducted extensive research. Miao et al. (2004) be-
lieved that the mudstone in the Taodonggou Group was de-
posited in a warm and humid paleoclimate, high-salinity wa-
terbodies, and an anoxic environment. Yang et al. (2010),
based on the sedimentary characteristics of the Taerlang
Formation and the Daheyan Formation, believed that the
Taodonggou Group was deposited in a subhumid climate and
that climate change is periodic. Wei (2015) also confirmed
that the paleoclimate change in the Taodonggou Group stra-
tum has a cyclical feature through tree rings and is mainly
a warm and humid paleoclimate. At the same time, Song et
al. (2018) also confirmed this by using the elemental geo-
chemical characteristics of the Taodonggou Group shale out-
crops in the field. Tian et al. (2017) analyzed the biomark-
ers of the Taodonggou Group in seven outcrops around the
Turpan—Hami Basin and concluded that the mudstone of the
Taodonggou Group was deposited in a balanced, filled lake
with little or no terrestrial organic matter; a large amount of
algal organic matter input; and weakly alkaline, hypoxic to
hypoxic brackish water. Miao et al. (2021) found biomarkers
in the Taodonggou Formation mudstone from wells YT1 and
L30 from different perspectives of Tian et al. (2017), which
may be related to the weathering effect of outcrop samples.
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Through the research of the above scholars, we have found
that there is some controversy over the sedimentary environ-
ment of the Taodonggou Group, and the relationship between
the cyclic changes in the sedimentary environment and the
changes in the organic matter types of the Taodonggou Group
mudstone is still unclear.

In addition, the provenance and sedimentation mode of
sediments also have a significant influence on the organic
matter types in mudstones (Mei et al., 2020). Mudstone be-
longs to a category of fine-grained sediment that is challeng-
ing to analyze using traditional heavy-mineral analysis meth-
ods (Rollinson, 1993; Roser and Korsch, 1988; Gehrels et
al., 2008). Therefore, elemental geochemical methods can be
employed for provenance analysis (McLennan et al., 1983;
Taylor and McLennan, 1985; Li et al., 2020). Elemental geo-
chemical analysis compares the major, trace, and rare-earth
element characteristics of mudstones in the sedimentary area
with those of lithologies in the provenance area to determine
the lithology of source rocks, weathering degree, and tec-
tonic background of the sediment source area (Li et al., 2020;
Floyd and Leveridge, 1987; Basu et al., 2016). Previous stud-
ies have found that the sediment source not only affects varia-
tions in the salinity of lake water but also influences the input
of nutrients and terrestrial organic matter, thus impacting the
quality of mudstones (Li et al., 2020; Deditius, 2015; Essefi,
2021). The tectonic activity in the source area not only affects
changes in the sedimentary center but also influences the
source area (Miao et al., 2022c; Pinto et al., 2010). Therefore,
reconstructing the location and sedimentation mode of the
sediment source area is of great significance for understand-
ing the variations in organic matter types in the Taodonggou
Group mudstones.

Based on the mineralogical and elemental geochemical
characteristics of 16 mudstone samples collected from well
YTI, this study aims to reconstruct the paleoclimatic fea-
tures, provenance, and tectonic background of the sedimen-
tary period in the source area of the Taodonggou Group mud-
stones. It also aims to explore the influence of sedimentary
environment, provenance changes, and sedimentation mode
on the deposition of the Taodonggou Group mudstones in or-
der to reveal the formation process of the mudstones.

2 Geological setting

The Turpan—Hami Basin, located in the eastern part of the
Xinjiang Uygur Autonomous Region, is one of the three ma-
jor petroliferous basins in Xinjiang. It is 660 km long from
east to west and 130 km wide from north to south, with a to-
tal covered area of 5.35 x 104 km?. The Turpan—Hami Basin
has undergone four stages: the extensional rift basin de-
velopment stage; the compressional foreland basin develop-
ment stage; the extensional faulted basin development stage;
and the compressional regenerated foreland basin develop-
ment stage, which finally formed the current pattern of the
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Mesozoic—Cenozoic superimposed composite inland basin
(Zhu et al., 2009; Jiang et al., 2015; Wartes et al., 2002;
Greene et al., 2005). According to the tectonic evolution
characteristics of the Turpan—Hami Basin, the Turpan—Hami
Basin can be divided into three primary tectonic units from
east to west: the Hami Depression, the Liaodun Uplift, and
the Turpan Depression (Miao et al., 2021; Fig. 1a).

Taibei Sag, the secondary sag of the Turpan Depression in
the Turpan—Hami Basin, is the largest sedimentary unit in the
Turpan—Hami Basin (Fig. 1b). The Taibei Sag is a Paleozoic—
Cenozoic-inherited subsidence area (Li et al., 2021), which
is a key area for oil and gas exploration in the Turpan—Hami
Basin due to its high degree of thermal evolution of hydrocar-
bon source rocks; good physical reservoir properties; good
cap sealing; and rich oil and gas resources, which are the fo-
cus of oil and gas exploration in the Turpan—Hami Basin (Wu
et al., 2021; Li et al., 2021). The Taodonggou Group is the
general name of the Daheyan Formation and the Taerlang
Formation. The Daheyan Formation is composed of a se-
quence of sandstone and conglomerate deposits, with locally
interbedded gray to dark-gray mudstone. It is unconformably
overlain by the Yierxitu Formation. The Taerlang Formation
is predominantly composed of gray—black mudstone, with
localized occurrences of gray—green siltstone and medium-
grained sandstone. Due to the fact that the stratigraphic
boundary between the Taerlang Formation and the Daheyan
Formation is not obvious, they are collectively called the
Taodonggou Group. The middle Permian Taodonggou Group
is mainly located in the western part of the study area. At
present, only wells YT1 and L30 are drilled (well YTI is
drilled through; well L30 is not drilled through). The burial
depth of the stratum is 4000—6500 m, and the thickness of the
mudstone is 50-200 m (Miao et al., 2022¢).

3 Samples and experiments
3.1 Samples

In this study, 16 mudstone samples were collected from well
YT1, numbered YT1-1 to YT1-16 in order of depth. Af-
ter cleaning the samples, X-ray diffraction (XRD), X-ray
fluorescence spectrometer (XRF), and inductively coupled
plasma mass spectrometer (ICP-MS) experiments were con-
ducted.

3.2 Experiments

The XRD experiment was carried out at Hangzhou Yanqu
Information Co., Ltd. The experimental instrument was the
Ultima VI XRD testing instrument of Rigaku Corporation.
In accordance with the Chinese industry standard SY/T
5163-2018, the mudstone was broken to a particle size of
fewer than 200 meshes, and 2 g of samples was weighed
to obtain XRD images through Cu / Ka radiation at a scan-
ning speed of 2° min~!. The measurement angle range was
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3° <26 <70°, and finally, quantitative interpretation is made
with the software X’ Pert HighScore Plus of Malvern Panalyt-
ical.

The XRF experiment was conducted at Hangzhou Yanqu
Information Co., Ltd., and the experimental instrument was
a Malvern Panalytical Axios tester. The mudstone was first
crushed to a particle size of fewer than 200 meshes. Then
10 g of the sample was weighed and calcined in a muffle fur-
nace for 4 h to get rid of organic matter and carbonates, and
the weight loss was recorded. Finally Li;B4O7 was added,
mixed evenly, and made into glass bead, and the main ele-
ment concentration was tested.

The ICP-MS test was performed at Beijing Orient Smart,
and the test instrument was an Element XR inductively cou-
pled plasma emission spectrometer manufactured by Thermo
Fisher, Inc. Before analysis, the samples were ground to a
particle size of less than 40 um. An appropriate amount of
the sample was weighed and dissolved in HF (30 %) and
HNOs3 (68 %) at 190 °C for 24 h. After evaporating the ex-
cess solvent with deionized water, the solution was redis-
solved in 2mL of 6.5 % HNO3 and then stored at 150°C
for 48 h. Subsequently, after evaporating the solution, 1 mL
of the 6 mol L~! HNOj3 evaporated solution was added to the
sample.

4 Results
4.1 Mineralogy

The XRD test results of 16 samples from well YT1 are
shown in Table Al and Fig. 2. As can be seen from Table
Al and Fig. 2, Taodonggou Group mudstones are composed
of clay, quartz, calcite, plagioclase, baryte, and K -feldspar,
and some samples contain siderite and pyrite. The con-
tent of clay is the highest (23.9 %—70.9 %, mean =40.78 %),
followed by quartz (17.2 %-59.2 %, mean = 34.69 %), cal-
cite (1 %-35.4%, mean=16.97 %), baryte (0%—13.3 %,
mean =4.21 %), plagioclase (0 %-5.4 %, mean=2.93 %),
and K -feldspar (0 %-2.3 %, mean = 0.9 %).

The mineral composition can be used to analyze the litho-
facies type of mudstone, and different lithofacies types often
have different characteristics (Glaser et al., 2014). Previous
scholars believed that mudstone types could be divided by
the ternary diagram of mineral composition. The three end
elements of the ternary diagram are quartz + feldspar + mica
(QFM), calcite 4 dolomite + ankerite + siderite + magnesite
(carbonate), and clay. The XRD results of 16 mudstone
samples from well YT in the study area are put into the
ternary map (Fig. 3). The results show that the data points of
Taodonggou Group mudstone in the study area are located
in four areas, namely mixed mudstone, silica-rich argilla-
ceous mudstone, argillaceous siliceous mudstone, and mixed
siliceous mudstone, and most of the points are mixed mud-
stone and argillaceous siliceous mudstone areas, which indi-
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Figure 1. Geological overview of the study area (modified after Miao et al., 2021, 2023): (a) geological background of the Turpan—Hami

Basin, (b) thickness contour map of Taodonggou Group mudstone in
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Figure 2. Mineral composition of Taodonggou Group mudstone in
well YT1.

cates that Taodonggou Group mudstone can be divided into
four types — mixed mudstone, silica-rich argillaceous mud-
stone, argillaceous siliceous mudstone, and mixed siliceous
mudstone — and the main lithofacies are mixed mudstone and
argillaceous siliceous mudstone.

4.2 Major element
Table A2 shows the results of the major elements in 16 mud-

stone samples from well YT1. From Table A2, we can see
that the major elements of the Taodonggou Group mudstone

Solid Earth, 14, 1031-1052, 2023

the Taibei Sag, (¢) YT1 stratum of the Taodonggou Group.

are mainly SiO;, Al,O3, Fe;O3, CaO, and TiO;. The high-
est content of SiO; is from 43.11 %-70.11 %, with an av-
erage value of 56.18 %. Al,O3 content takes second place,
accounting for 11.65 % to 25.75 %, with an average value of
18.69 %; the average content of another main element is less
than 10 %.

4.3 Trace element

The trace element content of the Taodonggou Group mud-
stone is shown in Table A3. The enrichment factor (EF) is
an important indicator of element enrichment (Taylor and
McLennan, 1985; Ross and Bustin, 2009). By comparing the
trace element content of the mudstone of the Taodonggou
Group with the global average shale (AS), the trace element
enrichment factors in the study area are calculated as follows:

_ (X/Al) samples

_ , |
B = X/ AD as W

where X and Al represent the concentrations of elements
X and Al (Taylor and McLennan, 1985; Ross and Bustin,
2009). Xgr < 1 represents the dilution concentration of ele-
ment X relative to the standard composition, Xgr > 1 repre-
sents the relative enrichment of element X compared to the
AS concentration, Xgr > 3 represents the detectable autoge-
netic enrichment, and Xgg > 10 is considered an indicator
of moderate to strong autogenetic enrichment (Taylor and
McLennan, 1985; Ross and Bustin, 2009).
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Figure 4. AS standardized multi-element diagrams of Taodonggou
Group mudstone in the study area.

Figure 4 and Table A4 present the enrichment factors
of Taodonggou Group mudstone in the study area. It can
be seen from Fig. 4 and Table A4 that only Hf (0.5-2.11,
mean = 1.29) is enriched in the Taodonggou Group mud-
stone compared with AS, and other elements are not en-
riched.

4.4 Rare-earth element
The rare-earth element (REE) content of Taodonggou Group
mudstone in the study area is shown in Table AS5. Accord-

ing to Table A5, the > REE content of Taodonggou Group
mudstone ranged from 43.247 to 257.997 ppm, with an av-
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Figure 5. Standardized map of rare-earth element chondrite in mud-
stone of the Taodonggou Group.

erage value of 159.206 ppm. The light rare-earth element
(LREE) content was the highest (mean value = 133.45 ppm),
followed by medium rare-earth element (MREE) (mean
value = 17.438 ppm) and heavy rare-earth element (HREE)
(mean value 6.684ppm) in that order. After chondrite
standardization (Taylor and Mclennan, 1985), Taodonggou
Group mudstone shows a right-dipping REE distribution pat-
tern (Fig. 5); (La/Yb)y is 6.228-10.081, with an average
value of 7.358.

In addition, in Fig. 5, although the YT1-13 sample ex-
hibits a weak right-dipping REE distribution pattern similar
to other samples, its rare-earth elements are significantly de-
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pleted. Based on Fig. 4 and Table A4, the trace elements in
the YT1-13 sample are depleted compared to AS, indicating
that the YT1-13 sample has been influenced by groundwater
leaching.

4.5 Reconstruction of paleosedimentary environment
based on elemental geochemical characteristics

4.5.1 Paleoclimate and weathering

The paleoclimate affects not only the weathering degree of
the parent rock but also the transport distance of sedimen-
tary debris and the transport of nutrients (Zhang et al., 2005).
There are many evaluation indices for paleoclimate, such as
the chemical-alteration index (CIA) and the climate index
(C). It is generally believed that CIA =50-65 and C < 0.2
reflect that the sedimentary system is in a dry and cold cli-
mate against the background of a lower degree of chemical
weathering, CIA = 65-85 and 0.2 < C < 0.8 indicate that the
sedimentary system is in a warm and humid climate against
the background of a medium degree of chemical weathering,
and CIA =85-100 and C > 0.8 reflect the humid and hot cli-
mate against the background of a high degree of chemical
weathering (Zhang et al., 2019; Nesbitt and Young, 1984).
The calculation formula for CIA and C is as follows:

Al, O3 x 100
CIA = - 2)
Al;O3 + NaO + CaO* + K,O
_ Fe+Mn+Cr+Ni+V+Co 3)
- Ca+Mg+Sr+Ba+K+Na’'

In Eq. (2), CaO* only refers to CaO in silicate minerals. Due
to the lack of direct measurement means, it is often calculated
indirectly by the content of P05, namely

10
CaO* = mol(CaO) — ?mol (P20s), @

where mol(CaO) and mol(POs) are the mole num-
bers of CaO and P,0s, where when mol (Nay,O) < mol
(CaO*), mol (CaO*)=mol (NapO); in contrast, when
mol(NayO) > mol(CaO*), mol(CaO*) =mol(CaO) (Nesbitt
and Young, 1984). The CIA values of the Taodonggou Group
mudstone in the study area were calculated based on Egs. (2)
and (3), ranging from 68.71 to 96.97, with a mean value of
80.17. The climate index (C) is 0.22-2.42 (average = 1.01;
Table 3). The overall paleoclimate was warm, humid, and
hot (Fig. 6a).

In addition, the cross-plot of Ga / Rb and K;O / Al,O3 can
also be used to analyze the paleoclimate characteristics dur-
ing the formation of sedimentary rocks (Lerman and Baccini,
1987; Liu and Zhou, 2007). As shown in the cross-plot of
Ga /Rb and K>O / Al,O3 (Fig. 6b), almost all points are in
the warm/wet area, which indicates that Taodonggou Group
mudstone was deposited in a warm and humid paleoclimate.

By analyzing the correlations between CIA, C, and
Ga/Rb (Fig. 6¢c—e), it can be observed that there is the

Solid Earth, 14, 1031-1052, 2023

strongest correlation between CIA and C (Fig. 6¢c; R? =
0.7566). Additionally, the correlation coefficients between
CIA and Ga / Rb and between C and Ga / Rb are both greater
than 0.4 (Fig. 6d and e). This indicates that CIA, C, and
Ga / Rb are reliable indicators of the paleoclimate during the
sedimentation of the Taodonggou Group mudstone. Based on
the above analysis, the Taodonggou Group mudstone in the
study area was deposited in a warm, humid, and hot paleo-
climate. This result is consistent with Miao’s indicator result
using the biomarker parameter CPI (carbon advantage index)
(Miao et al., 2021), indicating that the biomarker parameter
CPI can be used to explain the paleoclimate change charac-
teristics of hydrocarbon source rocks with Ro < 1.49.

4.5.2 Paleoredox conditions

Redox environments are critical to the preservation
of organic matter in sedimentary rocks, and sensi-
tive elements such as Co, Mo, U, Th, V, Ni, and
Cr are commonly used to identify redox conditions
in ancient waterbodies. Previous evidence suggests that
U/Th<0.75,V/Cr<2,and V / (V 4 Ni) < 0.45 represent
oxic conditions; 0.75< U/Th<1.25, 2<V /Cr<4.25,
and 0.45 <V / (V 4+ Ni) < 0.84 represent dysoxic conditions;
and U/Th<1.25, V/Cr<4.25, and V/(V+Ni)<0.84
represent anoxic conditions (Hatch and Leventhal, 1992;
Rosenthal et al., 1995; Tribovillard et al., 2006, 2012). There
is no significant correlation between V, U, and Th and
Al>O3 contents in the Taodonggou Group mudstone sam-
ples, indicating that V, U, and Th contents in Taodonggou
Group mudstone are mainly controlled by authigenic de-
position under redox conditions (Tribovillard et al., 1994).
The U/Th, V/Cr, and V/(V +Ni) of the Taodonggou
Group mudstone range from 0.21 to 0.52 (mean=0.29),
1.62 to 4.95 (mean=2.7), and 0.65 to 0.92 (mean =0.75).
In light of U/ Th, Taodonggou Group mudstones were de-
posited in an oxic environment, and according to V / Cr and
V /(V 4+ Ni), Taodonggou Group mudstones were deposited
in a dysoxic environment. This is because U / Th cannot ac-
curately identify the redox environment of the sediments un-
der highly weathered conditions (Cao et al., 2021), so V / Cr
and V / (V 4 Ni) were used in this study to identify the redox
environment of Taodonggou Group mudstone. The cross-plot
of V/Crand V /(V + Ni) shows (Fig. 7) that Taodonggou
Group mudstones were deposited in a dysoxic environment.

4.5.3 Paleosalinity

Paleosalinity is an important indicator of the paleoenviron-
ment of a water body. The level of paleosalinity affects the
stratification of the sedimentary waterbody and the devel-
opment of plankton, thereby affecting the paleoproductivity
and enrichment of organic matter in the sedimentary envi-
ronment (Thorpe et al., 2012; Wang et al., 2021; Shi et al.,
2021). Previous research has found that Sr/Ba and B / Ga
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> 04t value of 0.42. The Sr / Ba and Ca / (Ca + Fe) intersection di-
agram (Fig. 8b) shows that Taodonggou Group mudstones
02} Oxic Oxic Oxic were deposited in freshwater and brackish-water environ-
ments, which is in accordance with the Sr/Ba and B / Ga
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Figure 7. Cross-plot of V /Crand V / (V + Ni).

can represent changes in paleosalinity. It is generally be-
lieved that Sr/Ba < 0.5 or B /Ga < 3 represents fresh wa-
ter, 0.5 < Sr/Ba< 1 or 3 <B /Ga < 6 means brackish wa-
ter, and Sr / Ba > 1 or B / Ga > 6 represents saline water. The
correlation between Sr and CaO of Taodonggou Group mud-
stone in the study area is not obvious (R? = 0.17); Sr / Ba of
Taodonggou Group mudstone in the study area ranges from
0.32 to 1.83, with an average value of 0.71, and the B / Ga
is 2.53-5.81 (average =3.36), indicating that Taodonggou
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4.5.4 Paleobathymetry

Previous research has shown that some elements of the sed-
imentation process change dramatically with offshore dis-
tance. These elements can be used to judge the water depth
variation during the sedimentation period. The commonly
used indicators are Zr / Al, Rb / K, and MnO content (Xiong
and Xiao, 2011; Herkat et al., 2013). It is now believed
that the lower the Zr / Al ratio or the higher the Rb /K ra-
tio, the further offshore and the deeper the water (Xiong
and Xiao, 2011; Herkat et al., 2013). Zr / Al of Taodong-
gou Group mudstone is 5.19 x 1074-22.51 x 10~* (aver-
age = 13.44 x 10™*), showing first a decreasing and then
an increasing trend with the depth; Rb/K ranges from

Solid Earth, 14, 1031-1052, 2023
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732 x 107* to 29.79 x 10~* (mean = 19.02 x 10~%), with
large fluctuations with depth of burial. The high-value area
of Rb /K is basically consistent with the low-value area of
Zr / Al, which indicates that the ancient water depth during
the Taodonggou Group mudstone deposition process has first
a decreasing and then an increasing trend.

For the content of MnO, it is generally believed
that < 0.00094 % is a shore lake, 0.00094 %—0.0075 % is
a shallow lake, 0.0075 %—0.051 % is an intermediate-depth
lake, and > 0.051 % is a deep lake (Herkat et al., 2013).
MnO of Taodonggou Group mudstone is 0.05 %—0.30 %,
with an average of 0.16 %, which indicates that the Taodong-
gou Group mudstone is mainly deposited in an intermediate-
depth—deep sedimentary lake environment.

4.5.5 Terrigenous detritus input

Ti, Si, and Al are relatively stable during diagenesis and
are usually used as indicators of debris flux input (Algeo
and Maynard, 2004; Maravelis et al., 2021). Generally, Ti
in sediments comes from ilmenite (FeTiO3) or rutile (TiO5),
while Al can exist in feldspar, clay minerals, and other alu-
minum silicate minerals (Algeo and Maynard, 2004). Com-
pared with Ti and Al, Si comes from many sources, includ-
ing sources of biological origin and hydrothermal and ter-
rigenous clastic input (Kidder and Erwin, 2001). Therefore,
when using SiO; as the evaluation index for terrigenous clas-
tic input, its source needs to be analyzed. The correlation of
AlpO3 and TiO; with SiO; in well YT1 of the study area is
not obvious, which indicates that their sources are more com-
plex and not dominated by terrestrial debris sources (Fig. 9).
Therefore, AlO3 and TiO; are used in this study to indi-
cate the terrestrial debris input during the deposition of the
Taodonggou Group mudstone.

The Al,O3 content of well YT1 is higher, ranging from
11.65 % to 25.75 %, with an average value of 18.69 %; the
TiOy is 1.15 %—4.22 % (average = 1.77 %). As can be seen
from Table A2, the Al,O3 content of well YT1 fluctuates
more with depth, and there is first an increasing and then
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a decreasing trend with depth overall, while the TiO; fluctu-
ates less with depth, and on the whole, there is an increasing
trend with depth. Combined with the results of paleoclimate
analysis in the study area, it is found that the terrestrial de-
bris input during the deposition of the Taodonggou Group
strata has the characteristics of first an increasing and then a
decreasing trend.

4.5.6 Paleoproductivity

Paleoproductivity determines the quantity of original organic
matter in sedimentary rocks (Wei et al., 2012; Algeo and In-
gall, 2007; Ross and Bustin, 2009; Schoepfer et al., 2015).
The elements P, Si, Ba, Zn, and Cu are indicators of the mag-
nitude of paleoproductivity, but they all have a certain range
of application; for example, only the biogenic parts of Si and
Ba can represent productivity, and Zn can only represent pro-
ductivity change in the sulfide reduction environment (Wei et
al., 2012; Algeo and Ingall, 2007).

P is not only a key nutrient element in biological
metabolism but also an important component of many or-
ganisms, so it can also be used to characterize biological
productivity (Kidder and Erwin, 2001). P /Ti and P / Al are
commonly used to reflect biological productivity in order
to eliminate the influence of terrigenous detritus. The P /Ti
of Taodonggou Group mudstone in the study area ranges
from 0.04 %-0.74 %, with an average value of 0.17 % and
an overall low productivity. As shown in Table A2, the rela-
tionship between P /Ti and depth was analyzed, and the re-
sults showed that the paleontological productivity tended to
increase and then decrease with depth.

In addition, Cu is also an important nutrient and, unlike P,
is generally indicative of productivity, including the sum of
primary productivity and productivity from terrestrial inputs
(Schoepfer et al., 2015). For the purpose of eliminating the
dilution interference of terrigenous detritus, Cu /Ti is used
as an indicator to evaluate the paleoproductivity in this study.
The distribution range of Cu / Ti of Taodonggou Group mud-
stone in the study area is from 0.55 to 1.96, with an average
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Figure 9. Intersection diagram of TiO; and SiO» (a) and intersection diagram of Al,O3 and SiO; (b).

value of 1.02, and gradually decreases with depth, indicating
a gradual increase in paleoproductivity during the deposition
of Taodonggou Group mudstone.

4.5.7 Deposition rate

The deposition rate is one of the parameters characteriz-
ing the magnitude of the dilution effect during deposition
and is commonly characterized by (La/ Yb)y. It is gener-
ally believed that the difference between LREE and HREE
migration is not significant when the sedimentation rate of
the lake basin is faster, and the (La/ Yb)y value is close to
1. Conversely, when the (La/ Yb)y value is greater or less
than 1, it indicates that the sedimentation rate of the lake
basin is slower (A. Wang et al., 2021; Cao et al., 2018). The
(La/Yb)y values of the Taodonggou Group mudstones are
6.228-10.081, with an average value of 7.358 in the study
area, which is much greater than 1. This indicates that the
mudstone of the Taodonggou Group has a slower deposition
rate.

4.5.8 Hydrothermal activity

The study area has been extremely volcanically active from
the Carboniferous to the Permian, with extensive volcanic
deposits in the middle Permian Taodonggou Group, the lower
Permian Yierxitu Formation, and the Carboniferous. In or-
der to explore whether hydrothermal activity is involved in
the middle Permian sedimentation, the Zn-Ni—Co ternary
diagram and the (Cu+ Co+ Ni) x 10-Fe-Mn ternary dia-
gram are applied in this study (Xu et al., 2022; You et al.,
2019). Based on the Zn—Ni—Co ternary diagram (Fig. 10a),
some data points of the Taodonggou Group mudstone are dis-
tributed in the hydrothermal sedimentary zone, and based on
the (Cu 4 Co + Ni) x 10-Fe—Mn ternary diagram (Fig. 10b),
all data points of the samples fall in the hydrothermal sedi-
ment zone and Red Sea hydrothermal sediment zone, which
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indicates that the Taodonggou Group mudstone deposition
was influenced by hydrothermal fluids.

4.5.9 Tectonic setting

Sedimentary rocks of different tectonic settings have promi-
nent differences in element composition and content, so the
geochemical characteristics of sedimentary rocks can be used
to reflect the tectonic setting of sedimentary basins (Kroo-
nenberg, 1992).

The elements Co, Th, Sc, Zr, and La are relatively sta-
ble and less affected by geological activities such as weath-
ering, transportation, and deposition. Therefore, the La—
Th-Sc ternary diagram and the Th—Co—Zr/10 ternary dia-
gram can be utilized to distinguish the tectonic setting dur-
ing the formation of sediments (Bhatia and Crook, 1986;
Cai et al., 2022). Based on the La-Th—Sc ternary diagram
(Fig. 11a), most of the data points fall in the continental is-
land arc region, and based on the Th—Co-Z1/10 ternary di-
agram (Fig. 11b), almost all the data points fall in the con-
tinental island arc and oceanic island arc regions. This in-
dicates that the tectonic setting of the Taodonggou Group’s
source area is a continental island arc and an oceanic island
arc.

Additionally, previous studies have shown that SiO,,
TiO,, AlO3/SiO;, and Fe;O3+ MgO are also impor-
tant parameters for identifying the source tectonic setting.
Cross-plots of Al,O3/SiO> and FeyOsz+ MgO, TiO, and
Fe, 03+ MgO, and SiO; and Al,O3/SiO, are often em-
ployed to recognize the tectonic setting (Bhatia, 1983; Li et
al., 2020; Roser and Korsch, 1988). Based on the cross-plot
of Al,03 / SiO; and Fe, O3+ MgO (Fig. 11c), all data points
are distributed around the continental island arc and oceanic
island arc, which is consistent with the cross-plot of TiO;
and Fe,03+ MgO (Fig. 11d) and the cross-plot of SiO, and
AlyO3 / SiO; (Fig. 11e). As a result, the tectonic setting of
the Taodonggou Group mudstone source area is continental
island arc and oceanic island arc.

Solid Earth, 14, 1031-1052, 2023
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5 Discussion

The sedimentary environment, provenance location, and sed-
imentation mode are factors that influence the quality of
mudstones. In this study, based on the mineralogical and
elemental geochemical characteristics of the Taodonggou
Group mudstones, we discuss the influence of sedimentary
environment, provenance location, and sedimentation mode
on the quality of the Taodonggou Group mudstones.

5.1 The influence of paleosedimentary environment on
the quality of mudstone

Based on the mineralogical and elemental geochemical char-
acteristics and previous studies on the organic geochemical
characteristics of the Taodonggou Group mudstones (Miao et
al., 2021), a comprehensive geochemical profile of well YT1
was established. The results are shown in Fig. 12. It can be
observed from Fig. 12 that the sedimentary environment of
the Taodonggou Group mudstones is closely related to their
organic matter types and can be divided into three periods. In
the early stage of the Taodonggou Group, the overall climate
was warm and humid under moderate chemical-weathering
conditions. The sedimentary waterbody was dysoxic—anoxic
brackish water. At this time, productivity was weak, and or-
ganic matter was mainly derived from terrestrial sources. In
the middle stage of the Taodonggou Group, the paleoclimate
gradually shifted to a dry and humid climate under strong
chemical-weathering conditions, accompanied by hydrother-
mal activity. This provided abundant nutrients for the growth
of algae and other microorganisms. At the same time, the
sedimentation rate increased, resulting in a predominance of
algae in the organic matter composition during this period.
During the late stage of the Taodonggou Group, the climate
again shifted to a warm and humid climate under moder-
ate chemical-weathering conditions. The sedimentation rate
slowed down, and the input of organic matter shifted back to
predominantly terrestrial sources.

5.2 Provenance
5.2.1 Lithology of parent rock

Previous studies have found that the chemical composition of
the rocks in the sedimentary area and the parent rock in the
provenance area have a strong affinity, and the type of parent
rock will directly affect the elemental geochemical charac-
teristics of the sediment (Tribovillard et al., 2006; Shi et al.,
2021; McLennan et al., 1993; Basu et al., 2016; Hu et al.,
2021; Floyd and Leveridge, 1987; Wronkiewicz and Condie,
1987). Generally speaking, the transport of sediment from
the source area to the sedimentary area goes through multiple
complex processes such as mechanical transport and chemi-
cal action, and hence it is necessary to analyze the impact of
sediment sorting and recycling on each chemical component
when identifying the source. Previous studies have shown
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that trace elements Zr, Th, and Sc are relatively stable in
geological processes such as weathering, transportation, and
sorting and are not easily lost, which can be used as one of
the indicators for parent rock identification (Floyd and Lev-
eridge, 1987; Wronkiewicz and Condie, 1987). According to
the Th / Sc and Zr / Sc intersection diagram of Taodonggou
Group mudstone (Fig. 13a), Taodonggou Group mudstone is
close to andesite and felsic volcanic rock of the upper crust,
and its composition is controlled by the composition of its
felsic parent rock and has not undergone sediment sorting
and recycling.

In addition, REE and trace elements in mudstone from dif-
ferent parent rocks are obviously different, so the ratio of
REE to trace elements can be used to analyze the type of
parent rock, and the most common ones are La / Sc, La / Co,
Th /Sc, Th /Co, and Cr/Th (Basu et al., 2016; Hu et al.,
2021; Floyd and Leveridge, 1987; Wronkiewicz and Condie,
1987; Allegre and Minster, 1978). Based on the Hf and
La / Th intersection diagrams (Fig. 13b) and the La / Sc and
Co / Th intersection diagrams (Fig. 13c), we can see that the
mudstones of the Taodonggou Group have both andesitic is-
land arc sources and felsic volcanic sources. It can be seen
from the cross-plot of TiO, and Zr (Fig. 13d) that the mud-
stone of the Taodonggou Group is a source of intermediate
igneous rocks and felsic igneous rocks. As can be seen from
the cross-plot of La/Yb and X REE (Fig. 13e), almost all
data points are located in the sedimentary rock, alkali basalt,
and granite areas.

In summary, the parent rocks of the Taodonggou Group
mudstone are andesitic and feldspathic volcanic rocks with
weak sedimentary sorting and recirculation, and the material
source information is well preserved.

5.2.2 Location of parent rock

There is a great deal of controversy about the provenance
location of the middle Permian in the Turpan—Hami Basin
(Shao et al., 2001; Jiang et al., 2015; J. L. Wang et al., 2019;
Zhao et al., 2020; Song et al., 2018; Wang et al., 2018a,
b; Tang et al., 2014). Shao et al. (1999) believed that the
provenance of the Permian was mainly from the Jueluotage
Mountains in the south of the Turpan—Hami Basin, Song et
al. (2018) considered that it came from the Bogda area, and
Zhao et al. (2020) believed that the provenance of the Per-
mian in the Turpan—Hami Basin was consistent with that in
the Junggar Basin and originated from the Kelameili moun-
tains and the northern Tianshan. Summarizing the previous
research results, it is found that the main controversial point
is the time of the first uplift of the Bogda Mountains.

At present, there are many opinions about the time of the
Bogda Mountain uplift, suggesting that it initially occurred
in the early Permian (Carroll et al., 1990, 1995; Shu et al.,
2011; Wang et al., 2018a; Li et al., 2022), middle Permian
(Zhang et al., 2006; Liu et al., 2018; Wang et al., 2018b),
late Permian—Early Triassic (Zhao et al., 2020; Guo et al.,
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2006; Wang, 1996; Sun and Liu, 2009; Tang et al., 2014;
Wang et al., 2018b), Middle Triassic (Guo et al., 2006), Early
Jurassic (Green et al., 2005; Liu et al., 2017; Ji et al., 2018),
and Late Jurassic (Yang et al., 2015). If the initial uplift of
the Bogda Mountains was after the middle Permian, the par-
ent rock types of the Taodonggou Group mudstone in the

Solid Earth, 14, 1031-1052, 2023

Turpan—Hami Basin and the Lucaogou Formation mudstone
in the Junggar Basin should be the same.

We have counted the elemental geochemical characteris-
tics of the Lucaogou Formation in the Junggar Basin (Li et
al., 2020) and found that the parent rock type of Lucaogou
Formation mudstone in the Junggar Basin is greatly different

https://doi.org/10.5194/se-14-1031-2023
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from that of P,td, which is felsic volcanic rock (Fig. 14). As
a result, the Bogda Mountains’ initial uplift should be late
Permian—Early Triassic in the early Permian or middle Per-
mian. This is consistent with Li et al. (2022) and Wang et
al. (2018a), who inferred the uplift of the Bogda Mountains
at 289.8-265.7 Ma. Shao et al. (2001) believed that the sand-
stone of the Daheyan Formation in the Turpan—-Hami Basin
has a good affinity with the early Permian and Carbonifer-
ous, so the provenance direction of the sandstone of the Da-
heyan Formation is consistent with that of the early Permian,
and they all come from the Jueluotage Mountains. However,
the paleocurrent direction of the early Permian in Xinjiang is
southeast (Zhang et al., 2005; Li et al., 2007; J. L. Wang et
al., 2019), and the provenance area is located in the north of
the Bogda area. Zhao et al. (2020) calculated the U-Pb dat-
ing results of 5250 zircons in the Tianshan and believed that
the provenances of the Turpan—Hami Basin and the Junggar
Basin both came from the northern Tianshan and the Ke-
lameili mountains, which is also consistent with the ancient
ocean current direction in the early Permian (Zhang et al.,
2005; Li et al., 2007; J. L. Wang et al., 2019; Fig. 14a). Con-
sequently, the first uplift of the Bogda Mountains should have
occurred in the early Permian, but it was not exposed in the
early—middle Permian, and it still received sedimentation. In
the middle Permian, the exposed water began to be denuded,
becoming the source area of the Turpan—Hami Basin (Wang
et al., 2018a).

Based on the above analysis, in the early-middle Permian,
although the Bogda Mountains in the north of the Turpan—
Hami Basin were uplifted due to orogeny, it did not emerge
from the water surface, and it still accepted the provenance
of the northern Tianshan and Kelameili mountains. At this
time, there was a NE-trending ancient ocean current (Carrol-
let et al., 1995; Obrist-Farnert et al., 2015; Zhao et al., 2020),
so the Jueluotage Mountains, which had been uplifted in the
south of the Turpan—Hami Basin, became a secondary prove-
nance area (Shao et al., 1999; Fig. 14b). With the continuous
uplift of the Bogda Mountains, the sedimentary center of the
Turpan—Hami Basin gradually shifted to Taibei Sag, and the
provenance area of the Turpan—Hami Basin changed to the
Bogda and Jueluotage mountains (Fig. 14c¢).

5.3 Sedimentation mode

In previous studies, scholars have believed that the sedimen-
tation of the Permian in the Turpan—Hami Basin is mainly
controlled by traction currents (Chen et al., 2003). However,
recent research has revealed the presence of gravity flow de-
posits in the Permian of the Turpan—Hami Basin (2018a; Xu,
2022). Yang et al. (2010) found poorly sorted debris flow de-
posits in the Daheyan Formation, and Xu (2022) discovered
alluvial and fluvial facies in the Daheyan Formation, consist-
ing of volcaniclastic rocks and conglomerates that are similar
in composition to the lower Permian volcaniclastic rocks and
conglomerates. This suggests the existence of gravity flow

https://doi.org/10.5194/se-14-1031-2023

deposits during the early Permian in the Turpan—Hami Basin.
Wang et al. (2018a) also suggested the development of grav-
ity flow deposits and pillow lavas in the early Permian. Mean-
while, in the early-middle Permian, the sedimentation inher-
ited the provenance and sedimentation style from the early
Permian, but the gravity flow deposits transitioned gradually
into traction current deposits. Due to the influence of gravity
flow deposits, terrestrial organic matter can be transported to
the deep lake area (Yu et al., 2022; Li et al., 2011), thereby
altering the type of organic matter.

During the middle of the Taodonggou Group, the Turpan—
Hami Basin entered the foreland basin sedimentation stage
due to the uplift of the Bogda Mountains. The sedimentary
environment of the Taodonggou Group in the Tainan Sag
is similar to that in the Taibei Sag (Li, 2019). During this
time, the sedimentary waterbody of the Taodonggou Group
in the Turpan—Hami Basin became shallower, and the dom-
inant sedimentation style transitioned to traction currents.
Xu (2022) conducted lithological observations on the Taer-
langgou section, the Zhaobishan section, and the well YT1
in the Taodonggou Group and found the presence of trac-
tion structures of gravity flow origin in the middle and upper
parts of the Taerlang Formation. Additionally, a large num-
ber of calcareous and iron nodules appeared in the formation,
indicating the occurrence of gravity flow deposits during the
late-stage sedimentation of the Taodonggou Group. The or-
ganic matter type in the mudstones during this period was
influenced by gravity flows.

5.4 Formation mechanism of the Taodonggou Group
mudstone

Based on the sedimentary environment, provenance, and sed-
imentation mode during the deposition of the Taodonggou
Group mudstones, this study has constructed the formation
mechanism of the Taodonggou mudstones. The results indi-
cate that the formation of the Taodonggou Group mudstones
can be divided into three stages.

In the early part of the Taodonggou Group, the Bogda
Mountains began to rise but did not emerge from the wa-
ter surface. The sediment source is mainly from the northern
Tianshan and Kelameili mountains, and the secondary source
area is the Jueluotage Mountains in the south of the Turpan—
Hami Basin. The stratum of the Taodonggou Group was de-
posited in a warm and humid paleoclimate with high weath-
ering intensity and a stable input of terrigenous detritus. In
addition, the sedimentary waterbody is deep at this time, cre-
ating a deep lake environment of brackish and dysoxic water.
However, this period inherited the gravity flow sedimenta-
tion characteristics from the early Permian. Due to the in-
fluence of gravity flows, terrestrial organic matter was trans-
ported to the deep lake, resulting in the input of organic mat-
ter in the mudstones primarily derived from higher terrestrial
plants (Miao et al., 2021). Consequently, a high-quality Type
IIT organic matter source rock was formed (Fig. 15a).
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In the middle of the Taodonggou Group, with the continu-
ous uplift of the Bogda Mountains and hydrothermal activity,
the climate changed into a hot and humid paleoclimate, the
weathering degree further increased, and the input of terrige-
nous detritus increased. The provenance areas are the Bogda
and Jueluotage mountains. In addition, during this period, the
sedimentary center gradually transferred to the Taibei Sag,
and the sedimentary waterbody became shallow, which was

Solid Earth, 14, 1031-1052, 2023

a dysoxic, intermediate-depth lake environment. Due to the
nutrients brought by hydrothermal activity, the lower algae
multiplied during this period, and the salinity of the sedi-
mentary water body became lower, becoming a freshwater
environment and thus depositing a set of high-quality Type
II, organic source rocks.

In the late Taodonggou Group, the uplift of the Bogda
Mountains basically stopped, and the climate changed to a
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warm and humid paleoclimate again. The weathering degree
was high, and the input of terrigenous debris was reduced.
The Bogda and Jueluotage mountains remained the prove-
nance areas. The sedimentary center was essentially trans-
ferred to the Taibei Sag at this time. During this period, the
salinity of the sedimentary waterbody was high, and the sed-
imentary waterbody became deeper. It was a deep lake en-
vironment with dysoxic and brackish water. During this pe-
riod, the sedimentation was also influenced by gravity flows,
leading to changes in lithology and organic matter type. As
a result, the organic matter type in the mudstones deposited
during this period transitioned to Type III.

6 Conclusions

Through the mineral composition and element geochemistry
analysis of the Taodonggou Group mudstone, the following
insights have been obtained:

https://doi.org/10.5194/se-14-1031-2023

1. The mudstone minerals of the Taodonggou Group are
mainly clay and quartz and can be classified into four
petrographic types according to their mineral fractions.

2. The Taodonggou Group mudstone was deposited in

an intermediate-depth or deep, dysoxic, freshwater—
brackish lake environment under warm and humid pale-
oclimatic conditions. The input of terrestrial debris was
stable, but the sedimentation rate was slow. In addition,
the sedimentation in the middle stage was influenced by
hydrothermal activities. Moreover, the source rocks of
the Taodonggou Group mudstone are mainly andesitic
and feldspathic volcanic rocks. Sediment sorting and
recycling were weak, and hydrocarbon source informa-
tion was well preserved. The tectonic background of the
source area was a continental island arc and an oceanic
island arc.

3. The sedimentary environment, sources, and sedimen-

tary methods have significant impacts on the organic
matter types of the Taodonggou Group. In the early

Solid Earth, 14, 1031-1052, 2023
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Taodonggou Group, the sedimentation center was in the
Bogda area. At this time, the Bogda Mountain region
was not exposed, and the depositional processes inher-
ited the characteristics of early Permian gravity flow
sedimentation, resulting in the widespread deposition
of a series of high-quality Type III source rocks in the
basin. In the middle Taodonggou Group, the sedimenta-
tion center gradually migrated to the Taibei Sag. During
this period, the Bogda Mountain region experienced up-
lift and hydrothermal activity, and the depositional pro-
cesses gradually transitioned to traction flows, result-
ing in the widespread deposition of a series of Type 11
source rocks in the basin. In the late Taodonggou Group,
the uplift of the Bogda Mountain region ceased, and the
sedimentation center completely shifted to the Taibei
Sag. Meanwhile, under the influence of gravity flows,
the organic matter types of the Taodonggou mudstone
changed to Type III.

Appendix A

Table A1. Mineral composition of Taodonggou Group mudstone in well YT1.

Mineral content (%~ 1 )

Samples  Depth (m~ 1)
Quartz  K-feldspar Plagioclase Calcite  Siderite Pyrite Baryte Clay

YTI-1 6084 294 0.7 1.8 23.7 / / 133  31.1
YTI-2 6092 30.1 1.1 5.4 26.9 / / 2.1 344
YT1-3 6102 41.9 / 2.5 18.1 / / 32 343
YTI1-4 6113 35.7 0.5 2.9 10.8 / / 2.8 473
YT1-5 6122 40.5 0.1 2.7 19.4 / / 4.6 327
YTI-6 6129 39.2 0.6 2.1 19.7 / / 4 344
YT1-7 6136 279 0.3 0.8 42.8 / / 43 239
YT1-8 6140 31.2 0.6 0.6 22.1 / / 56 399
YT1-9 6143 34 0.4 0.2 14 / / 45 469
YTI1-10 6144.7 33.6 2.1 3.7 114 2.1 2.8 35 408
YTI-11 6145.3 37 / 3.7 10.6 1.4 / 2.1 452
YT1-12 6145.8 38.4 1.7 22 12.5 / / 3.1 421
YTI1-13 6147 37.9 / / 1 / 14 1.2 585
YT1-14 6151 59.2 0.5 0.2 1.3 / 2.1 !/ 36.7
YT1-15 6154 21.8 0.8 0.8 1.8 / / 39 709
YTI1-16 6161 17.2 23 4.8 354 2 / 5 333
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Table A2. Major elements of Taodonggou Group mudstone in well YT1.

1047

Content (%_1)

Samples  Depth (m~1) CIA P/Ti KyO/AlLO;
SiOy CaO AlhbO3 FeO3 K;O0 TiO, NapO MgO P,O5 MnO
YTI1-1 6084 43.79 19.05 11.65 5.32 3 1.35 1.15 1.1 0.9 0.3  68.71 0.49 0.26
YT1-2 6092 5432 14.01 14.96 6.74  3.39 1.37 1.5 1.34 0.29 0.15 70.1 0.15 0.23
YTI1-3 6102 56.63 14.36 11.66 542 338 1.24 1.23 1.36 0.16 0.19 66.63 0.09 0.29
YT1-4 6113  56.92 7.38 17.52 7.93 4.2 1.28 1.22 1.55 0.21 0.14 7255 0.12 0.24
YTI-5 6122  51.15 12.62 15.25 7.55 3 1.33 1.2 1.15 0.3 0.34 7385 0.17 0.20
YT1-6 6129 62.28 4.49 16.07 5.93 35 1.15 1.68 0.8 1.17  0.12 70.08 0.74 0.22
YT1-7 6136 52.44 9.31 16.57 8.63 254 1.5 1.55  0.66 037 034 7457 0.18 0.15
YTI1-8 6140 55.37 3.01 21.11 9.64 2.63 1.42 1.5 0.49 0.15 0.24 7892  0.08 0.12
YTI1-9 6143  60.24 2.76 21.27 873 192 1.76 0.84 0.36 0.23 0.22 85.5  0.09 0.09
YT1-10 6144.7 61.08 2.75 24.16 7.54 099 1.82 0.3 0.36 0.21 0.06 93.83 0.08 0.04
YTI1-11 61453 61.02 2.94 25.39 6.84 0.59 1.84 0.31 0.36 026 006 9545 0.10 0.02
YTI1-12 6145.8 60.32 541 21.32 729 0.72 1.85 0.34 0.32 0.21 0.06 93.84 0.08 0.03
YTI1-13 6147  60.76 1.83 25.75 7.68  0.68 1.95 0.19 0.35 0.25 0.05 96.07 0.09 0.03
YTI-14 6151  70.11 2.44 12.83 7.28 097 1.31 0.34 0.27 0.15 0.05 88.59 0.09 0.08
YTI-15 6154 49.39 1.92 25.41 1225 2.84 287 1.57 0.46 0.15 0.06 80.97 0.04 0.11
YT1-16 6161 43.11 9.56 18.04 14.17 2.83 422 1.9 0.77 1.03 0.25 73.12 0.18 0.16
Table A3. Characteristics of trace elements in Taodonggou Group mudstone.

Samples YTI-1  YTI-2 YTI-3 YTI-4 YTI5 YTI-6 YTI-7 YTI-8 YTI9 YTI-10 YTI-I1 YTI-12 YTI-13 YTI-14 YTI-15 YTI-16

Depth (m~ ) 6084 6092 6102 6113 6122 6129 6136 6140 6143 61447 61453 61458 6147 6151 6154 616l

Be 0952 L12 167 1 152 126 174 217 179 131 135 142 0711 1.77 2.05 155

Sc 902 119 155 117 136 131 156 162 212 11.4 132 123 7 24 26 17.6

v 873 642 72 595 106 89.2 100 885 887 1223 1146 1316 177 145 124 199

Cr 274 212 318 273 401 43 401 451 548 485 416 445 43 63 51 40.2

Co 946 124 149 133 119 126 137 182 276 23 217 20.6 18.7 24.8 36.9 30.4

Ni 255 278 367 325 326 332 378 372 475 36.8 35.7 34.6 273 417 55.4 17.9

Cu 342 331 448 346 512 418 399 508 489 52.6 50.3 51.4 57.3 55.8 64.4 71.2

Zn 125 79 924 961 698 904 744 679 187 64.6 63.2 65.8 44.1 70.4 114 218

c 1, Ga 1781 200 233 19 248 219 151 132 161 14.5 127 13.7 7.14 127 19.2 17.3

ontent Pm) gy 545 646 735 504 60 35 339 16 179 156 146 146 136 142 2 207

Sr 758 357 420 422 291 414 269 151 199 214 244 224 63.9 126 263 393

Mo 129 0661 0866 124 109 144 117 123 268 3.02 2.88 3.14 3.86 2.14 118 128

Ba 48383 7357 633 547.28 15924 54766 32649 4652 565 503 516 505 427 254 30356 42435

B 4631 713 814 674 645 554 602 413 496 446 52,6 41.4 415 39.7 56.2 54.1

Th 916 603 731 643 838 124 103 104 10 9.12 833 8.86 6.17 732 9.96 313

U 213 18 183 214 166 31 317 243 206 3.1 3.06 2.89 32 2.66 242 0.73

Zr 827 993 124 971 107 112 123 132 162 1288 1302 1236 708 1304 192 215

Hf 26 377 429 351 387 403 445 476 552 476 3.94 401 223 321 6.13 6.29

Sr/Ba 157 049 066 077 18 076 08 032 035 043 047 0.44 0.15 05 0.87 0.93

Ga/Rb 033 031 032 038 041 065 045 083 0.9 0.93 0.87 0.94 053 0.89 091 0.84

B/Ga 26 355 349 355 26 253 399 313 308 3.08 4.14 3.02 5.81 3.13 2.93 3.13

Rb /K/(10~%) 2187 2294 2618 1445 2408 1152 1607 732 1122 1897 2979 2441 2408  17.63 8.9 8.81

V/Cr 319 303 226 218 264 207 249 196 162 252 241 2.96 4.12 23 243 4.95

V /(V+Ni) 0.77 07 066 065 076 073 073 07 065 0.77 076 0.79 0.87 0.78 0.69 0.92

c 022 032 026 054 043 053 061 119 138 1.61 156 1.03 242 1.64 156 0.93
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Table A4. Enrichment factors of the Taodonggou Group mudstone after AS transformation.

Samples Xer
Be Sc \'% Cr Co Ni Cu Zn Ga Rb Sr Mo Ba B Th U Zr Hf
YTI1-1 043 0.11 092 042 068 051 104 180 128 053 366 063 1.14 068 105 0.78 0.71 128
YTI1-2 039 0.12 053 025 070 044 078 0.89 1.13 049 134 025 135 082 054 052 066 144
YTI1-3 075 0.19 076 048 1.07 074 136 133 168 0.72 203 043 149 120 083 067 106 2.11
YTI1-4 030 0.10 042 028 064 043 070 092 091 033 136 041 086 066 049 052 055 1.15
YTI1-5 052 013 085 047 066 050 1.19 077 137 045 1.07 041 029 073 073 047 070 145
YT1-6 041 0.12 068 047 066 048 092 094 1.14 024 145 051 094 059 1.03 083 0.69 144
YT1-7 055 0.14 074 043 069 053 08 075 0.77 023 091 040 054 062 083 082 0.74 154
YT1-8 054 0.11 051 038 072 041 085 054 052 009 040 033 061 034 066 049 0.62 129
YT1-9 044 0.14 051 046 1.09 052 081 062 064 0.10 053 072 073 040 063 042 076 149
YTI1-10 028 0.07 062 036 077 036 077 045 050 007 050 072 057 032 050 055 053 1.13
YT1-11 028 0.08 055 033 072 033 070 042 042 007 054 065 056 036 044 052 051 0.89
YT1-12 035 0.08 0.76 037 081 038 08 052 054 008 059 084 065 033 055 058 058 1.08
YT1-13 0.14 004 084 030 061 025 079 029 023 006 0.14 08 046 028 032 053 027 050
YT1-14 072 027 139 087 162 0.76 154 092 083 0.13 055 095 054 053 0.76 0.89 101 143
YTI-15 042 0.15 060 036 122 051 090 075 063 009 058 027 033 038 052 041 075 138
YT1-16 045 0.14 135 039 141 023 140 203 081 0.13 123 041 065 051 023 0.17 1.19 2.00
Average 041 0.12 073 040 0.87 044 093 079 075 020 091 056 068 050 059 055 068 1.29
Table AS. Characteristics of REE in Taodonggou Group mudstone.
Samples  Depth (m™) Content (ppm) (La/ Yb)x
La Ce PP Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Y REE LREE MREE HREE
YTI-1 6084 3170 5770 673 2880 514 146 519 072 389 068 217 030 212 0352 146953 124930 17077 4.946 10.081
YTI-2 6092 2730 4780 551 2290 479 084 413 073 425 071 240 037 256 0408 124695 103510 15447 5738 7.190
YTI-3 6102 2730 4830 562 2310 471 132 417 080 463 088 268 041 289 0464 127271 104320 16511 6440 6.369
YTI1-4 6113 2640 4560 520 2220 437 096 409 068 388 072 235 036 256 0408 119783 99400 14705 5678 6.953
YTI-5 6122. 3260 6280 7.61 3170 656 196 577 098 535 097 289 043 292 0429 162971 134710 21.590  6.671 7.527
YTI-6 6129 3310 80.10 748 3170 619 062 598 099 558 099 301 050 331 0564 180.108 152380 20345 7.383 6.742
YTI1-7 6136 3350 6640 770 3120 619 118 546 091 524 096 305 049 318 0454 165914 138800 19.936 7.178 7.102
YTI-8 6140 3590 6580 723 2920 547 165 496 096 535 096 297 047 301 0426 164346 138.130 19344 6872 8.041
YT1-9 6143 39.00 7340 9.60 4000 7.18 144 564 102 591 108 345 052 341 0519 192169 162000 22270  7.899 7711
YTI-10 61447 3260 6643 734 2640 631 098 482 084 497 086 312 033 321 0436 158646 132770 18.130  7.096 6.847
YTI-11 61453 2790 6223 523 2320 542 1.04 446 092 541 088 288 044 3.02 0423 143453 118560 17.880  6.763 6.228
YTI-12 61458 3020 6560 564 2540 593 1.02 501 047 454 091 294 046 301 0501 151631 126840 5531 6911 6.764
YT1-13 6147 884 1680 175 690 139 030 132 027 187 039 127 022 167 0265 43247 34290 5531 3426 3.569
YTI-14 6151 3940 73.60 8.64 33.60 422 184 432 121 58 103 342 043 298 0392 180912 155240 5531  7.222 8.914
YTI-15 6154 5260 10500 1230 5080 9.09 245 7.65 125 7.4 1.16 3.86 057 3.62 0510 257.997 220700 28.740  8.557 9.796
YTI-16 6161 3970 8570 11.10 5210 976 229 833 134 747 125 375 052 339 0502 227.206 188.600 30.440  8.166 7.895

LREE =La+ Ce + Pr+ Nd.
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