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ABSTRACT

The Late Permian to Early Triassic marked a pivotal phase in paleoenvironmental and tectonic shifts. The
Kaijiang-Liangping intracratonic sag, a tectonic geomorphology formed by Emei taphrogenesis in the
Sichuan Basin, is situated within a clear water carbonate platform. Under these conditions, the black
shales of the Dalong Formation in the sag have ultrahigh organic matter content. However, the mech-
anism by which these conditions control the accumulation of such organic matter remains unclear.
Petrological and geochemical analyses of well DY-1H revealed four distinct units within the Dalong
Formation: A, B, C, and D, with average total organic carbon contents of 3.00%, 9.59%, 4.57%, and 0.27%,
respectively. The kerogen maceral, carbon isotope, and pyrolysis results show that the organic matter
mainly comprises Type II, kerogen. Benthic plants growing in clear water may be the primary source of
this kerogen. Shallow water, suboxic conditions, strong volcanism, and high productivity characterize
Unit A. Unit B features restricted ocean circulation, anoxic conditions, weak upwelling, moderate
volcanism, and high productivity. Unit C is characterized by anoxic conditions, strong upwelling, weak
volcanism, and moderate productivity. Oxic conditions and low productivity define Unit D. These find-
ings challenge traditional models that struggle to explain the accumulation of ultrahigh organic matter in
Unit A under suboxic conditions, Unit C under moderate productivity, and Unit B with abnormally high
organic matter content. The flourishing of benthic plants, a considerable source of Type II, kerogen that
resists decomposition and favors preservation, is the dominant factor controlling the ultrahigh organic
matter accumulation of black shales in Units A, B, and C under clear water conditions. Oxidized bottom
waters and decreased benthic plant growth were crucial to the sharp decline in organic matter.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

model” (Demaison and Moore, 1980; Tyson and Pearson, 1991;
Sageman et al., 2003).

Organic-rich deposits have long intrigued geologists owing to
their widespread distribution at specific periods and their early
recognition as potential oil-prone source rocks (Sageman et al.,
2003). Two models are commonly used to explain organic matter
accumulation: the “productivity model” and the “preservation
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The Late Permian, marking the end of the Paleozoic, represents a
critical interval in Earth's history characterized by global environ-
mental and biological changes (Farabegoli et al., 2007; Song et al.,
2015). These include the convergence of Pangea (Muttoni et al.,
2003), superplumes and volcanism (Cocks and Torsvik, 2007),
ocean acidification and toxicity, global hypoxia, climate change
(Huey and Ward, 2005), widespread deposition of black shales
(Shen et al., 2015), and subsequent mass extinction (Wignall and
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Twitchett, 1996). The Sichuan Basin, located in the eastern Paleo-
Tethys region of the multi-island—oceanic system (Yu et al.,
2021), formed the Kaijiang-Liangping intracratonic sag (K-L intra-
cratonic sag; Fig. 1) under the influence of Emei taphrogenesis
during the Late Permian (Liu et al., 2021b). Many wells and out-
crops indicate that the black shale of the Dalong Formation in the
intracratonic sag has high organic matter content.

Sedimentation can be divided into “turbid” and “clear” waters
(Wang, 1988; Nichols, 2023). As early as 1965, the famous sedi-
mentologist M. L. Irwin published the paper “General theory of
epeiric clear water sedimentation” in the AAPG Bulletin and first
put forward the term “clear water.” Clear-water sedimentation re-
fers to processes that ideally produce sediments in epeiric marine
waters that have received no influx of terrigenous clastics (Irwin,
1965). Traditionally, the widely studied shales with high organic
matter, especially the Paleozoic-Mesozoic shales (including the
Cambrian Qiongzhusi shale, the Ordovician-Silurian Wufeng-
Longmaxi shale, and the Devonian Marcellus shale), have detrital
clay minerals averaging over 35%, with some even as high as 60%
(Chen et al,, 2019; Wu et al., 2020; Yan et al., 2021), indicating
typical turbid water conditions. However, the black shale of the
Dalong Formation in the Sichuan Basin was deposited in the K-L
intracratonic sag in the epeiric sea carbonate platform and sur-
rounded by the homochronous Changxing Formation limestone
(Fig. 1) with extremely low terrigenous input, indicating typical
clear water conditions. Whether these clear water conditions
stimulate ultrahigh organic matter accumulation is an issue that
should be discussed in future studies. Hence, we attempt to answer
this question by deciphering the mechanism of organic matter
accumulation in the black shale of the Upper Permian Dalong in the
northern Sichuan Basin.

In this study, we present detailed petrological and geochemical
analyses of well DY-1H in the K-L intracratonic sag to establish the
mechanism of ultrahigh organic matter accumulation in the Dalong
Formation under clear water conditions and to provide new in-
sights into global black shale organic matter accumulation.
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2. Geological setting

Most global plates converged in the Late Paleozoic, peaking in
the Late Permian and forming Pangea (Fig. 1(a)) (Muttoni et al.,
2003). The South China Plate was an independent block in the
Late Permian, formed by the collision of the Yangtze Plate and the
Cathaysian Plate (Fig. 1(b)), and was located in the equatorial warm
water province on the eastern margin of the Paleo-Tethys Ocean,
east of Pangaea (Fig. 1(a)) (Zhang et al., 2018).

The Late Permian was a crucial phase in the formation and
evolution of the Sichuan Basin (Liu et al., 2021b). The Sichuan Basin,
located on the northwestern margin of the Yangtze Platform, wit-
nessed a series of pivotal tectonic events, such as the Paleo-Tethys
Ocean expansion, Emeishan Large Igneous Province eruption,
basement fault reactivation (Luo et al., 2004; Liu et al., 2021b; Yu
et al, 2021), and Emei taphrogenesis (Liu et al, 2021b). The
Emeishan Large Igneous Province eruption in the late Guadalupian
period induced lateral extension of the upper crust, resulting in
strong tectonic-sedimentary differentiation that shaped the tec-
tonic pattern of the Sichuan Basin (Liu et al., 2021b). The K-L
intracratonic sag developed in the northern Sichuan Basin (Fig. 1(c))
under the influence of Emei taphrogenesis, where the organic-rich
shale of the Dalong Formation was deposited (Liao et al., 2019; Liu
et al,, 2019). Laterally, there are successive carbonate platform, reef
beach, slope, and deep-shelf facies (Fig. 1(c)).

The Dalong Formation mainly consists of black carbonaceous
shale, siliceous shale, and limestone. Black shale with a total
organic carbon (TOC) > 1% in the Dalong Formation has a thickness
of 10—30 m (Liao et al,, 2019; Liu et al, 2019). Many bioherm
limestones have recently been discovered on both edges of the K-L
intracratonic sag (Hao et al., 2008; Li et al., 2015), indicating a clear-
water sedimentary environment that lacks terrigenous input.
Therefore, the Dalong Formation in the K-L intracratonic sag pro-
vides a good research opportunity for studying the organic matter
accumulation mechanism under clear water conditions. Well DY-
1H, selected for this study, is located south of the K-L intra-
cratonic sag and is connected to the western Hubei intracratonic
sag to the southeast (Fig. 1(c)).
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Fig. 1. (a) Global paleogeographic map of the Late Permian showcasing the location of South China, modified from Liu and Selby (2021). (b) Paleogeographic map of Late Permian
South China showcasing the location of K-L intracratonic sag, modified from Yu et al. (2021). (c) Paleogeographic map of Late Permian in the northern margin of Sichuan Basin

showecasing the location of well DY-1H.
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3. Lithofacies and sedimentary features

Well DY-1H is located in Longmen Village, approximately 17 km
north of Liangping County in Chongqing City (Fig. 1(c)). The Dalong
Formation conformably overlies the bioherm limestone of the
Wuchiaping Formation. Based on its lithological assemblages, it can
be vertically divided into four units (Units A, B, C, and D) (Fig. 2).

Unit A is a bioclast-bearing calcareous—siliceous mixed shale
with a thickness of 2.10 m. The core of Unit A is mainly dark gray to
black, with numerous bioclasts (Fig. 3(a) and (d); including small
shelly fossils) observed in the core and thin sections. The bioclasts
are mostly calcareous (Fig. 3(d)), with some silicified components
(Fig. 3(d)). Interbedding of calcareous shale and thin limestone is
observed at 4338.12 m (Fig. 3(b)). The most notable feature of Unit
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Ais the frequent occurrence of volcanic ash (Fig. 2). Three tuff layers
occur in a core of approximately 2 m, with an average deposition of
tuff every 0.67 m. The tuff thickness ranges from 10.31 to 50.53 mm,
with an average of approximately 26.15 mm (Fig. 3(e) and (c)).
The lithology of Unit B is bioclast-bearing siliceous shale with a
thickness of 7.30 m. Compared with Unit A, Unit B's color, lithology,
and sedimentary and biological characteristics differ significantly.
The siliceous shale of Unit B is darker and predominantly black. The
most notable feature of Unit B is the decrease in calcareous bio-
clasts and the increase in fine authigenic silica (Fig. 3(f), (g), and (1)).
Pyrite mainly occurs in thin layers (Fig. 3(i)), and a small amount of
phosphorite is observed at the bottom (Fig. 3(h)). The frequency of
tuff occurrence decreases, with three instances in the 7.3 m core.
The average tuff deposition interval is 2.43 m (Fig. 2). The tuff
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Fig. 2. Stratigraphic column and core photograph of the Dalong Formation in the well DY-1H, showing the thickness, lithofacies, and sedimentary features.
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Fig. 3. Core and microscopic photographs of the lithologic and structural characteristics of the Dalong Formation in well DY-1H: (a) deep gray-black bioclast-bearing
calcareous—siliceous mixed shale (depth of 4338.65 m); (b) interbedding of calcareous shale and thin limestone (depth of 4338.12 m); (¢) rhyolitic—vitric tuff, the vitric tuff show
subrounded-subangular shape, complete extinction under plane-polarized light, and undulatory extinction under cross-polarized light (depth of 4337.40 m); (d) bioclast-bearing
calcareous siliceous mixed shale, the bioclasts are mostly calcite, some were silicified (white arrow) (sample DY-1H-1, depth of 4338.82 m); (e) gray-green tuff, approximately
17.6 mm thick (depth of 4337.40 m); (f) gastropod fossil in bioclast-bearing siliceous shale (depth of 4332.17 m); (g) a small amount of calcareous bioclasts in bioclast-bearing
siliceous shale and authigenic silica can be observed (sample DY-1H-10, depth of 4336.61 m); (h) bioclast-bearing phosphorite, the phosphorus grains are mostly rounded or
subrounded, indicating an endogenous sedimentation (depth of 4335.53 m); (i) bioclast-bearing siliceous shale, a vast of shelly fossils can be seen in the cores (yellow arrow) (depth
of 4332.50 m); (j) gray-green tuff, approximately 6.62 mm thick (depth of 4337.40 m); (k) bioclast-bearing dolomitic—siliceous mixed shale, some calcareous bioclasts (yellow
arrow) and crystalline dolomites (white arrow) can be observed (sample DY-1H-18, depth of 4329.25 m); (1) bioclast-bearing siliceous shale, a small number of bioclast-bearing
siliceous shale can be observed (sample DY-1H-12, depth of 4332.17 m); (m) deep gray-black bioclast-bearing dolomitic—siliceous mixed shale (depth of 4328.70 m); (n—o)
bioclastic limestone (sample DY-1H-21, depth of 4327.70 m); (p) dolomitic shale, a large number of idiomorphic fine crystalline dolomites are observed (sample DY-1H-13, depth of
4331.73 m).

thickness ranges from 6.62 to 12.91 mm, with an average of from the sag to both sides, and the mudstone in the upper part of
approximately 9.15 mm (Fig. 3(j)). the Dalong Formation gradually transitions into bioclastic
Unit C is bioclast-bearing dolomitic—siliceous mixed shale with limestone.
a thickness of 0.98 m. The core of Unit C is mainly dark gray to black,
with a large number of bioclasts (including small shelly fossils)
observed in the core and thin sections (Fig. 3(m)). The most sig-
nificant feature of Unit C is the increase in dolomite content
(Fig. 3(k) and (p)); a large number of idiomorphic fine crystalline
dolomites occur in the thin section (Fig. 3(k) and (p)). Argillaceous
fine-grained dolomite is present at the top. Tuff is absent in Unit C

4. Samples and analytical methods

Ten samples were collected for organic petrology analysis, and
19 samples were collected for whole-rock X-ray diffraction (XRD)
analysis (Table 1). Twenty-four samples were collected from well
DY-1H for thin-section analysis, TOC, major elements, and trace

(Fig. 2)-. L o i ) elements (Tables 2 and 3). In addition, one tuff sample and one
The lithology of Unit D is bioclastic limestone with a thickness of phosphorite sample were collected for thin-section observations.

30.20 m(Fig.l(d))..The Da}ong Formgtiqn of Unit D transitions from Organic petrological analyses (including kerogen and whole-
b!ack shale to graylsh—whlte bioclastic llmestong. Large.numbers of rock maceral analyses) were conducted at the State Key Labora-
bioclasts are observed in the cores and thin sections (Fig. 3(m) and tory of Oil and Gas Reservoir Geology and Exploitation, Chengdu
(o)) University of Technology, Chengdu, Sichuan, China. The sample was

. l;linally. dat‘?‘ from ;even wells rlyere ObtlaiI}Ed al?d cor;elatﬁd ground into a powder with a particle size of less than 100 mesh,
with DY-1H (Fig. 4). The stratigraphic correlation shows that the — ¢15\ved by the Soxhlet extraction for kerogen maceral analysis.

black shale in the lower part of the Dalong Formation diminishes Diluted hydrochloric acid (5%) was added to the extract to remove
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Fig. 4. Stratigraphic correlation of the well DY-1H with the wells GT-2, LH-3, WT-1, G-36, LX-2, P-5, and P-1.
Table 1

Mineral composition and content of the Dalong Formation in the DY-1H well.

Samples Depth, m Quartz, % Calcite, % Dolomite, % Clay, % Feldspar, % Siderite, % Pyrite, % Fluorapatite, %
DY-1H-19S 4325.95 17 81.9 0 0 0.7 0 04 0
DY-1H-18S 4326.64 39 86.6 0 7.1 24 0 0 0
DY-1H-17S 4327.10 6.4 50.9 40.8 0 1.9 0 0 0
DY-1H-16S 4328.60 30.8 421 49 9.7 7.4 0 5.1 0
DY-1H-15S 4329.25 65.2 204 33 0 55 0 5.7 0
DY-1H-14S 4330.52 60.1 16.3 0 11.8 7.5 0 4.3 0
DY-1H-13S 4330.57 451 373 0 6.6 6.1 0 49 0
DY-1H-12S 4330.98 47.2 39.2 14 0 74 0 4.7 0
DY-1H-11S 4334.09 64 17 1.9 8.7 4.7 0 3.7 0
DY-1H-10S 433430 58.5 21.1 14 84 5.4 0 53 0
DY-1H-9S 4334.57 721 6.8 13 6.6 6.8 3.5 2.8 0
DY-1H-8S 4334.72 61.9 11.9 3.9 14.5 4 0 3.8 0
DY-1H-7S 433494 67.8 12.8 0.9 7.1 4 3 44 0
DY-1H-6S 4335.48 60.9 13 1.7 14.3 6.1 0 3.9 0
DY-1H-5S 4336.17 57.2 18.7 2.7 6.7 74 43 31 0
DY-1H-4S 4336.70 55.6 5.7 1.8 15 43 0 6.6 11
DY-1H-3S 4337.20 32.7 45 1.6 14.2 6.5 0 0 0
DY-1H-2S 4337.40 9.3 138 0 67.3 4.1 0 54 0
DY-1H-1S 4338.20 17.2 59.2 3.1 10 3.8 0 45 2.2

the soluble organic matter. Subsequently, 5% diluted hydrochloric
acid and hydrofluoric acid were added at a ratio of 1:2 to remove
silicate minerals. Finally, 5% diluted hydrochloric acid was added to
remove the newly formed salt minerals. After the aforementioned
steps were repeated thrice, sodium hydroxide (0.5 M) was added to
remove the alkali. Finally, pyrite and other minerals were removed
by flotation in the centrifuge to obtain the separated/purified
kerogen, which was then placed in an oven at 60 °C for drying. The
kerogen was then cut into thin sections for optical microscopy. For
whole-rock maceral analysis, the rock was sliced with a 5:1 mixture
of Buehler epoxy resin and a curing agent, fixed on a slide, and
polished. The polished glass slides were placed under a Nikon
LHS2H100C21 optical microscope, and optical microscopy was
performed under transmitted light and fluorescence.

2703

XRD analysis was performed at the State Key Laboratory of Oil
and Gas Reservoir Geology and Exploitation, Chengdu University of
Technology, Chengdu, Sichuan, China. The mineral compositions
were determined using XRD, and a detailed procedure was con-
ducted following the China Petroleum Industry standard SY/T
5163—2018 (analysis method for clay minerals and ordinary non-
clay minerals in sedimentary rocks by XRD). Computer analyses
of the diffraction patterns revealed the relative abundances of
various mineral phases, and a semi-quantitative assessment was
performed.

Major and trace elements were tested at the Minerals Lab of ALS
Chemex (Guangzhou) Co., Ltd., China. The major elements were
analyzed using an X-ray fluorescence spectrometer (Philips
PW2404). The analytical procedures followed the Chinese National
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Table 2
Major element concentrations of Dalong Formation’s samples from the DY-1H well.

Petroleum Science 22 (2025) 2699—-2718

Samples Depth, m Si0y, % Aly03,% Cao, % Fe,03, % K50, % MgO, % MnO,, % Nay0, % P,0s, % SO, %  TiOz, % Loss on ignition, %
DY-1H-24  4324.00 37.88 0.67 30.29 0.54 0.16 0.78 0.02 0.18 0.04 0.09 0.07 28.73

DY-1H-23  4325.00 28.71 0.13 38.97 0.24 0.05 0.63 0.01 0.12 0.02 0.06 0.05 30.48

DY-1H-22  4326.00 9.56 0.42 46.63 0.22 0.08 1.26 0.02 0.19 0.05 0.12 0.07 41.29

DY-1H-21  4327.00 16.52 1.95 41.03 0.92 0.48 2.07 0.05 0.43 0.07 0.18 0.12 35.97

DY-1H-20  4328.60 58.49 5.43 12.91 1.60 1.11 0.98 0.02 0.90 0.52 0.06 0.17 16.97

DY-1H-19  4329.08 21.10 2.54 24.25 0.97 0.51 12.07 0.10 0.48 0.03 0.10 0.11 37.39

DY-1H-18 4329.25 51.54 4.74 12.91 4.24 1.02 2.62 0.04 0.60 0.06 0.17 0.25 20.47

DY-1H-17  4329.54 61.16 6.02 6.16 2.98 1.31 1.73 0.04 0.91 0.05 0.14 0.29 18.41

DY-1H-16  4330.06 63.22 3.88 10.98 1.62 0.92 0.73 0.03 0.53 0.06 0.20 0.16 16.88

DY-1H-15  4330.57 59.19 6.07 7.72 2.36 1.63 0.65 0.02 0.55 0.04 0.16 0.26 20.60

DY-1H-14  4331.42 45.69 12.36 8.78 4.04 2.95 1.51 0.05 1.43 0.10 0.13 0.61 21.65

DY-1H-13  4331.73 39.39 6.46 14.21 2.55 1.70 3.94 0.07 0.72 0.09 0.16 0.28 29.87

DY-1H-12  4332.17 4324 5.65 18.66 245 1.62 0.79 0.03 0.62 0.21 0.08 0.27 25.39

DY-1H-11  4332.86 53.42 14.48 391 6.76 3.85 0.89 0.05 1.17 0.05 0.11 0.59 13.87

DY-1H-10  4333.61 46.03 6.66 13.38 3.00 1.40 1.16 0.07 1.19 0.07 0.16 0.25 25.79

DY-1H-9 4334.09 55.00 5.81 6.13 4.19 1.43 0.60 0.03 0.64 0.05 0.16 0.29 24.82

DY-1H-8 4334.72 66.98 8.41 3.86 3.03 2.14 1.16 0.05 0.81 0.05 0.13 0.39 12.32

DY-1H-7 4335.19 53.52 6.00 7.38 3.50 1.41 0.69 0.05 0.80 0.08 0.08 0.32 25.24

DY-1H-6 4335.95 61.41 7.70 5.82 3.28 1.87 0.83 0.13 0.80 0.91 0.09 0.34 16.12

DY-1H-5 4336.70 63.15 6.74 0.94 230 1.61 0.70 0.05 0.58 0.25 0.15 0.33 22.54

DY-1H-4 4337.25 47.23 6.46 15.09 2.38 1.60 1.84 1.52 0.63 0.21 0.20 0.27 21.95

DY-1H-3 4337.79 53.78 8.66 9.00 5.29 2.11 1.39 0.89 0.77 0.15 0.19 0.39 16.70

DY-1H-2 4338.20 45.17 9.99 11.85 417 2.57 1.28 0.87 0.73 0.23 0.15 0.55 21.90

DY-1H-1 4338.83 48.95 13.65 11.45 2.82 3.58 1.86 0.59 0.85 0.25 0.06 0.60 14.70

Table 3
Trace element concentrations and TOC content of Dalong Formation’s samples from the DY-1H well.

Samples TOC, % Depth, m V, ppm Cr, ppm Co, ppm Cu, ppm Zn, ppm Zr, ppm Mo, ppm Ba, ppm Th, ppm U, ppm
DY-1H-24 0.13 4324.00 10.59 13.30 4.16 20.25 56.12 6.99 0.31 206.44 1.66 2.59
DY-1H-23 0.24 4325.00 11.22 16.33 3.58 6.41 26.70 6.57 0.73 351.72 0.09 243
DY-1H-22 0.34 4326.00 7.07 9.47 0.54 3.86 7.39 3.90 2.67 283.34 1.12 297
DY-1H-21 0.36 4327.00 30.02 17.50 2.65 12.34 26.26 1334 1.03 133.56 4.64 3.66
DY-1H-20 2.39 4328.60 432.98 138.13 10.04 52.45 63.59 43,59 16.05 115.81 5.13 24.32
DY-1H-19 2.08 4329.08 507.13 59.81 3.17 13.53 46.73 20.10 37.41 75.56 2.15 10.74
DY-1H-18 53 4329.25 1418.77 208.63 14.15 57.81 143.28 71.67 127.23 950.43 3.07 25.34
DY-1H-17 8.52 4329.54 1513.91 209.62 12.47 55.70 52.89 56.81 331.69 537.04 4.97 18.50
DY-1H-16 9.53 4330.06 280.23 133.69 10.16 67.49 65.14 33.90 7.35 189.66 2.77 10.09
DY-1H-15 121 4330.57 820.00 345.20 12.44 176.91 178.06 59.78 2417 166.85 8.09 15.64
DY-1H-14 7.35 4331.42 1782.51 339.35 16.48 119.31 213.77 123.73 34.86 222.93 10.07 13.13
DY-1H-13 5.93 4331.73 1111.60 228.49 12.92 111.70 175.40 63.31 85.49 255.78 5.02 18.11
DY-1H-12 7.21 4332.17 1216.03 274.21 13.24 90.44 133.79 62.50 40.83 207.52 5.44 29.36
DY-1H-11 10.7 4332.86 1022.44 274.74 64.41 144.02 236.48 120.51 37.26 1013.91 39.40 9.01
DY-1H-10 8.11 4333.61 1014.63 348.85 14.29 120.46 170.77 62.07 57.36 211.82 13.88 13.40
DY-1H-9 7.23 4334.09 1237.91 504.41 25.03 180.73 224.57 67.89 58.24 144.16 4.79 9.51
DY-1H-8 6.74 4334.72 469.79 271.96 16.65 93.63 121.64 91.87 21.58 234.92 8.22 7.54
DY-1H-7 104 4335.19 1132.21 395.31 18.40 181.32 222.01 165.84 74.21 172.75 5.40 12.13
DY-1H-6 14 4335.95 456.45 282.82 20.29 144.28 248.93 88.78 17.46 244.51 6.53 25.26
DY-1H-5 15.8 4336.70 460.49 434.39 19.66 182.09 368.70 108.75 9.83 189.76 6.49 1943
DY-1H-4 2.92 4337.25 264.72 116.36 13.92 85.66 183.92 202.81 15.72 159.41 5.47 9.01
DY-1H-3 2.84 4337.79 370.44 152.68 30.71 100.44 161.21 79.54 91.90 270.19 5.51 12.28
DY-1H-2 345 4338.20 394.57 219.96 26.57 154.24 288.88 113.78 10.16 21543 9.09 13.24
DY-1H-1 2.76 4338.83 153.56 99.31 19.45 48.61 157.33 336.15 1.28 371.13 1447 3.29

standard GB/T14506.28—2010. Trace and rare earth elements
(REEs) were examined using an inductively coupled plasma mass
spectrometer (ICP-MS X-Series, Thermo Fisher Scientific), and the
analytical procedures followed Chinese National Standard GB/
T14506.30—2010. Detailed experimental procedures for the XRD
and major and trace element tests can be found following the well-
established analytical procedures outlined by Xia et al. (2024) and
Xiao et al. (2019).

5. Results
5.1. TOC

As shown in Table 3, the TOC values of the Dalong Formation
ranged from 0.13% to 15.80%, with an average of 6.10%. The TOC
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values of Units A, B, C, and D ranged from 2.76% to 3.45%
(average = 3.00%), 5.93%—15.80% (average = 9.59%), 2.08%—8.52%
(average = 4.57%), and 0.13%—0.36% (average = 0.27%). Generally,
sediments with TOC contents greater than 3.0% are considered ul-
trahigh organic matter deposits (Algeo and Ingall, 2007).

5.2. Kerogen maceral analysis

This study adopted the kerogen maceral identification and
classification method (SY/T 5125—1996), which is the standard for
the oil and natural gas industry in the People's Republic of China.
The kerogen maceral analysis results for Units A, B, and C showed
that the kerogen was mainly composed of exinite and vitrinite. The
most abundant maceral was exinite (e.g., humic amorphogen),
ranging from 73.00% to 76.00%, with an average of 74.67%. The
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vitrinite content ranged from 22.00% to 25.00%, with an average of
23.33%. Inertinite had an average content of 2.00%. The type index
ranged from 15.80 to 19.50, averaging 17.87, and indicating that the
kerogen was classified as Type II,. The detailed results are pre-
sented in the Discussion section.

5.3. Mineral compositions

The results of the whole-rock XRD are shown in Table 1 and
Fig. 5. The main components of the Dalong Formation's black shale
(Units A, B, and C) were quartz, calcite, dolomite, and small
amounts of feldspar, clay, and pyrite. The main components of Unit
D limestone were calcite, dolomite, and quartz (Fig. 5a). The
average quartz, calcite, dolomite, and clay contents in Unit A were
24.95%, 52.10%, 2.35%, and 12.10%, respectively, in Unit B they were
59.13%, 18.16%, 1.55%, and 9.06%, respectively, in Unit C they were
48.00%, 31.25%, 4.10%, and 4.85%, respectively, and in Unit D they
were 9.10%, 73.13%, 13.60%, and 2.37%, respectively (Fig. 5(b)). The
average quartz, calcite, and clay contents in the tuff of Unit A (depth
of 4337.40 m) were 9.30%, 13.80%, and 67.30%, respectively.

5.4. Major elements

As shown in Table 2 and Fig. 6(a), the average contents of SiO-,
Ca0, MgO, Al,0s3, and TiO; in Unit A were 48.78%, 11.85%, 1.59%,
9.69%, and 0.45%, respectively, in Unit B they were 54.19%, 8.48%,
1.14%, 7.52%, and 0.34%, respectively, in Unit C they were 48.07%,
14.06%, 4.35%, 4.68%, and 0.20%, respectively, and in Unit D they
were 23.17%, 39.23%, 1.19%, 0.79%, and 0.08%, respectively. Other
oxides, such as Fe;03, K;0, Na;O, MnO,, P,0s, TiO,, and SO, had
average contents of less than 5% in all units.

The enrichment factors (EFs) of the selected elements were
calculated using Eq. (1):
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Yir = (¥/Algampie / (Y/Al)pas (1)
where Y represents the weight percentages of the selected element,
and Al represents the weight percentages of aluminum, and the
subscript PAAS denotes the Post-Archean Australian Shale standard
(Nance and Taylor, 1976). EF > 1 indicates that Y is enriched;
otherwise, it is depleted (Algeo and Tribovillard, 2009). The average
EFs of Unit A were SiO, (EF = 1.63), CaO (EF = 19.63), MgO
(EF = 1.52), and TiO, (EF = 0.87), those of Unit B were SiO;
(EF = 2.45), CaO (EF = 19.66), MgO (EF = 1.41), and TiO, (EF = 0.85),
those of Unit C were SiO, (EF = 3.02), CaO (EF = 56.89), MgO
(EF = 12.37), and TiO, (EF = 0.82), and those of Unit D were SiO;
(EF = 23.05), CaO (EF = 11,719.29), MgO (EF = 21.40), and TiO,
(EF = 3.46). Compared with the Post-Archean Australian Shale,
Si0,, Cao, MgO, MnO;, and P,05 were highly enriched, but the
terrigenous element TiO, was depleted in all units (Fig. 6(a)).

5.5. Trace elements

As shown in Table 3 and Fig. 6(b), the average EFs of Unit A were
Ba (EF = 0.76), Cu (EF = 4.14), Zn (EF = 4.86), Th (EF = 1.12), U

(EF = 6.67), and Mo (EF = 66.86), those of Unit B were Ba
(EF = 1.00), Cu (EF = 7.42), Zn (EF = 6.18), Th (EF = 1.50), U
(EF = 14.02), and Mo (EF = 108.69), those of Unit C were Ba

(EF = 2.48), Cu (EF = 3.44), Zn (EF = 3.84), Th (EF = 1.06), U
(EF = 26.09), and Mo (EF = 470.37), and those of Unit D were Ba
(EF = 27.06), Cu (EF = 8.94), Zn (EF = 17.69), Th (EF = 2.64), U
(EF = 47.67), and Mo (EF = 60.76). Compared with PAAS (McLennan,
2001), the redox-sensitive elements Mo, U, V, and nutrient ele-
ments Cu and Zn were highly enriched in all units (Fig. 6(b)).
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Fig. 5. (a) Percent stacked column diagram of the Dalong Formation's mineral compositions. (b) Mineral compositions of different units in the Dalong Formation.
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Fig. 6. (a) Major element enrichment factor (EF) of the Units A, B, C, and D (Mclennan, 2001). (b) Trace element enrichment factor (EF) of the units A, B, C, and D.

6. Discussion
6.1. Benthic plants may be the primary source of organic matter

The mechanism of organic matter accumulation in the Dalong
Formation has been discussed in terms of tectonic setting and
paleoenvironment (Wu et al., 2021, 2022; Yu et al., 2021; Lian et al.,
2008; Liu et al.,, 2022a; Zheng et al., 2024). However, few studies
have focused on the influence of organic matter type and source on
organic matter accumulation. Studies have recognized that the high
productivity associated with upwelling is the main driver of organic
matter accumulation in the black shales of the Dalong Formation.
However, to explain the source of this high productivity, in the
absence of an analysis of the type and source of organic matter, the
previous consensus was that plankton flourished (Wu et al., 2021;
Yu et al., 2021; Liu et al., 2022b). Therefore, it is debatable whether
plankton is responsible for this high productivity.

Although the latest classification scheme, from the International
Committee for Coal and Organic Petrology 1994 completed the
construction of the coal maceral classification system in 2017, a
consensus regarding the maceral classification scheme for source
rocks, especially Paleozoic source rocks, remains unresolved. The
same terms often represent different meanings in the classifica-
tions of different authors (Sykorova et al., 2005; Ercegovac and
Kostic, 2006). In this study, the maceral kerogen identification
and type classification system (SY/T 5125—1996), the standard for
China's oil and natural gas industry, was adopted. This system
classified macerals into sapropelite, exinite, vitrinite, and inertinite.
The kerogen and whole-rock maceral compositions of the analyzed
black shales are illustrated in Fig. 7. Most shale samples from Units
A, B, and C were dominated by exinite at approximately 74.67%. The
exinite was predominantly humic amorphogen (Fig. 7(d), (e), and
(f)). The second-highest content was vitrinite (approximately
23.33%; Fig. 7(a), (b), (c), (d), (e), and (f)). A small amount of iner-
tinite, mainly fusinite (approximately 2%; Fig. 7(a), (b), (d), (e), and
(f)), was observed. The kerogen and whole-rock maceral analyses
show that the organic matter of the black shale of the Dalong
Formation is rich in exinite and vitrinite and lean in sapropelite. The
type index of the kerogen is Type II,. Rock pyrolysis and kerogen
carbon isotope analyses have been performed on black shales of the
Dalong Formation at the northern margin of the Sichuan Basin. The
black shales of the Dalong Formation in the Changjiang Section,
located in Guangyuan, have a HI index of 43.15 mg/g to 419.84 mg/g
(average of 279.82 mg/g) and a Tyax of 433—439 °C (average of
435 °C). The 6'3C value of kerogen ranges from —28.4%o to —25.2%o,
with an average value of —26.9%o, and most samples range
from —28.0%0 to —26.0%0. The kerogen carbon isotopes and the
cross-plot of HI and Tyhax show Type II, kerogen (Guo et al., 2023).
Notably, two other well-known studies have confirmed these re-
sults (Hu et al., 2021; Fu et al., 2010).

Exinite (such as humic amorphogen) is different from sapro-
pelites (such as sapropelic amorphogen), which are mainly formed
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by the microbiological degradation of the epidermis and vascular
tissue of plants (terrestrial or aquatic). Vitrinite is a maceral formed
by the gelation of roots, stems, and bark and is composed of lignin
and cellulose. The large amounts of exinite (such as humic
amorphogen) and vitrinite observed in this study, strongly suggest
that the organic matter in the black shale of the Dalong Formation
was derived more from plants than from plankton. The clear-water
environment was less affected by terrigenous inputs. Therefore,
exinite (such as humic amorphogen) and vitrinite enriched in this
environment, likely exclude the contribution of terrestrial plant
inputs outside the basin. Lower benthic plants (including thread-
like leaf plants and multicellular benthic macroalgae) have been
observed in the Dalong Formation on the northern margin of the
Sichuan Basin (Meng et al., 2008; Liang et al., 2009). Under weak
extension and clear-water conditions, the sag with a moderate
depth was almost within the photic zone. Optimal light conditions
promoted the flourishing of lower benthic plants. These lower
benthic plants likely provided large amounts of exinite (including
humic amorphogen) and vitrinite. Compared to aliphatic com-
pounds, aromatic compounds have stable structures and are not
easily degraded (Carey and Sundberg, 2001; Hold et al., 1998).
Sapropelite originates mainly from plankton, has a high H/C ratio, is
rich in aliphatic compounds, and is prone to rapid bacterial
decomposition. By contrast, exinite and vitrinite are mainly derived
from plants, have a low H/C ratio, and are rich in aromatic com-
pounds, making them difficult to decompose and exceptionally
well-preserved. Therefore, the flourishing of benthic plants, which
provided abundant exinite and vitrinite that are difficult to
decompose and easy to preserve, may have been a critical cause of
the ultrahigh organic matter accumulation in the Dalong Formation
under clear-water conditions.

6.2. Sedimentary records of volcanism and hydrothermal activity

6.2.1. Volcanism records

Volcanism is essential for biological evolution and environ-
mental change (Elrick et al., 2017; Chapman et al., 2022; Dal Corso
et al., 2022). Organic-rich deposits, such as the Upper Cretaceous
Eagle Ford Formation and the Upper Ordovician Wufeng
Formation—Lower Silurian Longmaxi Formation, are intrinsically
related to volcanism (Wang et al., 2023). One hypothesis is that
volcanic ash brings nutrients (such as Fe and P) to the water,
causing a biological boom and enhancing productivity (Duggen
et al., 2007; Lee et al., 2018; Liu et al., 2021a). In addition, volca-
nic ash brings many toxic and harmful substances (including Hg
and Pb) to the sea, causing the death of organisms and inhibiting
productivity (McKnight et al., 1981; Duggen et al., 2007). Soluble
gases (such as H3S, SO, and CO;) released by volcanic activity enter
seawater (SW) in the form of acid rain, resulting in water stratifi-
cation and bottom-water anoxia, which are conducive to the
preservation of organic matter (Wignall, 2001; Shan et al., 2013; Li
et al,, 2021; Wang et al., 2023).
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Vitrinite Inertinite

The volcanic ash layer provides direct evidence of volcanic ac-
tivity. The intensity of the volcanic activity can be determined by
the thickness and frequency of the ash layer (Du et al., 2021). In the
core of well DY-1H, six layers of distinct tuff can be observed,
showing a yellow-green color, which is easily distinguished from
the black shales, with a continuous distribution and stable thick-
ness. As described in “3. Lithofacies and Sedimentary Features”
above Unit A, three tuff layers, each 2 m thick, were observed, with
an average deposition of tuff every 0.67 m. The thickness of the tuff
ranged from 10.31 to 50.53 mm, with an average of approximately
26.15 mm (Fig. 3(e) and (c)). The frequency of tuff occurrence
decreased in Unit B, with the 7.3 m core containing three tuff layers.
The average tuff deposition was every 2.43 m (Fig. 2). The thickness
of the tuff ranged from 6.62 mm to 12.91 mm, with an average of
approximately 9.15 mm (Fig. 3(j)). Tuff layers were absent in Units C
and D (Fig. 2). Based on the thickness and frequency of the tuff in
the core, it can be concluded that volcanism was strong in Unit A,
moderate in Unit B, and began to weaken and eventually ceased in
Unit C.

Volcanic eruption materials are often mixed with sediments as
fine particles that are unrecognizable to the naked eye, obscuring
evidence of volcanism during black shale deposition events (Yang
et al,, 2022). Gaseous Hg released by volcanic activity is absorbed
by organic matter after entering sea water, resulting in Hg enrich-
ment in sediments. Therefore, an abnormally high Hg content can
indicate volcanism (Lu et al., 2022). These methods involve the
quantification of particular elements (such as Hg, Hg/TOC, and Hg/
TS) and their related isotopes (such as '®’Hg), which are common
proxies for identifying volcanism (Grasby et al, 2019, 2020;
Matsumoto et al., 2021). However, volcanism is not the sole driver
of Hg anomalies. Other factors, such as biomass burning, soil
erosion, and host minerals, can also lead to abnormal Hg enrich-
ment (Grasby et al.,, 2019; Yang et al,, 2022). Based on numerous
bentonite databases worldwide, Yang et al. (2022) proposed that
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D Exinite (humic amorphogen)
Fig. 7. Photomicrographs of whole rock and kerogen's macerals of the Dalong Formation's black shale in well DY-1H. (a) Whole rock macerals of sample DY-1H-9 (Unit A), (b) whole
rock macerals of sample DY-1H-15 (Unit B), (c) whole rock macerals of sample DY-1H-24 (Unit C).

Zr/Al,03 > 6.0 is an effective proxy for volcanism. The Zr/Al;03
ratios of Units A, B, C, and D ranged from 9.18 to 31.40
(average = 19.15), 8.32 to 27.62 (average = 12.08), 7.90 to 15.11
(average = 10.12), and 6.82 to 50.0 (average = 19.13), respectively.
These Zr/Al,05 ratios indicate that the deposition of the black shale
in the Dalong Formation at well DY-1H was influenced by volca-
nism. As illustrated in Fig. 8, the Zr/Al,03 proxy shows a gradual
vertical decreasing trend, except for the outlier DY-1H-23 in the
Unit D sample. Unit A was affected by strong volcanism, Unit B by
moderate volcanism, and Unit C experienced a gradual weakening.
The results of the geochemical analysis were consistent with the
core observations.

6.2.2. Hydrothermal activity records

REEs are not easily affected by diagenesis and are widely used to
identify the origin of fine-grained sediments. Modern marine
sediment deposits are characterized by LREE depletion, a strong
negative Ce anomaly, and a weak negative Eu anomaly. By contrast,
hydrothermal vent deposits are distinguished by LREE depletion, Ce
anomalies, and strongly positive Eu anomalies. As illustrated in
Fig. 9, almost all the samples from Units A, D, C, and D had low REE
contents, indicating that the black shale of the Dalong Formation
was minimally affected by terrigenous input. The black shales of
Units A, B, and C displayed low REE contents, LREE depletion, weak
negative Ce anomalies, and weak negative Eu anomalies (Fig. 9(a),
(b), and (c)), indicating that they were almost unaffected by hy-
drothermal activity. However, three samples from Unit D showed
an obvious positive Eu anomaly, which may be related to the
diagenetic alteration of Fe-Mn oxides in the carbonate rocks
(Fig. 9(d)).

The hydrothermal vents of the western Pacific Rise are enriched
in Fe and Mn and depleted in Al and Ti. The ratios of Al/
(Al + Fe + Mn) and Fe/Ti can be used as proxies for hydrothermal
activity. The Fe[Ti ratio of hydrothermal sediments is generally
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Fig. 8. Vertical variations of paleoclimate proxies (CIA, Ga/Rb), volcanism (Zr/Al,0s3), and hydrothermal proxies (Fe/Ti, Al/(Al + Fe + Mn)) of the Dalong Formation in the well DY-1H.

greater than 15, and the Al/(Al + Fe + Mn) ratio is less than 0.6
(Harris et al., 2011). The cross-plot of Fe/Ti vs. Al/(Al + Fe + Mn)
helps identify possible hydrothermal input into hydrogenous sed-
iments (Sylvestre et al, 2017; Wang et al, 2020). The
Al/(Al + Fe + Mn) ratios of Units A, B, C, and D ranged from 0.52 to
0.75 (average = 0.61), 0.51 to 0.69 (average = 0.63), 0.46 to 0.72
(average = 0.61), and 0.29 to 0.61 (average = 0.49), respectively. As
illustrated in Fig. 8, the average Al/(Al + Fe + Mn) values for Units A,
B, and C were slightly above the hydrothermal activity threshold of
0.6, whereas the average Fe/Ti values were lower than the
threshold of 15. However, some samples still showed signs of hy-
drothermal activity. As illustrated in Fig. 10(a), although most of the
samples from Units A, B, and C fall within the region indicating no
hydrothermal activity, some samples fall within the weak hydro-
thermal activity region, suggesting that hydrogenous sedimenta-
tion was the primary driver of the black shales of the Dalong
Formation. However, the influence of weak hydrothermal activity
should not be entirely dismissed. The lower average
Al/(Al + Fe 4+ Mn) ratio in Unit D compared to the threshold value of
0.6 is mainly attributed to the high Mn content in the carbonate
rocks, which cannot be easily explained as a result of hydrothermal
activity.

6.3. Reconstruction of the paleoenvironmental conditions

6.3.1. Paleoclimatic conditions

Paleoclimate indirectly controls organic matter accumulation by
influencing chemical weathering intensity, detrital input, and bio-
logical assemblages. Numerous geochemical proxies, such as the
weathering index (Parker, 1970), chemical index of alteration (CIA)
(Nesbitt and Young, 1982), and chemical index of weathering
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(Harris et al,
reconstruction.

The CIA, proposed by Nesbitt and Young (1982), has low inter-
ference and is widely used for paleoclimatic reconstruction
(Goldberg and Humayun, 2010; Liu et al., 2022b). Generally, a low
CIA (ranging from 50 to 65) indicates a cold and arid climate with
weak chemical weathering, an intermediate CIA (ranging from 65
to 85) reflects a warm and humid climate with moderate chemical
weathering, and a high CIA (exceeding 85) indicates a hot and
humid climate with intense chemical weathering (Nesbitt and
Young, 1982). The CIA equation is as follows:

2013), have been applied to paleoclimate

CIA =mole [Al,03 / (Al;03 + CaO” + Na,0 +K,0] x 100%  (2)
where CaO* refers to CaO in silicates only. A correction method was
used to eliminate the influence of phosphates (apatite) or CaO-
bearing carbonates (calcite and dolomite) (McLennan, 1993). CaO*
was calculated as follows:

10
P205 X ?):|

If mole (NayO) < CaO#* then CaO* Nay0O, otherwise,
Ca0* = Ca0. The CIA of Units A, B, and C ranged from 62.85 to 67.13
(average = 65.02), 55.03 to 64.81 (average = 61.04), 54.51 to 60.58
(average = 57.34), respectively. The calculation error for Unit D
limestone, which was rich in CaCOs, was large, and thus, it is not
discussed here. Moreover, the A—CN—K (Al,03—(CaO*+Nay0)—
K,0) diagram was used to correct for the influence of pervasive K-
metasomatism (Nesbitt and Young, 1982). The corrected KO
(K20corr) Was calculated as follows:

Ca0" = mole [Cao - ( (3)
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* m=mole K30 (5)
(Kzo)corr =mole [m x Al,O3 + m x (Ca0" + Na,0)] / (1-m) Al,O5 + cao* + Na,0 + K,0

(4)
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The K-metasomatism correction obtained from the A—CN—K
diagram is shown in Fig. 11(a). Except for a few samples from Unit A
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with CIA values slightly above 65, the vast majority of the Dalong
Formation black shale samples had CIA values below 65, indicating
that the black shales of the Late Permian Dalong Formation were
deposited in a dry environment with a low degree of chemical
weathering. As shown in Fig. 8, the CIA proxy decreased vertically,
indicating that the paleoclimate gradually became drier. Similar
conclusions can be drawn from the Ga/Rb vs. K;0/Al,03 cross-plot
(Fig.11(b)). The increasingly dry climate of the Late Permian and the
low degree of chemical weathering may have been related to
volcanism. The eruption of the Siberian Large Igneous Province
released many greenhouse and toxic gases, leading to global
warming, a dry climate, and low chemical weathering.

6.3.2. Paleoredox conditions

A compilation of Cog/P ratios for modern marine systems shows
that sedimentary Cog/P ratios are commonly < 50:1 for
oxic—suboxic conditions, 50:1—150:1 for suboxic and intermit-
tently anoxic conditions, and > 150:1 for permanently anoxic
conditions (Algeo and Ingall, 2007). The Cog/P ratios of Units A, B, C,
and D ranged from 25.63 to 43.13 (average = 33.91, n = 4), 3541 to
713.79 (average = 276.65, n = 12), 1060 to 375.61
(average = 180.08, n = 4), and 6.80 to 33.65 (average = 17.03,n = 4),
respectively. As illustrated in Fig. 12, the proxy for Corg/P increased
and then decreased vertically. Unit A was deposited under suboxic
conditions. Units B and C were deposited under permanent anoxic
conditions. Unit D was deposited under oxidizing conditions.

The Ugr ratios of Units A, B, and C ranged from 1.47 to 8.64
(average = 6.67,n = 4), 3.79 to 31.70 (average = 14.01, n = 12), and
18.73 to 32.57 (average = 26.09, n = 4), respectively. The Mogg ratios
of Units A, B, and C ranged from 1.70 to 46.00 (average = 22.32,
n = 3, the DY-1H-3 outlier is removed), 27.56 to 250.03
(average = 108.69, n = 12), and 55.89 to 1040.71 (average = 470.37,
n = 4), respectively. Unit D is carbonate rock, thus the enrichment
factor is ineffective in redox discrimination and will not be dis-
cussed. As illustrated in Fig. 12, the Ugr and Mogf decreased verti-
cally. Unit A exhibited the lowest Ugr and Mogg, while Units B and C
showed significantly higher values. The Mogr and Ugg of Units B and
C were extremely high, indicating anoxic conditions (Fig. 12) (Algeo
and Maynard, 2004). The oxidation degree of Unit A was stronger

() 10— Ka, Chl, Gi
90 Middle to high
degree of chemical
80 weathering
70 - i [— B
A
S °
F P
60 - @ (»$
< LS
= 50— - ———
(&)
T
s A
© 8
¥
,
,
/
/
,
/. m=KI(A+CN+K) = 11.51% \
CN K

Petroleum Science 22 (2025) 2699—-2718

than that of Units B and C. Mo—U covariation patterns based on
enrichment factors (Mogr and Ug) are effective redox proxies for
bottom waters (Tribovillard et al, 2006, 2012; Algeo and
Tribovillard, 2009). Based on the Mo/U ratio of present SW, the
Mo/U ratio of sediments is lower than 0.3 x SW under oxic con-
ditions, ranges from 0.1 x SW to 1 x SW under suboxic conditions,
ranges from 1 x SW to 3 x SW under anoxic conditions, and ex-
ceeds 3 x SW under euxinic conditions (Tribovillard et al., 2012). As
illustrated in Fig. 13(a), the samples from Units A, B, and C fall on the
suboxic-anoxic, anoxic, and euxinic spectra of the Mogr—Ugr
covariation, respectively. Based on the aforementioned discussion
of the Corg/P, Ugr, Mogf, and Mogr—Ugr covariation patterns, Units A,
B and C, and D were deposited under suboxic, anoxic, and oxidizing
conditions, respectively.

6.3.3. Primary productivity

Various geochemical proxies, such as TOC, carbon and nitrogen
isotopes, organic biomarkers, and trace elements (P, Ba, Cu, Ni, Cd,
and Zn), have been widely used to evaluate primary productivity
(Tribovillard et al., 2006; Algeo et al., 2011; Schoepfer et al., 2015).
Biogenic Ba and excess Cu are commonly used proxies for primary
productivity (Schoepfer et al., 2015).

Biogenic Ba was determined by calculating the amount of excess
Ba (Bays) from the expected detrital Ba concentration (Bagetr), as
follows:

B = Baoual — ] (1) (6)
detr

We assumed that Baypj is equivalent to Bays and that all non-
detrital Ba is of biogenic origin. To eliminate the influence of
weathering and transportation on Ba, the (Ba/Al)getr ratio was
corrected using an Al vs. Ba cross-plot, where the sample with the
lowest Ba/Al ratio was presumed to contain minimal biogenic Ba
(Schoepfer et al., 2015). Using this method, the (Ba/Al)ge¢: ratio was
estimated as 0.0034 (Fig. 10(b)). The Bap;, of Units A, B, C, and D
ranged from 35.53 to 12546 ppm, 0.49-753.24 ppm,
18.08—865.07 ppm, and 98.38—349.36 ppm, respectively, averaging
79.59 ppm, 135.87 ppm, 335.38 ppm, and 229.48 ppm, respectively.
The Bapj, values were calculated based on the (Ba/Al)getr in the
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Fig. 11. (a) A—CN—K (Al,03—(Ca0*+Na,0)—K;0) ternary diagram (Fedo et al. (1995)) of Dalong Formation's black shale in well DY-1H. Ka = kaolinite; Gi = gibbsite; Chl = chlorite;
Kfs = potash feldspar; Pl = plagioclase; Sm = smectite. The yellow solid line with arrows is the ideal weathering trend line. Due to potassium metasomatism, the actual weathering
trend (black solid line) of the sample may be shifted to the K terminal element, and the intersection of them with feldspar joint lines (PI-Ks) (red polygonal star) indicates the
proportion of unweathered protolith feldspar. The m value is the intersection point of the extension line of the ideal weathering trend line, and the CN—K axis is used to correct K
metasomatism. The dashed line shows the correction of potassium metasomatism, and its intersection with the CIA axis represents the metasomatized CIA. (b) Cross plot of Ga/Rb

vs. K;0/Al,0s.
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upwelling zones of the modern ocean (Murray and Leinen, 1993),
which yielded a Bapj, value of 1350 ppm. Using 1350 ppm as the
reference line (Fig. 12), the black shales of the Dalong Formation
displayed low Bayo, suggesting low primary productivity. However,
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given that Ba may be affected by the recycling of these elements
from anoxic-euxinic sediments into the water column (Bottrell and
Newton, 2006; Algeo et al., 2011; Schoepfer et al., 2015), black
shales deposited under anoxic conditions (Fig. 12) may yield low
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Bapjo values. Therefore, the Bapj, values of the black shales in the
Dalong Formation may have been significantly underestimated.

Excess Cu (Cuys) was calculated by subtracting the detrital Cu
fraction (Cugetr) from the total Cu fraction (Cuggta)). The Cuys content
was calculated as follows:

()= ot A1 x (1)

We assumed a detrital Cu/Al ratio of 0.00031 based on the
average Cu and Al concentrations in the upper continental crust
(Mclennan, 2001). The Cuys of Units A, B, C, and D ranged from 26.21
to 137.83 ppm (median = 80.64 ppm; n = 4), 61.12—171.47 ppm
(median 11489 ppm; n = 12), 9.35-50.03 ppm
(median 4467 ppm; n 4), and 3.16—19.16 ppm
(median = 7.66 ppm; n = 4), respectively. Units A and B exhibited
high Cuys, indicating high productivity. Unit C exhibited moderate
productivity, whereas Unit D showed low productivity. As illus-
trated in Fig. 12, the Cuys increased and then decreased vertically.
Unit B exhibited the highest productivity, followed by Units A, C,
and D.

(7)

6.3.4. Paleogeographic and hydrographic environment
Paleogeography and hydrological conditions indirectly affect
primary productivity, redox conditions, marine stratification, and
biogeochemical cycles by influencing seafloor topography, up-
welling, and terrigenous inputs (Algeo and Rowe, 2012). Molyb-
denum (Mo) in sediments is mainly controlled by redox conditions
(Rowe et al., 2008). However, the transfer of Mo to sediments under
anoxic conditions depends on the concentration of deposited
organic matter and the degree of water mass restriction (Algeo and
Rowe, 2012). Mo/TOC ratios are commonly used to evaluate the
degree of water mass restriction under anoxic conditions (Algeo
and Rowe, 2012; Li et al., 2017) with Mo/TOC ratios lower than
15 x 104, between 15 x 10~% and 35 x 104, and greater than
35 x 10~% indicating strongly restricted, moderately restricted, and
unrestricted basins, respectively (Algeo and Lyons, 2006). The Mo/
TOC ratios of Units A, B, C, and D ranged from 0.46 to 32.36 x 1074

(average = 1029 x 1074 n = 4), 062 to 1442 x 10°*
(average = 4.87 x 1074 n = 12), 6.72 to 3893 x 10°*
(average = 2191 x 1074 n = 4), and 242 to 7.84 x 107*
(average = 4.04 x 1074 n = 4), respectively. As illustrated in
Fig. 13(b), most samples from Units A and B fall within the region of
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restriction, with Unit A showing a higher degree of restriction than
Unit B. All samples from Unit C fall within the region of weak re-
striction. The TOC of Unit D is less than 1%; therefore, the Mo/TOC
ratio is not meaningful for identifying the hydrographic
environment.

A study of the migration of Mn and Co in the modern marine
water column showed that Mn is more soluble (Sweere et al., 2016),
whereas sediments efficiently absorb Co under conditions of
intense reduction (Erickson and Helz, 2000; Vorlicek et al., 2004;
Tribovillard et al, 2006; Little et al, 2015). Accordingly, Co
(ppm) x Mn (%) cross-plots have been proposed to distinguish
between restriction and open/upwelling environments (Sweere
et al,, 2016). This has been verified in the discrimination of mod-
ern restricted basins (including the Black Sea) and continental
margin upwelling areas (such as the Peruvian marginal sea)
(Fig. 14). The Co (ppm) x Mn (%) of Units A, B, C, and D ranged from
7.21 to 17.30 x 10~ (average = 1312 x 1074 n = 4), 013 to
1.90 x 10~* (average = 0.67 x 1074, n = 12), 0.14 to 0.34 x 10~*
(average = 024 x 1074 n = 4), and 0.006 to 0.08 x 10~*
(average = 0.04 x 104, n = 4), respectively. As shown in Fig. 14(a),
all samples from Unit A fall within the region of strong restriction.
Seventy-five percent of the samples from Unit B fall within the
restriction region, whereas 25% are affected by upwelling. All
samples from Units C and D are in the open/upwelling area, with
the degree of openness in Unit D being higher than that in Unit C.
Based on the aforementioned discussion of Mo/TOC ratios and
cross-plots of Co (ppm) x Mn (%) ratios versus Al (%), the hydro-
graphic environment gradually shifted from restriction to open/
upwelling from Unit A to Unit D. The paleogeographic and hydro-
graphic environments are closely related to the sedimentary-
tectonic evolution of the K-L intracratonic sag. During the deposi-
tion of Unit A, a shallow and restricted sag formed at the northern
margin of the Sichuan Basin under weak extension, marking the
rudimentary development of the K-L intracratonic sag. The rela-
tively shallow water of the sag limited access to the open sea.
During the deposition of Unit B, the K-L intracratonic sag broadened
and deepened with increased extensional activity. As sea levels rose
slowly, the sag became weakly connected to the open sea. During
the deposition of Unit C, the K-L intracratonic sag gradually shrank
with weakening extensional activity, and the rising sea level
created a stronger connection between the sag and the open sea. By
the time of Unit D's deposition, extensional activity had ceased, and
the K-L intracratonic sag had nearly disappeared.
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6.4. Models for organic matter accumulation

The Sichuan Basin, located in the eastern Paleo-Tethys region of
the multi-island-oceanic system (Yu et al., 2021), formed the K-L

intracratonic sag (Fig. 1) under the influence of Emei taphrogenesis
during the Late Permian (Liu et al., 2021b). The location, far from

old land and subject to low chemical weathering due to the dry
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climate, rendered the sag almost impervious to terrigenous input,
resulting in clear water conditions. Clear water facilitates the
penetration of sunlight, increasing the depth of the euphotic zone.
Under weak extension, the K-L intracratonic sag had a moderate
depth, placing it almost entirely within the euphotic zone. Good
light conditions promoted the flourishing of lower benthic plants
(such as thread-leaf plants and multicellular benthic macroalgae).
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During diagenesis, dead benthic plants gradually transformed into
exinite- and vitrinite-rich Type Il kerogen. The production and
preservation of lower benthic plants in the K-L intracratonic sag
controlled organic matter accumulation in the black shales of the
Dalong Formation in the Sichuan Basin under clear water
conditions.

6.4.1. Accumulation model for unit A's organic matter

During the deposition of Unit A, a shallow and restricted inland
basin formed at the northern margin of the Sichuan Basin under
weak extension, marking the early development of the K-L intra-
cratonic sag. The relatively shallow water of the sag prevented
access to the open sea. At this time, the strongly restricted sag
intermittently exchanged gas with the atmosphere, causing oxygen
to dissolve in the SW, resulting in suboxic bottom waters. The
eruption of the Siberian Large Igneous Province introduced volcanic
ash to the K-L intracratonic sag. The fertilization effect of volcanic
ash led to eutrophication, promoting the flourishing of lower
benthic plants and increasing productivity (Fig. 14(b)). The primary
productivity proxy, Cuys, was strongly and linearly correlated with
TOC (r = 0.90, P(a) < 0.01, n = 4, Fig. 15(a)). Other proxies (such as
Zr|Al03, Fe, Ti, CIA, Ugr, and Cog/P) showed no linear correlation
with TOC (Fig. 15). This provides compelling evidence that the
flourishing of benthic plants provided a substantial material basis
for organic matter accumulation in Unit A. Compared to the anoxic
conditions, bacterial decomposition is generally stronger under
suboxic conditions, which is often not conducive to organic matter
preservation. However, the exinite- and vitrinite-rich Type II,
kerogen in Unit A, derived from benthic plants, was rich in aromatic
compounds, had a low H/C ratio, and was difficult to decompose,
making it well-preserved even under suboxic conditions. There-
fore, the flourishing of benthic plants, which provided abundant
exinite- and vitrinite-rich Type II, kerogen, is the dominant factor
controlling the organic matter accumulation of black shales in Unit
An under suboxic conditions (Fig. 16(a)).

6.4.2. Accumulation model for unit B's organic matter

During the deposition of Unit B, the K-L intracratonic sag
broadened and deepened with the strengthening of extensional
activities. As sea levels rose slowly, the sag became weakly con-
nected to the open sea. Under restricted conditions, anoxic envi-
ronments prevailed due to the limited exchange between the water
mass and the adjoining ocean (Li et al., 2017; Xia et al., 2024; Yan
et al.,, 2015). The formation of a low-salinity surface water layer
accelerated water column stratification, further blocking oxygen
exchange between the bottom water and the atmosphere and
intensifying anoxic conditions (Xiao et al., 2019). Weak upwelling
from the open sea intermittently carried nutrients into the sag, and
volcanism gradually decreased in intensity. Under the combined
influence of weak upwelling and moderate volcanism, abundant
nutrients promoted the growth of benthic plants, further increasing
productivity (Figs. 14(b) and 16(b)). The primary productivity proxy
(Cuys) showed a moderately positive correlation with TOC (r = 0.55,
P(a) < 0.01, n = 12, Fig. 15(a)), as did the paleoclimatic condition
proxy (CIA) (r = 0.47, P(a) < 0.01, n = 12, Fig. 15(b)). The volcanism
proxy (Zr/Al,03) exhibited a moderately positive correlation with
TOC (r = 0.52, P(a) < 0.01, n = 11, Fig. 15(e)), and the paleoredox
condition proxies (Corg/P, Ugr) showed strongly and moderately
positive correlations with TOC, respectively (r = 0.85, P(a) < 0.01, n
=10, r = 0.50, P(a) < 0.01, n = 12, Fig. 15(d) and (c)). This indicates
that high productivity and anoxic conditions jointly promoted
organic matter accumulation in Unit B's black shales. The flour-
ishing benthic plants increased productivity, while anoxic condi-
tions ensured excellent organic matter preservation. Additionally,
the exinite- and vitrinite-rich Type II, kerogen was resistant to
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decomposition and easily preserved, further aiding in organic
matter preservation.

6.4.3. Accumulation model for unit C’ s organic matter

During the deposition of Unit C, the K-L intracratonic sag grad-
ually shrank due to weakening extensional activities. As sea levels
rose rapidly, the sag became strongly connected to the open sea.
Rising sea levels resulted in less frequent water column over-
turning, promoting redox stratification. Strong upwelling from the
open sea introduced some nutrients into the sag, but volcanism
weakened. Compared with observation in Units A and B, the
weaker volcanism in Unit C reduced nutrient input, inhibiting the
growth of benthic plants and lowering productivity from high to
moderate levels (Figs. 14(b) and 16(c)). The primary productivity
proxy (Cuys) exhibited a moderately positive correlation with TOC
(r = 0.58, P(a) < 0.01, n = 4, Fig. 15(a)), as did the paleoclimatic
condition proxy (CIA) (r = 0.56, P(a.) < 0.01, n = 12, Fig. 15(b)). The
paleoredox condition proxies (Corg/P, Ugr) showed strongly positive
correlations with TOC (r = 0.92, P(a) < 0.01, n = 4; r = 0.99, P(a.) <
0.01, n = 3, Fig. 15(d) and (c)). This suggests that anoxic conditions
influenced organic matter accumulation in Unit C, despite the
moderate productivity levels. Generally, it is challenging to form
shale rich in ultrahigh organic matter under moderate productivity,
even in oxidizing conditions. The ultrahigh organic matter accu-
mulation in Unit C can be attributed to the exinite- and vitrinite-
rich Type Il kerogen. Although benthic plant growth was
reduced in Unit C, the anoxic bottom water and the kerogen's
resistance to decomposition ensured the preservation of the
limited organic matter.

6.4.4. Accumulation model for unit D’ s organic matter

During the deposition of Unit D, extensional activities ceased,
and the K-L intracratonic sag nearly disappeared. A dramatic drop
in sea level and sag fading led to anoxic conditions being replaced
with oxic conditions (Fig. 16(d)). The cessation of volcanism and
upwelling triggered a sharp decline in productivity. The number of
benthic plants decreased dramatically. The oxidized bottom water
and the reduction in benthic plants played crucial roles in the sharp
decline of organic matter in Unit D.

7. Conclusion

(1) The black shales of the Dalong Formation contain ultrahigh
organic matter. Petrological and geochemical analyses of
well DY-1H revealed four distinct units within the Dalong
Formation: A, B, C, and D, with average TOC contents of
3.00%, 9.59%, 4.57%, and 0.27%, respectively.

(2) The kerogen maceral analysis of Units A, B, and C's black
shales shows that the kerogen primarily comprises exinite-
and vitrinite-rich Type II; kerogen. Benthic plants growing in
clear waters may be the primary source of organic matter.

(3) The paleoenvironment of the Dalong Formation exhibits
vertical heterogeneity. Unit A features shallow water, suboxic
conditions, strong volcanism, and high productivity.
Restricted ocean circulation, anoxic conditions, weak up-
welling, moderate volcanism, and high productivity charac-
terize Unit B. Unit C features anoxic conditions, strong
upwelling, weak volcanism, and moderate productivity. Oxic
conditions and low productivity define Unit D.

(4) The flourishing of benthic plants, a significant source of Type
I, kerogen that resists decomposition and favors preserva-
tion, is the dominant factor controlling the ultrahigh organic
matter accumulation in Units A, B, and C's black shales under
clear water conditions.
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(5) The oxidized bottom water and the decrease in benthic
plants played crucial roles in the sharp decline in organic
matter in Unit D.
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