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The Upper Ordovician Wufeng Formation and Lower Silurian Longmaxi Formation black shales are the critical targets for shale
gas exploration in the Sichuan Basin of South China. The enrichment of organic matter (OM) in shale is the basis for the
generation of large-scale shale gas; however, its controlling factors in Wufeng-Longmaxi shales are still under debate, and few
studies have focused on the edge of the Sichuan Basin. Based on the mineral composition, total organic carbon (TOC), and
systematic inorganic geochemistry analysis of 72 core samples from Wufeng and Longmaxi formations in Well Xike I,
southeastern Sichuan Basin, the sedimentary conditions (palaeoclimate, palacoredox, and palaeoproductivity) were
reconstructed, and the controlling factors of OM enrichment were identified. The mineral compositions are dominated by
quartz, clay minerals, calcite, and feldspar, associated with minor dolomite, pyrite, and anhydrite. The TOC contents (0.31%-
6.84%, avg. 2.22%) show an upward decreasing trend from the Wufeng Formation to Longmaxi Formation. The chemical
index of alteration (CIA) ranges from 65 to 71 (avg. 69), indicating warm and humid climate with moderate weathering. The
diagrams of Al,0,-TiO,, TiO,-Zr, Zr/Sc-Th/Sc, La/Th-Hf, and La-Th-Sc jointly indicate the contribution from felsic and
intermediate rock weathering. The P/Al, Cu/Al, and Ni/Al ratios suggest that marine paleoproductivity was relatively high in
the Wufeng Formation and relatively low to moderate in the Longmaxi Formation. The V/Cr, V/Sc, U/Th, Mog/Uyp, and
Corg/P ratios indicate that the bottom water was anoxic during the Wufeng Formation deposition and then fluctuating dysoxic
and/or oxic in the overlying Longmaxi Formation. The TOC content was positively correlated with productivity proxies (P/Al,
Cu/Al, and Ni/Al) as well as redox proxies (U/Th, V/Cr, Mogp/Ugg, and C,,,/P), indicating that the OM accumulation in
Wufeng-Longmaxi shales is mainly controlled by high productivity and anoxic bottom water conditions.

1. Introduction

For the past few years, following with the rapid production
growth and commercial exploration and development of shale
gas in the United States, shale gas gradually attracted world-
wide attention and greatly stimulated the enthusiasm of shale
gas exploration and development in China [1-4]. Organic-
rich marine shales are generally characterized by wide distri-
bution area, diversified lithofacies types, diverse sedimentary
environments, and also complicated mechanical properties

[5-8]. The recoverable shale gas resources in South China,
especially the Sichuan Basin, account for nearly 50% of the
total unconventional resources in China [9].

The favorable conditions of shale gas accumulation (e.g.,
lithology, gas generating conditions, and preservation condi-
tions) in Sichuan Basin of South China is similar to those of
eastern basins in the United States, where shale gas explora-
tion is proved to be successful. Unlike conventional reser-
voirs, the organic matter (OM) in shale is commonly
considered as a critical factor for shale gas accumulation
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owing to its generation and adsorption carriers for shale gas
[10]. The black shales from the Upper Ordovician Wufeng
Formation and Lower Silurian Longmaxi Formation are
widely distributed in the Sichuan Basin and characterized
by high OM contents, moderate maturity, well-developed
microfractures, and moderate burial depth [11-14].
Although deposition of OM enrichment shales from Wufeng
and Longmaxi Formations has been extensively investigated
in Sichuan Basin, the controlling factors for OM enrichment
are still under debate. Some authors have suggested that the
OM enrichment in Wufeng-Longmaxi samples is closely
related to the productivity of OM, that is, to the primary
production [15], whereas others have proved that the OM
enrichment depends on its preservation conditions; that is,
it is related to the anoxic bottom water conditions [16-18].
Besides, the geological events (e.g., volcanic activity and gla-
cial period) may also play a crucial role in OM enrichment
owing to anoxic water conditions and/or weathering input
of nutrient caused by volcanism [19]. Thus, more work are
required to carefully explore the mechanisms of OM accu-
mulation in Wufeng-Longmaxi shales.

The migration, accumulation, and distribution of redox-
sensitive elements in sedimentary rocks record the informa-
tion of changes in sedimentary paleoenvironment [20, 21].
Previous studies have shown that redox-sensitive elements
are obviously controlled by redox conditions of bottom waters
and generally become enriched under more reducing waters
[22, 23]. Therefore, trace redox changes in bottom waters
(e.g., oxic, dyoxic, and anoxic) are mainly indicated by changes
in ratios of redox-sensitive elements and their enrichment fac-
tors in the sediment. The enrichment factor of trace elements
is expressed as EF X = (X/AD gptes (XTAD yyerage shate [24];

and the average shale refers to the average Post-Archean Aus-
tralian Shale (PAAS) [25]. The nutrient elements (e.g., P and
Cu) are essential for living organism, and their enrichment
in the water column stimulates marine productivity [15].
Therefore, high level of nutrient elemental contents in marine
sediments may suggest high marine productivity. To dilute the
influence of terrigenous detrital, their concentrations relative
to Al contents (e.g., P/Al, Cu/Al, and Ni/Al) are used to trace
the changes in productivity. The CIA index is commonly used
to evaluate the degree of chemical weathering and changes in
paleoclimate [19, 26]. Other ratios of trace elements (e.g.,
TiO,-Zr, Th/Sc-Zr/Sc, and La/Th-Hf) are used to trace the
sources of marine sediments, classifying them as mafic, inter-
mediate, basic, and felsic igneous [27-30].

element

Many studies have focused on the sedimentary environ-
ment and OM enrichment of Wufeng Formation and Long-
maxi Formation shales in the inner regions of Sichuan Basin,
but few studies have focused on the edge of the Sichuan Basin.
Here, we collected complete succession of Wufeng-Longmaxi
shale core samples from Xike 1 well in the southeast margin of
Sichuan Basin to reconstruct the depositional paleo-
environment (palaeoclimate, primary productivity, and redox
conditions) and explore the mechanisms of OM accumula-
tion. Our study could provide the geological theoretical basis
for the exploration and development of Upper Ordovician-
Lower Silurian shale gas in southeastern Sichuan Basin.
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2. Geological Setting

Sichuan Basin, located in the northwest of the Yangtze Block
in South China, is a compressional tectonic basin undergo-
ing multiple thrust nappe structures in Mesozoic era [31],
consisting mainly of marine and continental facies [11, 32].
The margin of the basin is surrounded by orogenic belts,
including Micang Mountain in the north, Daba Mountain
in the northeast, Longmen Mountain in the northwest,
Dalou Mountain in the south, and Jiangnan-Xuefeng Moun-
tain in the southeast [33]. The basement of Sichuan Basin is
composed of a suite of Sinian magmatic rocks and metamor-
phic rocks [34, 35]. The sedimentary black shale successions
include six units in Sichuan Basin (Middle and Lower Juras-
sic, Upper Triassic, Permian, Lower Silurian, Upper Ordovi-
cian, and Lower Cambrian) [31, 36]. The Upper Ordovician-
Lower Silurian Wufeng-Longmaxi shales are the important
shale gas targets and also the main contribution of shale
gas exploration and development in Sichuan Basin [37].
Our studied drillcore (Xike 1) is located in the transi-
tional zone between northern Guizhou and southeastern
Sichuan ([38, 39], Figure 1). In the Late Ordovician, wide-
spread anoxic sedimentary environment with weak hydro-
dynamic force was developed following with the Guangxi
movement and resultant paleouplift of central Sichuan, cen-
tral Guizhou, and Xuefengshan [40]. The Wufeng-Longmaxi
Formation of the Late Ordovician-Early Silurian was well
developed in our studied area, while they are missing in
most areas of southern Guizhou owing to the influence of
the Middle Guizhou uplift [41]. The Upper Ordovician-
Lower Silurian OM enrichment shales are mainly deposited
in the shallow-deep water shelf facies with variable thickness
[42]. Influenced by the Qiyueshan fault, the fault system in
the core of Xishui anticline is relatively developed [43].
The drillcore Xike 1 covers four formations: Longmaxi
Formation, Guanyinqiao Formation, Wufeng Formation
and Jiancaogou Formation. The Longmaxi Formation is
subdivided into Upper Longmaxi Formation and Lower
Longmaxi Formation, from top to bottom, including Silu-
rian Upper Longmaxi Formation (2.16-69.76m), Lower
Longmaxi Formation (69.76-136.10m), Upper Ordovician
Guanyinqgiao Formation (136.10-136.80 m), Upper Ordovi-
cian Wufeng Formation (136.80-143.84 m), and Jiancaogou
Formation (143.84-149.36m). The core samples covering
Wufeng Formation and Longmaxi Formation from XKI
well are the main target of this study. The thickness of Long-
maxi Formation is 133.94m, and the thickness of Wufeng
Formation is 7.04 m, dominated by the black shale.

3. Material and Methods

A total of 72 core samples covering Wufeng-Longmaxi For-
mation were collected from Xike 1 well for geochemical
analysis. Before analysis, all the samples were grind to 200
mesh and dried at 105°C for 4 h. The 80 mesh powered sam-
ples are required for total organic carbon analysis.

The minerals compositions were determined by X-ray
diffraction (XRD) methods using Rigaku Ultima IV (Japan),
with the accuracy of 1.0%. The detailed processes are as
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follows: (1) X-ray generator (3kW, Cu Ka), (2) goniometer
(285mm) with goniometer range of -110~180°, and (3)
detector: one-dimensional high-speed omnipotent matrix
detector with active area of 12.8 X 20 mm, maximum count
with 1x 10! cps. The scanning speed is 3°/min, and the
scanning angle is in the range of 3°-50°". Generally, the accu-
racy and stability of test samples are better than +0.02° and
+0.002 in this study, respectively.

Major element experiments were conducted by a fully
automated sequential wavelength dispersive X-ray fluores-
cence spectrometry with Axios, Super Sharp Tube of Rh-
anode, and analysis software SuperQ Version 5. The test
conditions were 4.0kW, 60kV, and 160 mA. The sample
for XRF experiment was treated as follows: the 4g sample
was crushed to less than 200 mesh, dried at 105°C, and then
put into the sample preparation mold to complete sample
preparation. The accuracy of standard and duplicate samples
is generally better than 2.0%.

Trace elements were measured by inductively coupled
plasma mass spectrometry (ICP-MS; Agilent 7700e). Before
analysis, about 50.00 mg of powered samples was firstly dis-
solved using 1.50 ml nitric acid (HNO;), 1.50 ml hydrofluo-
ric acid (HF), and 0.01 ml perchloric acid (HCIO,) in a
sealed container. The sealed container was placed on a heat-
ing plate and evaporated to near dryness at 140°C. Then,
1.50ml of HNOj; and 1.50 ml of HF were added to the con-
tainer and mixed with the sample and heated in an oven at
195+ 5°C for 48 h to better digest powered samples, and acid
solution was evaporated on a heating plate until nearly dry.
The dried residue was mixed with 2.0 ml HNO, and dried

again, and this process was repeated. Then, 3ml of HNO,
with a volume fraction of 50% was added to the sample
and placed in a sealed container for heating for 3h and cool-
ing. Finally, the residue solution was diluted to 50 ml using
ultrapure water for ICP-MS analysis. The accuracy of stan-
dard and duplicate samples is generally better than 2.0%.

Total organic carbon (TOC) content was performed
using the LECO CS-344 carbon and sulfur analyzer. About
0.1 g of 80 mesh powered samples was taken to completely
eliminate the carbonate with 5% hydrochloric acid (HCI),
and then the residue was washed with distilled water.
After treatment, it was then preserved and dried in an
oven at 40-60°C for 12h. The sensitivity of instrument
and the accuracy of standard and duplicate samples are
generally better than 0.1 ug/g and 0.1%, respectively.

All the above experiments (XRD, XRF, ICP-MS, and
TOC) were conducted at Oil and Gas Research Center,
Northwest Institute of Eco-Environment and Resources,
Chinese Academy of Science (CAS).

4. Results

4.1. Minerals and TOC Contents. XRD results show that
quartz, clay minerals, calcite, and feldspar are the main min-
erals in Wufeng Formation and Longmaxi Formation, while
dolomite, pyrite, and anhydrite are the minority minerals
(Figure 2). The main mineral compositions for Xike 1 (XK1)
well are as follows: quartz (10.3%~75.8%, with an average of
47.6%), clay minerals (4.3%~45.1%, with an average of
26.1%), calcite (1.1%~82.8%, with an average of 9.1%), feldspar
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(1.4%~16.1%, with an average of 6.9%), dolomite (0.3%~75.6%,
with an average of 5.5%), pyrite (0.2%~14.1%, with an average
of 3.1%), and anhydrite (0.2%~3.5%, with an average of
1.2%). TOC contents range from 0.09% to 6.84% and show a
decreasing trend from Wufeng Formation to Longmaxi Forma-
tion. As shown in Figure 3, mixed argillaceous mudstone, argil-
laceous/siliceous mudstone, and mixed siliceous mudstone are
mainly identified in our studied samples.

4.2. Major Element Geochemistry. According to XRF data,
the major elements are mainly SiO, and ALO; in the sam-
ples from Wufeng Formation and Longmaxi Formation
(Table 1). SiO, contents range from 15.10% to 73.49%
(avg. 57.50%). Then, the content of AL,O;, Fe,O; MgO,
and K,O varies from 4.43% to 21.52% (avg. 15.87%),
1.75% to 8.11% (avg. 4.90%), 0.98% to 11.25% (avg.
3.27%), and 1.01% to 5.29% (avg. 3.65%), respectively. The
CaO contents are relatively high variables (1.83%~50.14%,
avg. 6.49%). Other major element oxide (Na,O, P,O., and
TiO,) contents are relatively low with an average of 0.89%,
0.10%, and 0.72%, respectively. The Al,O, versus SiO, and
TiO, diagrams of Wufeng and Longmaxi Formation core
samples from XK1 well are presented in Figure 4.

4.3. Trace Element Geochemistry. The results of ICP-MS
experiment show that the trace elements of samples from
XK1 well are listed in Table S1. The average values of Ba
(avg. 351.4ppm) and V (avg. 116.4ppm), followed by Sr
(88.3ppm), Rb (81.6ppm), Zr (71 ppm), B (55ppm), Ce
(37 ppm), Cr (36 ppm), Ni (36.5ppm), and Cu (26 ppm),
are relatively abundant in our samples, whereas other
elements show lower concentrations with an average of less
than 20ppm, including Sc (5.7 ppm), Co (7.9 ppm), Hf
(2.0ppm), Th (8.1ppm), and U (5.8 ppm). In this study,
the contents of trace elements which can reflect the
sedimentary environment are different between Wufeng
Formation and Longmaxi Formation. Trace elements
reflecting the provenance include Zr, Hf, Th, Sc, and La,
whose contents in Wufeng Formation are 23.9-194.8 ppm
(avg. 71.2ppm), 0.6-5.3ppm (avg. 2.1 ppm), 4.1-21.4ppm
(avg. 85ppm), 2.1-8.7ppm (avg. 6.0ppm), and 9.5-
282ppm (avg. 19.7ppm), respectively. In Longmaxi
Formation, its contents are 32.2-108.5 ppm (avg. 76.3 ppm),
0.9-2.6 ppm (avg. 1.7 ppm), 3.4-8.0 ppm (avg. 6.1 ppm), 2.4-
6.2 ppm (avg. 4.5ppm), and 10.1-28.0 ppm (avg. 17.9 ppm),
respectively. The contents of trace elements V, Cr, U, and
Mo which can reflect the redox conditions in Wufeng
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TaBLE 1: Major element concentration and TOC content of the Wufeng and Longmaxi shales.

Formation Sample S§i0,/% ALO;/% CaO/% K,0/% Na,0/% MgO/% Fe,0;/% P,05/% TiO,/% TOC/% CIA
XK1-3  44.18 14.99 18.57 3.57 0.49 3.80 4.92 0.07 0.88 0.41 73
XK1-6  52.82 18.66 7.03 4.40 0.66 4.57 6.24 0.08 0.85 0.38 73
XK1-8  51.46 18.15 8.37 4.28 0.77 4.45 6.08 0.08 0.88 0.34 72

XK1-12  52.23 18.13 7.84 4.22 0.82 441 6.20 0.08 0.87 0.34 71
XK1-15 51.34 17.81 8.81 4.14 0.86 4.34 591 0.08 0.90 0.44 71
XK1-16  52.95 18.23 7.38 4.24 0.82 441 6.12 0.08 0.86 0.37 71
XK1-17  48.30 18.31 7.36 4.16 0.85 4.45 6.26 0.07 0.82 0.36 71
XK1-18 53.14 18.43 7.36 4.26 0.95 4.19 5.66 0.09 0.89 0.45 70
XK1-21 52.16 18.22 7.45 4.25 0.74 4.47 6.30 0.08 0.86 0.40 72
XK1-23 51.88 16.85 9.91 3.70 1.03 3.94 5.52 0.09 0.87 0.34 69
XK1-25 5548 18.71 5.06 4.30 1.04 4.38 6.26 0.08 0.80 0.31 70
XK1-26  54.38 18.47 591 4.15 1.01 4.45 6.35 0.08 0.85 0.34 70
XK1-27  54.79 18.38 5.49 4.17 0.99 441 6.34 0.08 0.82 0.38 70
XK1-28 53.89 18.44 6.40 4.24 1.01 4.50 6.24 0.09 0.84 0.38 70
XK1-30 55.88 18.86 4.13 4.30 0.89 443 6.50 0.08 0.80 0.42 71
XK1-32 5527 18.32 4.87 4.11 0.90 4.37 6.26 0.08 0.85 0.60 71
XK1-33 54.74 18.24 5.90 4.14 0.91 4.25 6.18 0.09 0.86 0.67 71
XK1-34 57.71 19.09 2.88 4.36 0.96 431 6.30 0.08 0.76 0.61 71
XK1-35 51.84 21.52 2.48 4.73 0.86 4.13 9.26 0.07 1.50 0.44 73
XK1-38 57.78 19.02 2.96 4.33 0.95 4.21 6.08 0.09 0.76 0.66 71
XK1-40 56.69 19.25 3.06 4.37 0.95 4.39 6.47 0.10 0.77 0.59 71
XK1-43 58.09 19.94 1.83 4.66 0.95 4.42 6.43 0.09 0.73 0.71 71
XK1-45 57.79 19.92 2.38 4.68 0.89 4.42 6.20 0.09 0.73 0.64 71
XK1-47 57.28 20.09 2.14 4.70 0.95 4.44 6.25 0.08 0.73 0.76 71
XK1-49 56.42 19.49 3.26 4.38 1.12 4.19 6.28 0.10 0.76 0.88 70
XK1-50 57.05 18.96 3.80 4.23 1.19 4.01 5.42 0.10 0.79 0.74 69
XK1-51 54.96 22.37 3.45 5.04 1.00 4.10 5.41 0.11 0.66 1.17 72
XK1-52  56.42 18.77 3.84 4.20 1.26 3.82 5.53 0.10 0.79 1.33 68
XK1-53 57.16 17.92 4.34 3.83 1.45 3.79 4.87 0.11 0.78 0.81 67
XK1-54 54.57 19.09 5.13 3.98 1.39 3.92 5.37 0.11 0.75 0.63 68
XK1-55 57.27 17.27 4.70 3.62 1.44 3.49 4.80 0.11 0.82 0.97 67
XK1-56  56.73 1991 3.03 421 1.35 3.73 5.59 0.12 0.74 0.85 69
XK1-57 57.58 16.94 4.51 3.51 1.49 3.37 4.78 0.11 0.80 1.05 66
XK1-58 58.48 18.30 3.81 4.13 1.08 341 5.03 0.11 0.82 1.77 69
XK1-59  54.60 23.44 3.28 5.34 0.93 4.02 591 0.07 0.82 1.19 73
XK1-60 58.36 15.53 5.11 3.38 1.18 3.20 5.01 0.12 0.75 1.42 67

Longmaxi Formation

XK1-61 56.42 23.50 2.98 5.29 1.07 3.74 4.80 0.10 0.55 1.90 72
XK1-62 58.65 17.00 4.89 4.04 0.88 3.55 4.87 0.15 0.78 291 70
XK1-63 59.84 15.90 5.96 3.84 0.77 2.57 4.38 0.12 0.75 2.59 70

XK1-64 56.52 16.23 8.22 3.82 0.81 2.77 4.71 0.11 0.75 2.00 70
XK1-65 60.11 14.61 7.04 3.47 0.74 2.56 4.23 0.10 0.67 2.14 70
XK1-66  58.71 16.16 6.09 3.82 0.80 2.75 4.69 0.11 0.69 2.50 70

XK1-67 60.39 14.07 6.97 3.32 0.81 2.35 4.17 0.11 0.72 2.67 69
XK1-68 57.98 14.78 7.55 3.53 0.79 2.67 4.42 0.12 0.76 2.88 70
XK1-69 19.36 7.69 35.16 1.81 0.40 11.25 8.11 0.08 0.56 1.01 70

XK1-70  61.65 14.56 5.70 3.46 0.89 2.30 4.04 0.10 0.68 3.09 69
XK1-71  60.97 14.44 6.33 3.44 0.88 2.42 3.97 0.10 0.68 2.88 69
XK1-72  57.12 16.36 5.89 3.95 0.96 3.10 4.48 0.11 0.71 4.41 69
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TasLE 1: Continued.

Formation Sample S§i0,/% ALO;/% CaO/% K,O0/% Na,0/% MgO/% Fe,0;/% P,05/% TiO,/% TOC/% CIA
XK1-73  60.65 14.50 5.52 3.43 0.85 2.36 4.26 0.12 0.68 4.26 69
XK1-74 5798 15.38 6.23 3.65 0.94 2.80 4.45 0.11 0.71 4.20 69
XK1-75  66.77 11.57 5.05 2.72 0.80 1.65 3.27 0.11 0.56 3.86 67
XK1-76  67.16 11.74 4.40 2.75 0.77 1.70 3.15 0.11 0.57 4.40 68
XK1-77 67.88 891 8.32 2.03 0.64 1.12 2.62 0.11 0.49 3.40 67
XK1-78 7098 9.26 4.81 2.14 0.63 1.23 2.55 0.10 0.44 3.36 68
XK1-79  66.30 10.57 5.49 2.46 0.74 1.56 3.61 0.11 0.52 3.73 67
XK1-80 68.67 9.70 4.35 222 0.66 1.34 3.05 0.10 0.41 4.09 68
XK1-81 67.46 10.33 5.51 2.40 0.74 1.52 3.19 0.12 0.51 4.06 67
XK1-82 60.38 12.71 7.27 3.01 0.90 2.31 3.65 0.11 0.66 4.34 67
XK1-83 62.94 10.07 8.22 2.40 0.84 1.78 2.94 0.09 0.58 4.76 65
XK1-84 68.78 9.28 5.13 2.17 0.75 1.17 2.77 0.10 0.51 4.73 66
XK1-85 57.08 19.28 4.22 4.37 0.95 3.01 6.30 0.08 0.60 2.53 71
XK1-86 73.49 8.81 2.04 2.04 0.71 1.00 2.49 0.13 0.45 6.10 66
XK1-87 64.55 10.06 5.99 2.32 0.90 1.69 2.75 0.18 0.59 6.75 65
XK1-88 5833 8.80 9.93 2.16 0.57 1.44 5.45 0.14 0.52 5.88 68
XK1-89  74.12 6.19 4.77 1.41 0.55 0.68 2.17 0.08 0.32 4.23 65

. XK1-90 62.73 12.28 6.12 2.95 0.73 1.82 343 0.10 0.60 6.51 69

Wufeng Formation
XK1-91 61.79 17.60 3.09 4.34 0.86 3.16 3.42 0.10 0.80 6.84 70
XK1-92  65.13 13.62 2.36 3.31 0.79 2.00 3.70 0.11 0.63 4.14 69
XK1-93 67.20 14.52 2.40 3.41 0.79 2.09 2.89 0.11 0.62 4.53 70
XK1-94 58.89 17.91 2.81 4.22 0.73 2.45 5.09 0.09 0.81 4.83 72

Formation are 61.7-694.9ppm (avg. 333.6ppm), 15.0-
58.0ppm (avg. 41.6ppm), 2.4-31.2ppm (avg. 12.8 ppm),
and 1.0-674ppm (avg. 39.1ppm), respectively. In
Longmaxi Formation, its contents are 37.9-333.6 ppm (avg.
90.1 ppm), 13.9-533ppm (avg. 36.7ppm), 1.4-19.5ppm
(avg. 50ppm), and 09-499ppm (avg. 11.9ppm),
respectively. The contents of trace elements Cu and Nij,
which reflect paleoproductivity, are 30.0-83.8 ppm (avg.
58.5ppm) and 26.5-104.2 ppm (avg. 61.8 ppm) in Wufeng
Formation, respectively. The contents in Longmaxi
Formation were 9.4-60.0 ppm (avg. 22.6ppm) and 14.5-
74.4ppm (avg. 33.7 ppm), respectively.

The total rare element contents (XREE) of the Wufeng
and Longmaxi shales range from 79.68 ppm to 111.9 ppm
(avg. 88.66ppm) and from 47.863 to 123.9ppm (avg.
80.93 ppm), respectively (Figure 5), which are lower than
the upper continental crust (146.4ppm) and the North
American shales (NASC; 167.41 ppm) [25]. The total light
REE (La-Eu, XLREE) and total heavy REE (Gd-Lu, YXHREE)
contents range from 39.20ppm to 115.87ppm (avg.
79.30ppm) and 5.62ppm to 13.40ppm (avg. 8.23 ppm),
respectively. The ratios of XLREE and XHREE reflect the
light-heavy REE fractionation degree, and they vary from
5.59 to 12.51 (avg. 9.7), higher than those of NASC (avg.
7.5) [25], likely suggesting higher enrichment of LREE in
the Wufeng and Longmaxi shale. The REE distribution pat-
tern relative to chondrite standard and NASC standard is
presented in Figure 6. When normalized to chondrite stan-
dard, the slope of La-Eu part (LREE) is higher than that of

Gd-Lu part (HREE), indicating a higher LREE enrichment
(Figure 6(a)). The REE distribution curves standardized by
NASC are relatively flat and parallel (Figure 6(b)). The
(La/Yb)y calculated by NASC standard ranges from 0.95 to
2.01, with an average of 1.52, manifesting that LREE is rela-
tively enriched in our study area. §Eu (§Eu=Euy/Euy*)
and 8Ce (8Ce = Cey/Cey*) quantify the decoupling rela-
tionship between Eu and Ce and other rare earth elements,
respectively, resulting in positive or negative anomalies of
Eu and Ce in REE distribution patterns. §Eu is a negative
anomaly with a range of 0.56~1.05 (avg. 0.91). §Ce shows
a slight negative anomaly with a range of 0.87~1.05 (avg.
0.99).

5. Discussion

5.1. The Weathering of Igneous Rocks under Warm Climate.
The chemical index of alteration (CIA) could reflect the
weathering degree of sediment provenance
(CIA = AL,05/(ALO; + CaO* + NaO + K,0) x 100,  [26]).
The CIA values ranged from 50 to 65, representing low
weathering rate under a cold and arid climate, while higher
values of 65~75 suggest moderate weathering rate in a rela-
tively warm climate. The high level of CIA values (>75)
may indicate high weathering rate under a hot and humid
climate [26, 44]. In this study, the CIA values ranged from
65 to 71 (avg. 68) in Wufeng Formation and 65 to 72 (avg.
70) in Longmaxi Formation (Table 1, Figure 7), respectively,
indicating a typical warm climate with moderate physical
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peridotite and granite are representative minerals of ultrabasic and acidic magmatic rocks, respectively; PAAS: average Post-Archean
Australian Shale [25, 72, 73].

and chemical weathering during the deposition of Wufeng-
Longmaxi Formations samples, and the climate of Longmaxi
Formation deposition was warmer than that of Wufeng For-
mation (Figure 7).

Since aluminum (Al) and titanium (Ti) are not con-
verted and immobile during diagenesis, these two elements

are often used as proxies for detrital inputs [16, 24, 45]. In
this study, the Al and Ti contents of Wufeng Formation
samples range from 3.28% to 9.48% (avg. 6.68%) and
0.19% to 0.49% (avg. 0.37%), respectively. In addition, the
Al and Ti contents of Longmaxi Formation samples range
from 4.66% to 12.44% (avg. 8.70%) and 0.24% to 0.54%
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(avg. 0.44%), respectively. The proxies of Al and Ti show
moderate and lower terrigenous input and less terrigenous
input in Wufeng Formation than in Longmaxi Formation
(Figure 7).

The diagram of TiO, and AL O; (Figure 4(b)) indicates
that the Wufeng-Longmaxi samples are mainly sourced

from the weathering of granodiorite, associated with small
amount of granite. The range of TiO,/Zr ratios is also used
to identify the weathering sources of marine sediments.
The TiO,/Zr ratios of >200, 199~55, and <55 represent the
weathering source of mafic rock, intermediate rock, and fel-
sic igneous, respectively. As shown in Figure 8(a), the TiO,/
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Zr ratios of the Wufeng and Longmaxi Formation samples
range from 39.1 to 199.5 (avg. 120) and 57.8 to 162 (avg.
88.1), respectively, and most of the samples are plotted into
the source of intermediate igneous rock regions, while a
small part of the samples are plotted into the source of mafic
igneous rock and felsic igneous rock. The ratios of the Th/
Sc-Zr/Sc are other reliable provenance indicators, and the
ratios of La/Th-Hf (Figure 8(b)) and Th/Sc-Zr/Sc
(Figure 8(c)) indicate that the provenance rock is more
felsic-basic sources, which are also consistent with a grano-
diorite source (Figure 8(d)). As discussed above, the geo-
chemical indictors showed that the Wufeng and Longmaxi
studied samples in XKlwell are principally derived from
intermediate igneous rocks, accompanied by a small amount
of felsic igneous rocks that is similar to granodiorite.

5.2. Fluctuating Anoxic or Dysoxic Bottom Water Conditions.
Paleoredox conditions may be closely related to the preser-
vation of OM and enrichment of some trace element in
black shales. The contents and existing forms of redox-
sensitive trace elements (V, Ni, Co, U, and Mo) transform

when the underlying water is changed, and they commonly
become enriched in the anoxic water column and are finally
preserved in marine sediments under a more reducing envi-
ronment [24, 46]. In oxic waters, the vanadium (V) exists
stably in the form of hydrogen vanadate, which is easily
adsorbed by iron/manganese hydroxides or adsorbed by
kaolinite [47]. Under weak reduction conditions, the vana-
dium is reduced from V°* to V** in the form of vanadium
acyl, hydroxyl group, and insoluble hydroxide, which are
more likely absorbed by organometallic ligands or by group
surface adsorption in the presence of humic and fulic acids
and transferred into the sediment [48]. Under a reducing
environment, the vanadium (V*") can be converted to V"
and could be rapidly captured by surrounding porphyrins
or precipitated as oxide or hydroxide [49]. Unlike insoluble
and nonredox-sensitive thorium (Th), the uranium (U®")
can be reduced to U*" under reduction conditions and then
transferred into sediments in the forms of pitchblende or
hydroxyl complex with high surface activity [50, 51]. In fulic
acid, the processes of uranium organometallic ligands, OM
uranium uptake, and bacterial sulfate reduction promote
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the transfer of U from water column to sediments, resulting
in uranium (U) enrichment in marine sediments [52]. The
main sedimentary areas of authigenic U are anoxic basins,
organic-rich continental shelves, and slope areas far away
from the coast. The nickel (Ni) is occurred in the pyrite lat-
tice in the form of insoluble nickel sulfide and preserved as
Ni-porphyrin together with OM burial under a strong
reduction environment [53]. Chromium (Cr) can be trans-
formed from Cr*" to Cr’* under anoxic conditions and
exported to sediments [24]. Molybdenum (Mo) is captured
by iron (Fe) and manganese (Mn) oxides from water and

sinks into sediments in an oxidizing environment [54, 55].
Under reducing conditions with low concentration of
hydrogen sulfide, Mo is captured by Fe-S phase as active
thiomolybdates. However, in the reduction condition of high
hydrogen sulfide concentration, Mo is captured as a metal
sulfide and precipitated in the absence of iron [54]. In addi-
tion, the preservation of organic carbon and organic phos-
phorus in marine sediments is controlled by the redox
environment [56]. Eighty percent (80%) of total phosphorus
comes from the organic matter [57]. Under reducing condi-
tions, organic carbon is more conducive to preservation,
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while organic phosphorus content gradually decreases in the
process of remineralization [56]. Therefore, C,,,/P is used as
an index to evaluate redox conditions [16, 58].

The ratios of these redox-sensitive trace elements (e.g.,
V/Cr, U/Th, V/(V +Ni), V/Sc, Mogy, and C,,/P) are used
to trace redox changes in bottom water condition. The ratio
of V/Cr as redox-sensitive index identifies the sedimentary
environment. The V/Cr ratios are less than 2 and greater
than 4.25, indicating oxic environment and anoxic (reduc-
ing) environment, respectively, and of 2 ~4.25 indicates the
fluctuating redox conditions between oxic and anoxic bot-
tom water conditions [59]. In this study, the V/Cr ratios of
Wufeng Formation samples vary from 2.25 to 13.13 (avg.
7.9), indicating a strongly anoxic water condition, while
the V/Cr ratios of Longmaxi Formation samples show an
upward decreasing trend from 11.85 to 1.16, with an average
of 2.76, indicating dominant anoxic water conditions with
fluctuating dyoxic or oxic water conditions (Figure 7). The
V/Sc and U/Th ratios greater than 20 and 1.25, respectively,

indicate anoxic bottom water conditions, while V/Sc ratios
of 9.1~20 and U/Th ratios of 0.75~1.25 generally suggest
dysoxic conditions [60, 61]. However, the V/Sc and U/Th
ratios less than 9.1 and 0.75, respectively, indicate that the
sedimentary environment is closely related to oxic bottom
water condition [60]. In this study, the values of V/Sc and
U/Th for the Wufeng samples range from 17.99 to 175.99
(avg. 78.74) and 0.33 to 6.13 (avg. 2.35), respectively, indi-
cating anoxic water condition. The same ratios of
5.08~102.33 (avg. 18.24) and 0.18~3.19 (avg. 0.74) for Long-
maxi shales were as follows, suggesting dominant anoxic
with fluctuating dyoxic or oxic water conditions (Figure 7).
The V/(V +Ni) ratios of less than 0.60 are characteristics
of both oxygenated and anoxic conditions [62]. The V/(V
+Ni) ratios under anoxic and euxinic environments are
0.54~0.82 and greater than 0.82, respectively. The Longmaxi
Formation samples show high V/(V +Ni) ratios of 0.44-0.82
(avg. 0.72), and its ratios vary from 0.66 to 0.88 (avg. 0.81)
for Wufeng Formation samples (Figure 7). The ratios
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indicate that the sedimentary environments for Wufeng and
Longmaxi Formation shales are anoxic and intermittent
euxinic bottom water conditions, which are also consistent
with other redox proxies (Figure 7). The proxies discussed
above are somewhat different due to different enrichment
mechanisms of each trace element, but their indicative of
the environment conditions and sedimentary characteristics
is consistent [61].

In addition, molybdenum (Mo) was strongly enriched
under anoxic and euxinic water conditions, showing Mogp
> 10 but was moderately enriched under oxic water condi-
tions, showing Mogg < 10 [54, 55]. In this study, the values
of Moy for the Wufeng samples and Longmaxi samples
range from 1.13 to 106.26 (avg. 57.10) and 0.85 to 89.82
(avg. 15.05), respectively, indicating anoxic water condition.
Because molybdenum and uranium exhibit differential
enrichment under reducing conditions [54, 55], therefore,
the combined conditions of molybdenum enrichment factor
(Mogg) and U enrichment factor (Upgg) can be used to deter-
mine the redox conditions of Longmaxi Formation and
Wufeng Formation. The covariation pattern of Mogy versus
Uy shows that both Wufeng Formation and Longmaxi For-
mation were deposited in unrestricted marine (Figure 9),
while the Longmaxi Formation was mainly deposited in
the dysoxic-anoxic-euxinic environment, and the ratio of
Mogp/Ugp was 0.3, multiple of that of modern seawater to
that of modern seawater. The Wufeng Formation was
mainly deposited in the euxinic sedimentary environment,
and the ratio of Mog/Uyg was similar to that of modern sea-
water. The redox index C,,,/P <50 indicates that the sedi-
ment was deposited in an oxic environment, while
Corg/P > 100 indicates that the sediment was deposited in

an anoxic environment [57, 63]. The C,,/P ratios of Long-

maxi Formation vary from 8.53 to 118.50 (avg. 40.28) and
are lower than that of the Wufeng Formation shales (85.25
to 150.59, with an average of 114.57). This indicates that
the bottom water environment from Wufeng Formation to
Longmaxi Formation is from reduction to oxidation
(Figure 7).

Obviously, according to the above redox proxies (V/Cr,
U/Th, V/(V+Ni), V/Sc, Mog, and C,,,/P), the shales of
the Wufeng Formation and Longmaxi Formation are depos-
ited under reducing conditions. However, the reducibility
decreased from Wufeng Formation to Longmaxi Formation.
The sedimentary environment changed from euxinic to
anoxic during the shale deposition from Wufeng Formation
to the bottom of the lower Longmaxi Formation (Figure 7).
In addition, from the top of the lower Longmaxi Formation
to the upper Longmaxi Formation, the sedimentary environ-
ment changed from dysoxic to oxic (Figure 7).

5.3. The Coupled Relationship between TOC and
Paleoproductivity Proxies. Paleomarine productivity pro-
vides high OM flux in the water column, which is finally pre-
served in marine sediments, contributing to OM
accumulation. Although high flux of OM sink undergo the
processes of mineralization and degradation in the water
column, large amount of OM is still preserved in marine
sediments owing to high marine productivity. The higher
TOC contents in Wufeng shale (from 4.14% to 8.08%) may
reflect high marine productivity in the surface waters and
high level of OM flux, whereas the relatively low TOC con-
tents in Longmaxi shale (0.09% to 4.76%) indicate decreas-
ing marine productivity.

The phosphorus (P) is essential to living organisms, and
its enrichment is closely related to biomass and organic
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matter yield; so, it can be used as an indicator of productivity
[15, 56]. A feedback loop between P recycling, anoxia of bot-
tom water, and productivity of surface water may be linked
[64]. The P/Al ratios of Longmaxi Formation vary from
0.0023 to 0.012 (avg. 0.0053) and are lower than that of
the Wufeng Formation shales (0.0040 to 0.0147, with an
average of 0.0084). There was a good match between the
higher P/Al values and the higher TOC values in the Wufeng
samples, which may indicate that partial P entered the sedi-
ment by adsorption to OM particles or coprecipitation in the
form of authigenic phases owing to high productivity. The
P/Al ratio of Wufeng Formation shales is mostly higher than
those of average Post-Archean Australian Shale (PAAS),
whereas these ratios from Longmaxi Formation are slightly
lower than those of PAAS (0.0078, Figure 7) [65]. The above
discussion indicates that the Longmaxi Formation samples
were deposited in an environment of moderate to low paleo-
productivity, and the Wufeng Formation samples were
deposited in a high paleoproductivity environment. Gener-
ally, the Longmaxi shale implies relatively lower palaeopro-
ductivity than those from Wufeng Formation shale.
Interestingly, the changes in P/Al ratios of studied shales
are coupled with the changes in TOC contents, further sug-
gesting that the productivity may be a controlling factor for
OM enrichment.

Other trace elements (e.g., Ni and Cu) are also bioessen-
tial elements and can be also used to describe paleoproduc-
tivity [15, 66]. These elements are transferred from surface
water to the seafloor by absorption onto OM particles
through microbial action and are mainly associated with
pyrite and trapped in sediments after OM decay [24, 65,
67]. Particularly, the copper (Cu) is a good indicator of
OM flux (productivity). The ratios of Cu/Al and Ni/Al for
Longmaxi Formation range from 1.28 x 107 to 8.19x 107*
(avg. 2.85x107*) and 1.23x10™* to 13.96x107* (avg.
4.48 x 107*), respectively, and such ratios for Wufeng shales
are 5.93x 1074~14.42 x 107* (avg. 9.19x 107*) and 3.67 x
1074~16.91 x 107* (avg. 9.91 x 107*). The Cu/Al and Ni/Al
ratios of Wufeng Formation shales are mostly higher than
those of PAAS (8.93 x 107* and 7.14 x 107*), whereas these
ratios from Longmaxi Formation are slightly lower than
those of PAAS (8.93x10™* and 7.14x107*). The high
paleoproductivity levels in the Wufeng Formation may have
been due to intense volcanic eruptions [68, 69] or to seasonal
upwelling providing abundant nutrients [2, 70]. In conclu-
sion, all the productivity proxy (P/Al, Cu/Al, and Ni/Al)
ratios firstly show an increasing trend in Wufeng Formation
samples, but they then begin to decrease in Longmaxi For-
mation samples. Their trend is also consistent with TOC
contents, indicating relatively high productivity during the
deposition of Wufeng Formation but moderate-low paleo-
productivity during the deposition of Longmaxi Formation.
Our results reveal that the OM enrichment is closely related
to marine paleoproductivity in this study.

5.4. Controlling Factors for OM Enrichment. TOC contents of
Wufeng and Longmaxi shales from XK1 are evidently differ-
ent, which are 4.14%~8.08% (avg. 5.46%) and 0.09%~4.76%
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(avg. 1.79%), respectively. Generally, high TOC contents rep-
resent high OM enrichment. Hence, it is necessary to investi-
gate the enrichment mechanism of OM.

During the deposition of shales, paleoclimate influenced
the degree of provenance weathering and input of weather-
ing nutrient, further playing a significant role in the OM
abundance. According to CIA values, the climate of Upper
Ordovician Wufeng Formation and Lower Silurian Long-
maxi Formation is typically warm and humid with enhanced
physical and chemical weathering. However, the CIA values
present negative relationship with TOC content with rela-
tively low correlation coeflicient (Figure 10), indicating that
the paleoclimate has a weak influence on OM enrichment
but not the main factor for primary productivity. The con-
tents of Al and Ti show moderate terrigenous input in Long-
maxi Formation and lower terrigenous input in the Wufeng
Formation. In addition, the negative correlation between the
terrigenous input proxies (Al and Ti) and TOC (Figure 7)
indicates that terrigenous detrital has a weak effect on
organic matter accumulation, which is similar to the results
of previous studies [16]. The TOC content is high, and ter-
rigenous input is low in the Wufeng Formation and the bot-
tom of upper Longmaxi Formation. This may be because less
nutrients were brought by terrigenous inputs, but large
amounts of nutrients were provided by volcanic activity
[68, 69] or seasonal upwelling [2, 70] during this stage,
resulting in higher productivity. The Upper Longmaxi For-
mation and the top of the lower Longmaxi Formation have
stronger weathering and more terrigenous input (Figure 7).
However, in the top of the lower Longmaxi Formation and
the upper Longmaxi Formation, volcanic activity and
upwelling were not developed, and nutrients were derived
from terrestrial inputs; so, the productivity was lower than
that of the Wufeng Formation and the bottom of the Upper
Longmaxi Formation.

The productivity proxies P/Al (avg. 0.0053), Cu/Al (avg.
2.85x107*), and Ni/Al (avg. 4.48 x 107*) for the Longmaxi
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Formation indicate moderate to relatively low paleoproduc-
tivity during the Longmaxi shale deposition. And such ratio
average for the Wufeng Formation is 0.0084,9.19 x 107%,
and9.91 x 107*, indicating high paleoproductivity during
the Wufeng shale deposition. The moderate productivity
may promote high OM flux in the water column that then
is transferred into marine sediments. The relationships
between TOC and P/Al, Cu/Al, and Ni/Al are positive with
high correlation coefficients (R?) of 0.57, 0.67, and 0.72,
respectively (Figures 11(a)-11(c)), indicating that the paleo-
productivity has an important influence on OM enrichment.

Redox conditions are another critical factors for control-
ling OM preservation. The ratios of redox-sensitive trace ele-
ments indicate that the studied samples from XK1 well were
deposited under anoxic and dysoxic water conditions for
Wufeng Formation and Longmaxi Formation. The paleore-
dox proxies (U/Th, V/Sc, and V/Cr) show positive correla-
tion with TOC content with high correlation coefficients
(0.70, 0.77, and 0.63, respectively) (Figures 11(d)-11(f)),
indicating that the paleoredox conditions play an important
role in OM accumulation. The Wufeng Formation shales
have relatively high TOC contents, which are corresponding
to anoxic water conditions, suggesting high efficient preser-
vation of OM under anoxic conditions.

6. Conclusions

(1) The mineral compositions of the studied samples are
quartz, clay minerals, calcite, and feldspar as well as
minor dolomite, pyrite, and anhydrite. The source
rocks are derived from acid-intermediate igneous
rocks, and the representative mineral is granodiorite.
In this study, the CIA values are in the main range of
65~85 for the Wufeng and Longmaxi Formations
samples, indicating a typical warm and humid cli-
mate with enhanced physical and chemical
weathering

(2) In conclusion, all the productivity proxy (P/Al, Cu/
Al, and Ni/Al) ratios indicate that the paleoproduc-
tivity shows an upward decreasing trend from the
Wufeng Formation to the Longmaxi Formation
shales, which are also consistent with changes in
TOC content. The productivity proxies indicate that
the Wufeng Formation samples were deposited in
relatively high paleoproductivity ~environment,
Longmaxi Formation samples were deposited in
moderate-low paleoproductivity environment, and
productivity of the Wufeng Formation shales was
higher than that of Longmaxi Formation shales

(3) The V/Cr ratios for the Wufeng and Longmaxi sam-
ples fluctuate from 2.25 to 13.13 (avg. 7.9) and 1.16
to 11.85 (avg. 2.76), respectively. The V/Sc and U/
Th ratios of the Wufeng Formation samples range
from 17.99 to 175.99 (avg. 78.74) and 0.33 to 6.13
(avg. 2.35), respectively, and the corresponding
ratios for Longmaxi shales are from 5.08 to 102.33
(avg. 18.24) and from 0.18 to 3.19 (avg. 0.74), respec-
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tively. The values of Moy for the Wufeng samples
and Longmaxi samples range from 1.13 to 106.26
(avg. 57.10) and 0.85 to 89.82 (avg. 15.05), respec-
tively. The C,,,/P ratios of the Longmaxi Formation
and Wufeng Formation shales vary from 8.53 to
118.50 (avg. 40.28) and 8525 to 150.59 (avg.
114.57), respectively. These paleoredox proxies indi-
cate that the oceanic environment conditions chan-
ged from anoxic of Wufeng Formation to dysoxic
(oxic) of Longmaxi Formation

(4) The paleoclimate proxies present a negative relation-
ship with TOC content with relatively low correla-
tion coefficient. There is a positive correlation
between productivity proxies and TOC content,
and correlation coefficients are high. The paleoredox
conditions have similar distribution trends and pos-
itive correlation with TOC content with high corre-
lation coefficients. The above results indicate that
OM enrichment for the Wufeng and Longmaxi
shales is controlled by high productivity and anoxic
bottom water conditions
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