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Herein, integrated vertical variation characteristic analysis was conducted by measuring total organic carbon (TOC), major and
trace elements in Upper Ordovician-Lower Silurian (Wufeng-Longmaxi formations) black shale in Weiyuan, Luzhou, and
Changning areas, southern Sichuan Basin to clarify the control of organic matter (OM) enrichment in different sublayers.
According to the cycle boundary, it was divided into member 1 (submember 1 and submember 2) and member 2 from early to
late Longmaxi formation, while it was divided into 4 sublayers from early to late during submember 1 depositional period.
Under the warm and humid paleoclimate, high paleoproductivity, and gradually oxic paleoredox conditions, the TOC content
(0.22-3.27 wt% in Luzhou area) in Wufeng formation increased gradually from early to late under the cocontrolling of tectonic
framework and stagnant sea. After the glacial period, the warm and humid climate of Wufeng formation continued in
Longmaxi formation, and TOC content reached the highest in sublayer 1 (2.02-4.02 wt%, 4.78 wt%, and 6.45 wt% in Weiyuan,
Luzhou, and Changning areas, respectively), due to the high paleoproductivity and high sea level caused by melting glaciers,
causing the extremely anoxic environment. The OM was preserved best. It remains higher in sublayer 2 (2.39 wt%, 3.69-4.18 wt%,
and 3.5-3.86wt% in three areas, respectively) because of the anoxic environment caused by deep water and the high
paleoproductivity, but the temporary hot and dry environment has a certain negative impact on the OM preservation. Under
the stable paleoproductivity, sublayer 3 has a character of water decreasing slowly, and the suboxic environment led to the
decrease of TOC content (3.82-5.28 wt% and 3.77-4.13 wt% in Luzhou and Changning areas, respectively). Meanwhile, that in
the yuan area became deeper and the TOC content became relatively higher (1.92-3.33 wt%). Under the open environment,
sublayer 4 was controlled by lower sea level caused by regression, resulting in lower TOC content (1.31-4.57 wt%, 1.64-3.52 wt%,
and 3.88-4.49 wt% in three areas, respectively). However, the global regression of the submember 2 period, high terrigenous
debris dilution, and oxic environment lead to the no preservation of OM. Generally speaking, the enrichment of OM is not only
affected by the changes of global sea level and paleoproductivity to some extent (Longmaxi shale) but also controlled by the
tectonic framework in Sichuan Basin (Wufeng shale). The findings of this study can help for a better understanding of the OM
enrichment mechanism and provide a theoretical basis for the evaluation of high-quality source rocks.
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1. Introduction

The black shales developed in the Wufeng-Longmaxi forma-
tion respond favorably to the global marine environmental
changes at the turn of Ordovician-Silurian (marine anoxic
events, Late Ordovician biological extinction events, Hirnan-
tian glacial events, etc.) [1-3]. In the Late Ordovician, the
South China continental where the Yangtze Plate was
located was far away from Gondwana. Global geological
events (such as glacial activity, volcanic eruption, tectonic
movement, and sea-level change) were different in this area
[4-6]. Under the influence of the Guangxi movement, the
Yangtze platform developed differential uplift, forming the
Xuefeng, Chuanzhoong, and Qianzhong uplifts, and three
deep-water paleosedimentary centers in the northern, east-
ern, and southern Sichuan Basin.

The black shale from Late Hirnantian to Early Rhudda-
nian is deposited more widely than that of Katian. The black
shale in North Africa and Arab is called “HOT SHALES”
due to its high U content and obvious change of logging
curve, which was one of the most famous source rocks
around the world [7]. Meanwhile, this black organic-rich
shale with similar characteristics was also developed in
Sichuan Basin during this period, with much more long term
since Katian and more extensive development compared
with the HOT SHALES, which has always been the focus
of many scholars [5, 6, 8-10]. In addition, the hydrocarbon
generation potential, reservoir space, adsorption capacity,
and even the gas content of shales were influenced by the
organic matter (OM) content [11-20].

It is generally believed that the transgression post glacial
led to an anoxic marine environment, resulting in the black
shale deposition during the Late Hirnantian and Early
Rhuddanian [15, 21], although the deposition of black shale
was also developed in the Katian period, which has obvious
differences in distribution, mainly developed in equatorial
tropical subtropical areas compared with that of Late
Hirnantian and Early Rhuddanian [22]. The sedimentary
environment of black shale in Katian is shallow water epi-
continental sea environment (black shale of North American
Central continent and Baltic continent [23], restricted off-
shore environment (black shale of Wufeng-Longmaxi for-
mation in Yangtze Basin [24] and upwelling area at the
edge of continental shelf (Moffatt shale in Scotland and
YrAIIT shale in Wales Basin [25-27])).

For the development of organic-rich black shale in the
Wufeng-Longmaxi formation in the Yangtze region, prede-
cessors generally believe that it is the influence of anoxic
environment, sea-level change, high productivity, and the
comprehensive effect of the above [8-10, 28-32]. They have
used paleontological methods to establish an isochronous
stratigraphic framework, element, and isotope inversion of
paleoenvironment to study the strata in different areas of
the Yangtze Plate [6, 30, 33-35]. Preservation in anoxic envi-
ronment [35], restricted deep-water shelf environment [33],
sea-level changes [28, 31], and high paleoproductivity [32]
are considered to be the main controlling factors of organic
matter enrichment in this period in the Yangtze platform
[29, 30]. It is generally believed that the transgression post
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glacial led to an anoxic marine environment, resulting in
the black shale deposition during the Late Hirnantian and
Early Rhuddanian [15, 21].

However, it has been turned to the sublayer 1, 2, 3, and 4
in submember 1 of the early Longmaxi formation as the tar-
get stratum currently. Moreover, the OM content of differ-
ent sublayers, even the same sublayer in different areas,
ranges variously, which means there is still a lack of cogni-
tion in discrepancy mechanism. Furthermore, most of them
ignore the response of sea-level changes caused by glaciation
at the turn of Ordovician and Silurian, the impact of regional
tectonic movement on sedimentary model, and the impact
of differences in deposition rate on shale [10, 30, 31, 34].
The OM enrichment of shale is jointly controlled by many
factors, which will be affected by any event. Therefore, the
further study of OM enrichment mechanism in different for-
mations and sublayers shales is of great significance to sup-
ply a scientific basis for exploration and development. It
has been reported that geochemical characteristics of major
and trace elements in shale have been effectively used in
the reconstruction of the paleoenvironment [36-38].

Therefore, this paper focuses on the differences of OM
enrichment between different sublayers ignored in previous
studies, and systematic vertical geochemical variation char-
acterization of the newly drilled wells of Wufeng formation
(O;w) and early Longmaxi formation (S,1;), divided into
sublayer 1, 2, 3, and 4, located in the depositional center of
southern Sichuan Basin was carried out. The effects of the
total organic carbon (TOC), major, trace, and rare earth
elements (REE) amounts, terrigenous detritus, paleoproduc-
tivity, paleoclimate, sea-level changes, paleoredox, and
restriction of water column have been evaluated. Further-
more, the OM enrichment of O;w and S;1; located in the
sedimentary center of southern Sichuan Basin combined
with regional tectonic evolution from multiple perspectives
has been reconstructed.

2. Geological Setting

The Yangtze Plate has experienced multistage tectonic
movements since the Sinian period. The Late Ordovician
(Wufeng formation)-Early Silurian (Longmaxi formation)
is a period of strong compression in southern China. During
the Late Ordovician, under the continuous subduction of the
Paleo-Tethys Ocean, the west of the basin was tensioned to
the west of Longmen Mountain, the South Qinling Ocean
to the north of the basin subducted to the north, the Yangtze
Craton was close to the North China Craton, the Cathaysian
landmass to the east was further pushed northwestward, and
the dew surface was raised in Central Guizhou. The scope of
the Upper Yangtze Craton where the Sichuan Basin is
located is further reduced, which makes the extensive sea
in the Early-Middle Ordovician transform into a restricted
sea surrounded by uplifts. The sedimentary basement is
characterized by high in the southeast and low in the north-
west, and the sea gradually deepens from southeast to north
(Figure 1(a)) [6]. Sichuan Basin is located the northwest of
the Upper Yangtze platform, which is one of the secondary
structural units, and had the prototype of the basin during
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FiGUure 1: The general sketch of the problem in studying OM
enrichment.

the Indosinian period, and then, the current structural
appearance through the Himalayan movement is formed
(Figure 2(b)).

During the sedimentary period of Longmaxi formation,
the further expansion of the Qianzhong Uplift was inte-
grated with the Kangdian archicontinent in the west and
the Xuefeng Uplift in the east. At the same time, the
Leshan-Longnvsi underwater uplift in Central Sichuan Basin
was further uplifted, making the southern Sichuan Basin
dominated by restricted epicontinental sea sedimentation,
including Weiyuan, Luzhou, and Changning area. Underwa-
ter low uplift is developed in some areas of Weiyuan [39],
and a set of marine shale with OM enrichment was widely
developed in Southern Sichuan Basin (Figure 2(a)) [40, 41].

The Wufeng and Longmaxi formation in Sichuan Basin
is in integrated contact. During the deposition of Wufeng
formation, the sea level rose, until the Hirnantian glacier
occurred all over the world made and the sea level fell rap-
idly [5], while the sea level rose rapidly after the Hirnantian
glacier epoch. The global sea level fluctuated frequently in
this period. Affected by the Guangxi movement, the sea-
level change in the Yangtze region was slightly different from
that of the global [4-6, 21]. The internal strata of the Long-
maxi formation are in an integrated contact relationship,
which is a progradational sedimentary cycle in which the
water column continues to become shallower [42]. There is
a short-term slow decline to rapid rise stage in the cycle.
According to the cycle boundary and graptolite biostratigra-
phy, it was divided into member 1 (submember 1 (LM 1-5)
and submember 2 (LM 6-8)) and member 2 (LM 9) from
early to late Longmaxi formation. Submember 1 is in inte-
grated contact with the underlying Wufeng formation,
which develops dark calcareous shale and siliceous shale,
mixed with a small amount of silty mudstone [43]. The nat-
ural gamma logging curve shows the characteristics of
“extremely high value” at the bottom of submember 1, rap-
idly decreases upward, then slowly increases, and rapidly
decreases at the top. Silty mudstone, argillaceous siltstone,
and calcareous siltstone are developed in submember 2,
and the natural gamma value is less than that of submember
1 as a whole. However, submember 1 of the target layer is the
main shale gas producing layer in Sichuan Basin. At present,

general stratification is difficult to meet the actual needs of
shale gas benefit development. Therefore, according to the
rock characteristics and paleontological and logging data,
the key layer was finely divided into sublayers 1 (LM 1), 2
(LM 2-3), 3 (LM 4), and 4 (LM 5) from early to late
(Figure 2(c)) [43].

3. Samples and Methods

3.1. Sample Section. Considering the comparative analysis of
different stratus in three shale gas production areas in south-
ern Sichuan Basin, 9 samples of O,w were collected from
new drilled well Y101, and 65 samples of S,1, were collected
from three new drilled wells W214, Y101, and N222 in
Weiyuan, Luzhou, and Changning areas, respectively. Sam-
ple depths are ranged from 3520.3m to 3575.6m, 4102.8 m
to 4159.1 m, and 4305.1 to 4332.6m in well W214, Y101,
and N222, respectively. 3 core samples in submember 2 were
collected in well W214, and 2, 1, 2, and 12 core samples, 1, 6,
7, and 24 core samples, and 1, 2, 2, and 2 core samples in
sublayer 1, sublayer 2, sublayer 3, and sublayer 4, respec-
tively, were collected in well W214, Y101, and N222, respec-
tively, among them (Figure 3). Massive graptolite black
organic-rich shale is developed in S;l; during sampling.
The selected samples with fairly less weathering and diagen-
esis can provide decent indications for initial depositional
environments.

3.2. Experimental Methods. Measurements of major, trace
element, and REE concentrations of all shale samples were
conducted at 14°C and relative humidity of 30% at the
Radionuclide Lab, Beijing Institute of Geology, Nuclear
Industry. All samples were pulverized into less than 200
mesh size in a clean environment for further analysis.

The most accurate melt sheet method and X-ray fluores-
cence spectrometry (XRF) were used for major element
analysis. After baking in a muffle furnace at 1000°C for 3-5
hours, 0.7g+0.0003g powder samples were mixed with
7.7g+0.003g anhydrous L,B,O, solvent, using the
Analymate-V4D melting mechanism of Beijing Jingyuan
Century Science and Technology Ltd. to form a melting
sheet, and then measured with Epsilon3XLE type X-ray fluo-
rescence spectrometer manufactured by Netherlands. The
experiment was conducted based on the reference material
GB/T 14506.28-2010 and GB/T14506.14-2010, with analysis
error of less than 5%. Inductively coupled plasma mass spec-
trometry (ICP-MS) was used for trace elements and REE
analysis. The samples were dissolved using a mixed acid
closed digestion method. The volume ratio of hydrochloric
acid, nitric acid, hydrofluoric acid, and perchloric acid was
4:3.5:2:6.5, and the dilution factor was 500 (diluted 0.1 g
to a constant volume of 50 ml). The principle is that the
ICP uses a high-frequency RF signal of powerful power
applied on the inductor coil to form a high-temperature
plasma inside the coil (that is, ionizes an electron to form
a monovalent positive ion) and promotes the plasma contin-
uous balance and ionization by pushing the gas, while mass
spectrometry is a mass screening and analyzer that measures
the intensity of an ion by selecting ions of different mass-to-
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[42, 43], the change of global sea level after literature [21], and the sea level and sedimentary cycle of Yangtze after literature [5].

nuclear ratios (m/z) to calculate the intensity of an element.
The experiment was conducted based on the reference mate-
rial GB/T14506.30-2010 and GB/T14506.11-2010, with an
analysis error of less than 5%.

The TOC content was tested by Eltre CS580A type
carbon-sulfur analyzer produced by Germany. The powder
sample is dissolved with 5% dilute hydrochloric acid for
many times until no bubbles can be generated, soaked for
24 hours and dried, so as to remove inorganic carbon. Then,
open the analyzer and the oxygen valve, the samples were
burned in pure oxygen at 1400°C for about 2 minutes, and
the signals were detected when CO, was generated. The
accuracy of analysis is greater than 0.5%.

3.3. Data Analysis. The trace elements usually come from
autogenic and detrital components, whereas only the former
can indicate the depositional features under paleoenviron-
ments. Furthermore, due to the compositional variability of
rock samples, errors can be introduced into the analysis if
solely relying on the comparison between trace elemental
concentration and average shale. To minimize the impact
from detrital components, the concentrations of trace ele-
ments need to be normalized to aluminum content that sta-
bilized during diagenesis. This value will be compared to
that of the Post Achaean Australian Shale (PAAS) to deter-
mine the enrichment or depletion of this trace element, often
referred to as the enrichment factor (EF) [44]. Its calculation
formula is as follows:

_ (X/Al)Sample ( 1 )

FX - b

(XTADpas
where X is the content of one specific element or its oxide,
%, and EFy is the concentration of this element or its oxide,
dimensionless. Values of EFy >1 indicate element or its

oxide enrichment relative to the PAAS [45], conversely,
depletion relative to it [37].

The chemical alteration index (CIA) can quantitatively
reflect the chemical weathering degree of sedimentary
rocks and furthermore reconstruct the paleoclimate condi-
tions change in the source area. Its calculation formula is
as follows:

CIA = (Al,05/(ALO; + CaO%+Na,O + K,0)) x 100, (2)

where each oxide is measured in moles and CaO= refers
to CaO in silicate minerals only. Because of the approxi-
mation between the proportion of Ca** and Na® in the
lattice of silicate minerals, if the CaO# value obtained after
correction calculation is greater than Na,O, the mole con-
tent of Na,O can replace CaO; if conversely, CaOx is the
mole content of CaO in silicate minerals [46].

In addition, K metasomatic reaction during the transfor-
mation between clay minerals in weathered sediments, espe-
cially the transformation of kaolinite into illite, results in the
increase of foreign K content and the decrease of CIA value
due to the influence of diagenesis in practical application
[47]. Therefore, the metasomatism of K needs to be cor-
rected [48]. Its calculation formula is as follows:

ALO
CIA, = 273 x100,  (3)
AL O, + CaO%+Na,0 + K, 0,
(mx AL O; +mx (CaO*+Na,0))
K,0, = ,
(1=m)
(4)
K,0
m

~ ALO, + Ca0*+Na,0 + K,0’

where K, 0O, is the corrected K,O content.
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O,w and S,1,.

There are various sources of Ba in sediments, such as ter-
rigenous clastic Ba, biological Ba, submarine hydrothermal
Ba, and some compounds of benthic heterotrophic biosyn-
thesis Ba, where only biological Ba can be used as an indica-
tor of paleoproductivity [37, 49]. Its calculation formula is as
follows:

()

Babio = BaSample - AlSample x (Ba/Al)PAAS’

where Bag, ..l and Al are the total contents of Ba and

Al in the measured rock samples, respectively.

The calculation formula of Si_,. is as follows [50]:

Sample

(6)

Siexcess = SiSample - AlSample X (Sl/ Al) PAAS’

where Sig, ., is the total contents of Si in the measured rock
samples.

4. Results

4.1. Major Element. The testing results of major elements are
shown in Table 1, in which all elements are represented by
their corresponding oxides. SiO,, AlL,O,, and CaO were
commonly considered to be the largest proportion in the
marine shale [50]. Among these, SiO, displays the greatest
contribution, ranging from 38.11wt% to 72.97 wt% (avg.
53.09wt%) in the samples of O;w in well Y101 and from
38.12wt% to 72.82wt%, 43.83wt% to 71.36wt%, and
52.28wt% to 63.89wt% in the samples of S;1; in well
W214, Y101, and N222, with the average of 54.42wt%,
59.29 wt%, and 58.67 wt%, respectively. Al,O;, the second
highest content of oxide, has the content varying from
9.46 wt% to 14.84wt% (avg. 13.05wt%) in the samples of
O,w in well Y101 and from 5.66wt% to 18.65wt%,
3.83wt% to 18.86 wt%, and 5.62wt% to 15.85wt% in the
samples of S,1; in well W214, Y101, and N222, with the aver-
age of 14.66wt%, 12.24 wt%, and 10.87 wt%, respectively.
CaO has the third highest major elemental concentration,
ranging from 1.18 wt% to 14.92wt% (avg. 7.99 wt%) in the
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samples of O;w in well Y101, and that of S;1; in well W214,
Y101, and N222 averages 5.32 wt%, 4.53 wt%, and 6.37 wt%,
variable from 0.38 wt% to 16.51 wt%, 1.89 wt% to 10.63 wt%,
and 2.12wt% to 14.18 wt%, respectively. In addition, the
contents of Fe,0,, MgO, and K,O in three wells have aver-
age values of 5.06 wt%, 2.58 wt%, and 3.18 wt%, respectively.
While the value of Na,O in three wells fluctuates up and
down at 1wt%, the remaining three major element oxides
contents (MnO, TiO,, and P,0;) are below 1 wt%. Overall,
the distribution of major element oxides in different samples
of the three wells is relatively consistent.

4.2. Trace and Rare Earth Elements. The results and analysis
of trace element concentrations of samples are shown in
Table 2, which contains significant paleoenvironmental
information that would be discussed later in this paper
[37]. The Ba element has the highest concentration of all,
ranging from 1293 ppm to 2202 ppm in well Y101, with an
average of 1894ppm in O,w, and from 726ppm to
1942 ppm in well W214, 967 ppm to 4964 ppm in well
Y101, and 804 ppm to 2242 ppm in well N222, with the aver-
age of 1345 ppm, 2667 ppm, and 1531 ppm in S,1;, respec-
tively, which is slight to moderately enriched relative to
PAAS, same as Th, V, and Ni in S,1;, Sc and Co are neither
enriched nor depleted compared with PAAS in S1;, and U
and Mo generally exhibit moderate to high enrichment com-
paring to PAAS in S,1;, while those of O,w all are neither
enriched nor depleted compared to PAAS in O;w. The
enrichment of these trace elements showed a similar trend
in S,1; within 3 wells (Figure 4).

The rare earth element (REE) concentrations and their
corresponding chondrite and Post Archean Australian
Shale (PAAS) compositions are shown in Table 3. The total
REE concentrations (Y REE) for O;w samples in well Y101
range from 163.61 ppm to 341.52 ppm with an average of
231.24ppm, for S;l; samples in well W214, Y101, and
N222 range from 111.57 ppm to 234.82 ppm, 67.83 ppm to
289.32 ppm, and 88.57 ppm to 201.14 ppm, with the average
of 173.15ppm, 168.13 ppm, and 146.08 ppm, respectively.
The ratios of light REEs (LREEs, La-Eu) to heavy REEs
(HREEs, Gd-Lu) () LREE/Y HREE) of O,w samples in well
Y101 are 6.55-10.36 (avg. 8.89), and those of S,1; samples in
three wells (W214, Y101, and N222) are 6.71-10.28
(avg.8.50), 6.86-9.61 (avg.8.58), and 7.49-9.66 (avg.8.18),
respectively, indicating that the amount of shale in well
Y101 is slightly higher than that of W214, followed by
N222. After being normalized against the Chondrite [51],
the REE distribution patterns of the shale samples all show
sloping LREE trends towards the right and flat HREE
trends with negative Eu abnormal (Figures 5(a), 5(c), 5(e),
and 5(g)). While the PAAS normalization of REE distribu-
tion pattern [52], all demonstrate a similar variation in
three wells with slightly Ce abnormal and obviously nega-
tive Eu abnormal (Figures 5(b), 5(d), 5(f) and 5(h)). The
similar distribution circumstance of chondrite-normalized
REE in three wells and PAAS-normalized of that indicates
the consistency of REE sources in marine shale samples
and the relatively stable supplying of terrigenous clastic
material [53, 54].

4.3. TOC. TOC is an important index for evaluating the OM
abundance, which can also indicate the OM preservation in
source rocks intuitively. Samples in O,w from well Y101 has
a TOC content ranging from 0.22 wt% to 3.27 wt% with the
average of 0.99 wt%; the submember 1 of S;1; from well
W214, Y101, and N222 has a TOC content ranging from
1.31wt% to 4.57 wt%, 1.64wt% to 5.28 wt%, and 3.50 wt%
to 6.45wt%, with the average of 2.57 wt%, 3.14 wt%, and
4.30 wt%, respectively, while that of samples in submember
2 of §I; from well W214 ranges from 0.19wt% to
0.57 wt% (avg.0.33 wt%) (Table 1). Vertically, TOC content
has a gradual rising trend from early to late O;w and is
higher during the early S,l; depositions and gradually
decreasing upwards throughout the late S;1; depositions.
Moreover, TOC content in late S,1, is much lower than that
of the early S,1,. The TOC contents of most samples in the
three wells are relatively high (more than 2 wt%), while the
values in the well N222 are the highest, followed by that of
Y101 and W214, orderly.

4.4. Correlation Coefficient. The correlation coefficient
results of geochemical parameters of O;w and S;1; of three
wells are shown in Figure 6. To reflect the possibility of an
event occurrence, the author calculated the p value accord-
ing to the significance test method using statistical theory.
Generally, it is considered that p(a)<0.05 is significant
and p(a) <0.01 is very significant, which means that the
probability of the difference between samples caused by
sampling error is less than 0.05 or 0.01. Ti has high positive
correlation coefficient with Al in O;w of well Y101 (0.97,
with p(a) <0.01, n=9) and in S;1; of well W214, Y101,
and N222 (0.78, 0.92, and 0.99, with all p(a) < 0.01, n =20,
38, and 7, respectively). It is commonly considered to be a
great representative of terrigenous materials, which indicates
that Ti was dominated by detrital inputs according to the
result. Though Si, . has a strong negative correlation with
Al, the p(«) only in well W214 less than 0.01, and greater
than 0.05 in the others, means no significance of them.
REE and LREE/HREE covary positively with each other in
O,w of well Y101 (0.77, with p(a) <0.01, n=9) and in S,],
of well W214, Y101, and N222 (0.63, 0.65, and 0.75, with
all p(a) <0.01, n=20, 38, and 7, respectively). Moreover,
EFy, EF,;,, U/Th, Ni/Co, and V/Sc exhibit an excellent pos-
itive correlation in O;w of well Y101 and in S;1; of well
W214, Y101, and N222, with all p(«) <0.01. Ba,,, has a
great positive correlation with CIA in S,;1; of well Y101 and
N222 (0.73 and 0.94, both p(a) < 0.01, n =38 and 7, respec-
tively) while having a negative correlation with that of W214
and in O;w of well Y101 (-0.37 and -0.7, with both p(«) <
0.01, n=20 and 9, respectively).

5. Discussion

5.1. Sedimentary Environment Analysis

5.1.1. Terrestrial Detrital Influx. Organic-rich shales are
normally considered high concentration of silicon, which
has three sources—biogenic, hydrothermal, and terrigenous
detrital sources [55, 56]. Al-Mn-Fe ternary diagram confirms
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FIGURE 4: Enrichment of trace elements compared with PAAS in (a) well W214 in S;1;, (b) well Y101 in S;1;, (c) well Y101 in O,w, and (d)

well N222 in S 1,.

no signal of hydrothermal influence during the deposition of
the three areas in O;w and S,1; (Figure 7). REE can also indi-
cate hydrothermal activities during sedimentation [57]. For
hydrothermal-influenced siliceous rocks, after normalized
by PAAS, LREEs show less concentration than HREEs, where
(La/Yb)n < 1 [57-59]. From our samples in O;w and S1; of
well W214, Y101, and N222 (Table 4), there are no spikes
in LREE or HREE concentration, while (La/Yb)#n is almost
larger than 1 (O,w: 0.84-1.43, avg. 1.20; S,1;: 0.90-1.50, avg.
1.29; 0.81-1.62, avg. 1.18; and 0.93-1.58, avg. 1.24, respec-
tively), providing the evidence of no hydrothermal influence
during the O,w and S,1; deposition of three areas.

Al and Ti, the very stable chemical properties with nearly
no affected on weathering and diagenesis, are always consid-
ered as indicators of terrestrial detrital influx [49]. The
strong positive correlation between Al and Ti (p(«) < 0.01)
(Figure 6) indicates that both have great feasibility for terres-
trial detrital influx index. The strength of terrigenous input
is mainly controlled by the change of relative sea level. Its
sedimentary center will retrograde to the continental margin
during transgression and prograde to the inner edge of the
basin during regression [34]. And terrigenous detrital influx
will decrease, when sea level rises. Fluctuations of the two
parameters (Al and Ti) indicate sea-level changes indirectly
[57]. The relatively high values of Al and Ti in O;w of well
Y101 indicate a certain degree of terrigenous debris during
this period. The increasing concentrations of Al and Ti from
sublayer 1 to 4 suggest a reflection of incremental detrital
influx contemporaneous during this sedimentation stage.
And the value of W214 is higher than that of Y101 and
N222, indicating that Weiyuan was more affected by terrig-
enous debris than that of Luzhou and Changning. Mean-
while, REE has a strong positive correlation with Ti and Al
in S,1; of three wells (0.81 and 0.58 in W214, 0.75 and 0.82
in Y101, and 0.99 and 0.99 in N222, respectively), suggesting
that REE was sourced principally from the lithogenous frac-
tion, while REE has no correlation with Ti and Al in O;w of
well Y101. Furthermore, the negative correlation between
TOC and these indexes indicates that it is affected by terrig-
enous debris to a certain extent.

As REEs are normally stable and less soluble in seawater,
their concentrations, coupled with the Y/Ho ratio, can be
used to indicate terrigenous detrital input [61, 62]. If the
Y REE in sedimentary rocks is far less than that of the PAAS
(184.8 ppm), and the Y/Ho ratio is higher than that of the

PAAS (27) and close to that of modern seawater (44), it is
likely to have very less terrigenous detrital input [61-63].
In our analysis shown in Table 4, ) REE and Y/Ho of our sam-
ples in O;w of well Y101 are 163.6-341.5 ppm (avg.231.2 ppm)
and 26.2-34.2 (avg.28.5) and in S,1; of well W214, Y101H2-7,
and N222 are 111.6-234.8 ppm (avg.173.2 ppm) and 26.8-35.6
(avg.30.3), 67.8-289.3ppm (avg.168.1ppm) and 25.2-36.9
(avg.29.4), and 88.6-201.1 ppm (avg.146.1 ppm) and 28.6-
35.0 (avg.31.4), respectively. The values all close to those of
the PAAS, which confirms the terrigenous detrital input exit
in siliceous components but contribute a little.

Furthermore, the correlation coefficient between Si ..
and TOC in O;w of well Y101 is 0.88 and in S,1; of well
W214, Y101, and N222 is 0.58, 0.66, and -0.18, respectively,
of which only the well Y101 in S,l; is very significant
(p(a) <0.01), indicating that the enrichment of biosilica
was not mainly controlled by bioproductivity, like plank-
tons in well W214 and N222, while conversely in that of
well Y101.

5.1.2. Paleoclimate. CIA, the proxy of paleoclimate, can be
used to distinguish the tropical climate (85-100), mild and
humid climate (65-85), and cold and dry climate (50-65)
[64-66], while the ratio of Sr/Cu can also be used for indicat-
ing paleoclimate: warm humid climate (1.3-5.0) and dry hot
climate (>5.0) [60, 67]. As shown in Table 1 and Figures 8-
10, the CIA varies from 69.3 to 71.4 (avg.70.0) in O,w of well
Y101 and from 67.8 to 73.0 (avg. 70.0), 64.8 to 72.0 (avg.
68.2), and 62.6 to 69.0 (avg. 65.8), respectively, in S,1; of well
W214, Y101, and N222, while the Sr/Cu ratio of those ranges
from 0.83 to 8.42 (avg. 3.47) in O;w of well Y101 and from
1.4 to 6.4 (avg. 3.2), 1.6 to 10.3 (avg. 3.5), and 0.8 to 7.5 (avg.
3.6) in S;l; of well W214, Y101, and N222, respectively
(Table 4). Vertically, it was an overall warm and humid
paleoclimate during the depositional period in O;w and
S,1; of the three areas, which aligns well with the previous
study (Figures 8-10) [57, 68, 69]. However, a temporarily
slightly tropical climate happened in Luzhou and Changning
areas during the sublayer 2 period after a comprehensive
analysis of the two parameters (CIA and Sr/Cu); however,
there is no significant reduction of the TOC value
(Figures 9 and 10). The temporary dry and hot climate
may be due to the greenhouse gas CO, brought by volcanic
activity [68], which can raise the temperature for a period of
time.
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F1cuRre 5: REE concentrations normalized by chondrite of the (a) well W214 in S 1, (c) well Y101 in S,1,, (e) well Y101 in O,w, and (g) well
N222 in S,1;; REE concentrations normalized by PAAS of the (b) well W214 in S 1, (d) well Y101 in S,1;, (f) well Y101 in O;w, and (h) well
N222 in S,1;. The chondrite data is cited from the literature [51], and the PAAS data is cited from the literature [52].

No good correlation between the TOC amount and the
CIA values as well as the Sr/Cu ratios can be observed sug-
gesting the paleoclimate is not the controlling factor for
organic matter enrichment of the three areas.

5.1.3. Paleoredox Conditions. Mo, U, V, Ni, and Co are
redox-sensitive elements, and their solubilities and existing
status are strongly affected by the redox environment of

the water mass [36, 39, 70, 71]. Generally, elements either
get oxidized into high-valent ions and dissolve in water, or
get reduced into low-valent ions and dissolve in an anaero-
bic environment [71, 72]. However, only elements in marine
and biogenic sediments can be used for redox analysis
[73-76]. Based on previous analysis, there is limited hydro-
thermal and terrigenous detrital impact for this provenance.
Moreover, the ratios of U/Th, Ni/Co, and V/Sr are used for
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F1GURE 6: Correlation coefficient of geochemical parameters in (a) S;1; of well W214 and N222 and (b) S,1; and O;w of well Y101. The red
circle indicates a positive correlation, while the blue circle indicates a negative correlation. The darker the color and the larger the circle, the

stronger the correlation.

redox analysis as well. There is some debate over the impact
of diagenesis on these indicators, but the overall reliability of
these ratios is widely accepted. The ratios of U/Th above
1.25 and Ni/Co above 7 indicate the anoxic or euxinic envi-
ronment with the concentration of O, in bottom water being
less than 0.2 mlO,/IH,0O, and the ratios of U/Th between
0.75 and 1.25, Ni/Co between 5 and 7, and V/Sr above 9.1
indicate the suboxic environment with that of the bottom
water ranging from 0.2mlO,/IH,0O to 2mlO,/IH,0, and the
rest of them indicate the oxic environment with that of the
bottom water being over than 2mlO,/IH,0 [77, 78].

The U/Th, Ni/Co, and V/Sr ratios in well W214 located
in Weiyuan area of submember 2 are 0.18-0.22, 2.35-2.81,
and 6.26-8.53, with the averages of 0.19, 2.58, and 7.23,
respectively; that of sublayer 4 is 0.42-0.98, 3.14-6.47, and
4.78-25.09, with the averages of 0.63, 4.70, and 14.50,
respectively; that of sublayer 2 are 0.48-1.04, 3.96-4.95,
and 8.05-24.73, with the averages of 0.76, 4.46, and 16.39,
respectively; that of sublayer 3 is 0.50, 6.13, and 22.71,
respectively; and that of sublayer 1 are 0.35-2.50, 3.87-
7.28, and 7.21-29.54, with the averages of 1.42, 5.58, and
18.37, respectively.

The U/Th, Ni/Co, and V/Sr ratios in well Y101 located in
Luzhou area of sublayer 4 are 0.26-1.05, 3.26-6.95, and
6.63-15.04, with the averages of 0.59, 4.97, and 10.20,
respectively; that of sublayer 3 are 0.74-2.05, 3.70-11.72,
and 10.23-31.67, with the averages of 1.35, 7.77, and 17.95,
respectively; that of sublayer 2 are 1.01-3.46, 7.48-17.02,
and 16.87-39.13, with the averages of 2.13, 13.60, and

28.53, respectively; that of sublayer 1 are 6.01, 15.88, and
35.48, respectively; and that of O;w are 0.14-0.61, 2.50-
11.23, and 6.53-15.57, with the average of 0.23, 4.26, and
8.80, respectively.

The U/Th, Ni/Co, and V/Sr ratios in well N222 located
in Changning area of sublayer 4 are 0.55-0.59, 3.18-4.05,
and 8.13-10.12, with the averages of 0.57, 3.61, and 9.13,
respectively; that of sublayer 3 are 0.62-1.35, 3.83-10.49,
and 15.97-17.68, with the averages of 0.98, 7.16, and 16.82,
respectively; that of sublayer 2 are 1.59-1.88, 11.70-11.95,
and 18.53-26.14, with the averages of 1.73, 11.82, and
22.33, respectively; and that of sublayer 1 are 0.90, 10.71,
and 36.40, respectively.

The above redox indicators and vertical changes indicate
oxic bottom water column first then suboxic bottom water
column as time goes during the O,w depositional period;
an anoxic-euxinic bottom water column in sublayer 1, 2,
and early sublayer 3 depositional period; a suboxic bottom
water column in late sublayer 3 depositional period; and
an oxic-suboxic bottom water column in sublayer 4 deposi-
tional period in Luzhou and Changning areas, while the oxy-
gen content of bottom water column seems different slightly
in Weiyuan area. The bottom water column changed from
anoxic and euxinic to oxic environment during the deposi-
tion of sublayer 1, and this oxic environment was sustained
in the deposition of sublayer 2 and early sublayer 3, then it
became a suboxic-oxic environment until later sublayer 3
depositional period, and finally, it became an oxic environ-
ment in the middle and late deposition of sublayer 4 and
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FIGURE 7: Al-Mn-Fe ternary diagram after by literature [60].
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formation; W214-1, 2, 3, and 4 stand for the sublayer 1, 2, 3, and
4, respectively, the same with the Y101-1, 2, 3, and 4 and N222-1,
2, 3, and 4; Y101-W stands for the samples of Wufeng formation.

continued as time goes. Generally speaking, Weiyuan area
was in an anoxic environment until the late sublayer 1
depositional period; it became and continued an oxic
environment.

However, when predecessors interpreted the deposition
of O,w in Sichuan Basin, they interpreted it as that the sed-
imentary environment of O,w was anoxic first and then oxic
as global regression [57]. The difference of this study and
previous is due to the differential uplift of the Upper Yangtze
Plate caused by Guangxi movement. The paleogeomorphol-
ogy of each region has certain differences. The low sea level
of early O,w [24] caused a different response of depositional
environment to each area. The southern Sichuan Basin sed-
imentary area shows oxic characteristics in early O;w. And
at the end of the glacial period, large-scale transgression
makes it difficult for the microvolt structure to become the
main factor affecting the sedimentary environment. The dif-
ference between Weiyuan and Luzhou-Changning areas in
sublayers 2, 3, and 4 seems to have a relatively plausible
explanation, which is well W214 was located along the
southern margin of the Chuanzhong Uplift, with the contin-
uously uplifting of southern basin due to the northern exten-
sion of Qianzhong Uplift, was beginning with an anoxic
environment, and then became an oxic environment due
to the gradually shallower water in Weiyuan area [79].

5.1.4. Paleoproductivity. The warm and humid paleoclimate
during O;w and S;l; period promoted the growth and

19

reproduction of marine organism. This served as a foun-
dation for OM enrichment as a warmer, and more nutri-
tious environment indicates more organism activities and
higher paleoproductivity. As paleoproductivity is not eas-
ily measurable, the Ba and P are used as indicators of
paleoproductivity [80-83].

Among all four Ba sources in sedimentary rocks (bio-
genic, terrigenous detrital, hydrothermal, and generated by
benthonic life), only biogenic Ba (Bay; ) can be used for pri-
mary paleoproductivity. Some exceptions may be made
when in anaerobic environment; the BaSO, that is easily
generated from sulfate reduction reactions can affect Ba con-
centration measurements, thus underestimating paleopro-
ductivity [80, 81]. The results show that the productivity in
O,w of Y101 is (Bay,,: 967-1695 ppm, avg. 1445 ppm) and
in S;1; of Y101 (Bay,: 835 - 4315 ppm, avg. 2245 ppm) over-
all experienced high paleoproductivity than that of N222
(Bay,,: 611-1697 ppm, avg. 1157 ppm), followed by W214
(Bay,,: 531-1326 ppm, avg. 840 ppm) (Table 4). The value
of Ba,,, remains at a high level in sublayer 2 and 3, while
it is slightly lower and changes relatively gently in other sub-
layers in Weiyuan area (Figure 8). And that of Luzhou area
is increasing as time goes during the O;w and S,1;, while
in Changning area, it decreases firstly and then increases
from sublayer 1 to sublayer 4 (Figures 9 and 10). The Ba,;,
content of high productivity water near the equator of the
modern Pacific Ocean is generally more than 1000 ppm
[84], and that of ancient organic-rich sediments is generally
more than 500 ppm [85]. Previous studies have found that
the Ba,;, content of shale in Wufeng and Longmaxi forma-
tions in South China is generally higher than 500 ppm
[31], indicating the high productivity of surface water during
marine sedimentation.

P takes participation in biological metabolism, as well as
in organism skeletons, therefore can be buried and preserved
after organism dies [82, 83]. In P evaluations, the P/Al ratio
is introduced to counteract detrital influence and achieve an
accurate productivity analysis. The results show completely
different from those of Ba,,,, where the value of P/Al in
O,w of Y101 is from 35 x 107* to 98 x 10™* (avg. 52 x 107%)
and in S;1; of N222 is the highest among them (range from
63 x107* to 139 x 107%, avg. 87 x 107*), followed by that of
W214 (range from 45 x 107* to 189 x 1074, avg. 78 x 107%),
then by Y101 (range from 43 x 10~ to 131 x 107%, avg. 74
x 107) (Table 4). However, unlike the evaluations from
Ba,,., the ratio of P/Al in S,1; presents an appearance of first
decreasing during the sublayer 1 and 2 deposition, then
increasing, and then decreasing as time goes during the
deposition of sublayer 3 and 4 in Weiyuan area, and that
of Luzhou area demonstrates stronger productivity in early
S,1; (sublayer 1, 2, and 3) than later on, followed by O,w,
while that of Changning area shows a tendency of increasing
first and then increasing from sublayer 1 to 4 (Figures 8, 9,
and 10).

The difference of trend of indicator between Bay;, and P/
Al is likely due to BaSO, generation in an anaerobic environ-
ment, meaning that the trend of P/Al seems more reason-
able. That is, the paleoproductivity was rapidly increasing
until late O,w and was higher in sublayer 1 and early
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Ficure 8: TOC, redox index (U/Th, Ni/Co, and V/Sr), paleoproductivity (Bay;, and P/Al), and paleoclimate (CIA and Sr/Cu) vertical

diagram in S;1; of well W214.

sublayer 4 depositional period, compared with the others in
Weiyuan area, while the paleoproductivity decreased gently
as time goes in Luzhou area and Changning area. Luzhou
area had the highest paleoproductivity during the S,1; depo-
sitional period in the mass, followed by Weiyuan area, and
then Changning area. This analysis aligns well with the
TOC trends of these area, but not exactly well in Changning,
suggesting paleoproductivity is only one of the controlling
factors for OM enrichment in S1;.

5.2. The Degree of Restriction in Bottom Water Column

5.2.1. Upwelling. In previous studies of five global stagnant
water column and four upwelling oceanic zones, the element
Co and Mn were found to show similar distribution pat-
terns, and their similarity suggests that their enrichment
and consumption in sediments receive similar process con-
trols. Al, being an element for tracing terrestrial detrital
sources, can be coupled with Co, Mn, EF_, and EF,;, to
eliminate the contribution from terrestrial detrital minerals

and is used to discriminate between stagnant and open-
upwelling environments [86]. We collected the data from
Black Sea and Cariaco Basin, which represent a strong and
an inferior stagnant environment, respectively. The data of
the Black Sea fall in a stagnant area, while that of Cariaco
Basin fall in the upwelling current area; its positive correla-
tion between Al and CoxMn indicate the value of Co and
Mo being influenced by terrigenous detrital minerals influx
and seasonal upwelling. In addition, the weak stagnant envi-
ronment meaning a certain connectivity with the open sea
fits well with the actual geographical environment of Cariaco
Basin [87].

From the Al-CoxMn diagram, the shale samples of S,1,
deposited in Luzhou and Changning areas are located near
the upwelling current boundary and the shale samples of
S;1; in Weiyuan area and that of O,w fall in the stagnant
region. The positive correlation between CoxMn and Al of
O,w in well Y101 and of S,1; in well W214 shows that its
value is affected by terrigenous debris (Figure 11(a)), which
aligns well with the previous study. In order to eliminate
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diagram in O,;w and S,1; of well Y101.

the contribution and dilution of terrigenous debris, enrich-
ment factor has been used for calculation; it is found that
the samples of O;w in Luzhou area are similar to those in
Black Sea, basically plot in the stagnant area and of S,1; in
the three areas are similar to those in Cariaco Basin
(Figure 11(b)), basic plot in the weak or unrestricted area.
The sample plot in the grey region between 0.5 and 2
does not accurately distinguish the water environment
(Figure 11(b)), which speculated that these samples may
be affected by unstable seasonal upwelling currents. It is also

found that at the turn of Ordovician and Silurian, the region
close to the Qinling paleoocean and located in the passive
continental margin of low latitude was the active area of
upwelling currents [88].

5.2.2. Mo/TOC Cross Plot. Confined paleobasins are often
subject to differences in trace element enrichment due to
the impeded circulation of bottom water. The correlation
between Mo and TOC has been proposed to determine the
degree of water restriction in the basin [92, 93]. Mo, as a
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redox-sensitive element, is generally enriched under anoxic
reduction conditions and susceptible to OM in the sediment.
There is also a coupling correlation between Mo/TOC and
Mo concentration in the seawater. In a well-circulated envi-

ronment, seawater has sufficient Mo elements, and the cor-
responding Mo/TOC values into the sediments are high;
while in a confined environment, the recharge of Mo ele-
ments is slow or even suspended, resulting in the reduction
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of Mo concentration in the bottom water. In the anoxic
reduction conditions, the rate of Mo elements enrichment
by sediment uptake is greater than the recharge rate. With
the low Mo concentration in the bottom water, the sedi-
ments in this environment can be “starved” for Mo due to
insufficient supply and thus demonstrate a low value for
Mo/TOC [36].

The values of Mo/TOC range from 3.66 to 5.39 (avg.
4.38) in submember 2 shale of W214; from 2.65 to 9.94,
4.93 to 10.17, and 6.29 to 6.64 (avg. 5.32, 7.51, and 6.46) in
sublayer 4 shale of W214, Y101, and N222, respectively;
from 10.78 to 20.63, 5.81 to 14.53, and 6.29 to 10.73 (avg.
15.71, 9.43, and 8.51) in sublayer 3 shale of W214, Y101,
and N222, respectively; 10.67, from 10.08 to 25.44 (avg.
16.36), and 11.09 to 12.20 (avg. 11.64) in sublayer 2 shale
of W214, Y101, and N222, respectively; from 8.86 to 10.67
(avg. 9.77), 15.86, and 2.68 in sublayer 1 shale of W214,
Y101, and N222, respectively; and from 0.93 to 6.53 (avg.
2.80) in O,w shales of Y101 (Table 4).

From the Mo-TOC patterns (Figure 12), it can be con-
cluded that the O,w shale in Luzhou area was deposited in
a more restricted water column. This phenomenon is similar
to the modern Black Sea environment, indicating that the
submarine uplift in the Late Ordovician Yangtze platform
restricted water flow, resulting in strongly stagnant water
mass in O;w [89, 90]. Among the samples in S1; of Y101
and N222, except for the 4 samples may have a high ratio
of Mo enrichment due to the reduction environment, and
1 sample of N222 may have a low ratio due to high TOC,
the other samples of sublayer 1, 2, and 3 plot in the moder-
ately restricted region, which is similar to the stratified
anoxic basin of Norway Framvaren Bay [36]. The water col-
umn became shallower and more restricted during the
sublayer 4 deposition period. The Chuanzhong Uplift devel-
oped in the west of Weiyuan area and the Neijiang-Zigong

Uplift developed in the east sandwich Weiyuan area [94],
making the ratio of Mo/TOC of some samples is relatively
low and belongs to medium-strong restriction environment.
And the water column limitation degree of these has a good
agreement with that of previous studies [69].

5.2.3. EFEF,,, Covariation Pattern. Three covariation pat-
terns of EF, and EF,,, representing different degrees of
restriction were built upon present-day sea to evaluate
paleoredox of marine environments due to the relatively
low abundance of Mo and U in the continental crust with
the low impact of terrigenous debris on Mo and U in the
ocean [92]. One is unrestricted marine environment. In this
model, the enrichment of U in sediments takes precedence
over that of Mo, making the ratio of Mo/U in sediments rel-
atively low (only 0.1-0.3 times than that of modern seawa-
ter), representing a relatively suboxic and weak restricted
environment. With the decreased oxygen concentration of
seawater, the enrichment of Mo accelerates, and the ratio
of Mo/U ratio increases significantly, reaching 1-3 times
than that of normal open seawater, such as the unrestricted
sedimentary environment in the East Pacific Ocean. The sec-
ond one is weak restricted marine environment. In this
model, Mo is easily absorbed by metal hydroxide particles
which enter the sediments together as carriers, resulting in
a high value of Mo, making the ratio of Mo/U be as high
as 3-10 times than that of normal seawater, such as Cariaco
Basin sedimentary environment. The last one is a strongly
restricted environment. Due to the enhanced restriction of
the water column, the circulation and intersection of seawa-
ter are blocked. When Mo and U are absorbed by the sedi-
ment, there is no resupply of Mo and U from the open sea,
while the absorption and consumption rate of Mo in the
anoxic-euxinic environment is greater than U, resulting in
a significant decrease in the ratio of Mo/U in the sediment
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metals occurs within the water column [95].

(usually lower than 1 time of normal seawater), such as
modern Black Sea sedimentary environment [92, 95].

In this study, well-defined EF;-EF,,, covariation charac-
teristics are obtained for the shales of different strata. Sam-
ples of O;w in well Y101 and of submember 2 in well
W214 plot in the region between 0.3 x SW and 1 x SW, indi-
cating a restricted marine environment (Figure 13). Most
samples in sublayer 1, 2, 3, and 4 plot in the region between
1 x SW and 3 x SW, indicating an unrestricted marine envi-
ronment (Figure 13). The EF ranges from 0.98 to 42.42
(avg. 6.64), and the EF,,, ranges from 1.00 to 289.29 (avg.
48.62) (Table 2), showing different degrees of enrichment.
The EF,,, of sublayer 1, 2, and early 3 shale is higher than

that of the late sublayer 3, sublayer 4, and O,w shales in well
Y101 in general. Its values are 1.25-5.29 (avg. 2.53), 186.37,
126.42-289.29 (avg. 188.05), 31.71-139.02 (avg. 87.13), and
13.55-47.76 (avg. 25.24) in O;w and sublayer 1, 2, 3, and 4,
respectively, indicating that the bottom water in Luzhou area
in O;w was oxic and sunoxic environment, and during S,1,
began with a relatively euxinic-anoxic environment, and
then gradually reverted to a suboxic-oxic environment. In
contrast to the above-mentioned well Y101, similar EF;-
EF,,, covariation characteristics are observed in the shale
from well N222, while the value of EF; and EF,,, in sublayer
1 (with only one sample) is lower than that of other sub-
layers. The similar trend with well Y101, meaning the
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gradually increasing oxygen concentration from sublayer 1
to sublayer 4 in Changning area. While the EF-EFy
covariation characteristics seem a little different in well
W214 compared with the above two. The value of EF,,  is
18.91-143.31 (avg. 81.11), 30.44, 21.14-84.13 (avg. 52.64),
7.29-41.53 (avg. 19.43), and 1.00-2.23 (avg. 1.44) in sublayer
1, 2, 3, and 4 and submember 2, respectively, indicating a
euxinic-anoxic environment at the beginning and then
rapidly reverting a suboxic-oxic environment with inter-
mittently anoxic-suboxic environment as time goes in
Weiyuan area. This can be interpreted that well W214
was located in deep water with an anoxic environment
along the southern margin of the Chuanzhong Uplift dur-
ing the early S,1; and then continuously uplifted southern
basin due to the northern extension of Qianzhong Uplift,
resulting in the gradually shallower water in Weiyuan area
[79]. Along with the unstable seasonal upwelling current
[96], the bottom water shows an intermittently anoxic-
suboxic characteristic.

5.3. The Influence of Relative Sea Level to OM Enrichment
and Its Model. The above discussions show that well Y101
located in Luzhou area was in relatively strong restricted
depositional environment during Wufeng formation in
Upper Ordovician, and the two wells (Y101 and N222)
located in Luzhou and Changning areas were in relatively
open and weakly restricted depositional environment and
affected by seasonal and intermittent ocean currents during
Longmaxi formation in Lower Silurian, which proves that
the sedimentary environment of O,w was controlled by the
restriction of water column, while that of S,1, was controlled
by the depth of water column, that is, the change of relative
sea level. The well W214 located in Weiyuan area, developed
in the slope zone between the Chuanzhong Uplift and
Neijiang-Zigong Submarine Uplift, was in a relatively
restricted environment, but not as restricted as the O,w.
Wang et al. [43] and Zhao et al. [42] used graptolite to
determine the changes of relative sea level and determined
the sedimentary cycle change according to argillaceous and
silty particles. It is clear that Wufeng formation (WF 2-3)
in the southern Sichuan Basin has a character with increas-
ing water column and then rapidly decreased until Hirnan-
tian glacier epoch and then rapidly increased after
Hirnantian glacier epoch. So the sublayer 1 (LM 1) was a
progradational reverse cycle with a slow decreasing water
column, and the depth of sublayer 1 reached the maximum.
Sublayer 2 (LM 2-3) was the marker layer of the whole
region, and Changning and Luzhou areas were retrograde
positive cycles with the slow increasing water column,
Weiyuan area was a progradational reverse cycle with the
high system tract water column rising rapidly first then slow
decreasing. Sublayer 3 (LM 4) was the lime mud shed depo-
sition with the water column slowly receding, and sublayer 4
(LM 5) was the reverse cycle with the water column slowly
receding. The characteristics of shale thickness, OM content,
and mineral composition of Longmaxi formation in south-
ern Sichuan Basin have obvious regional changes, showing
strong heterogeneity. The foremost reason is that different
paleogeomorphic leads to sediment source, original sedi-

Lithosphere

mentary environment, rise and fall of sea level, and tectonic
evolution [88, 94, 96].

During the Late Ordovician to Early Silurian, due to
the northward extension of the Qainzhong Uplift, the
southern basin continued to rise and the water column
became shallow. After the Hirnantian glaciation, the Long-
maxi formation inherited the previous paleogeographic
pattern.

During the deposition of early to middle O,w, with the
influence of Katian interglacial period, the global climate
went through warm and humid, and the global sea level
reached a high level due to the dissolution of glaciers. Due
to the compression of the Upper Yangtze Craton basin by
Guangxi movement and the structural pattern of sedimen-
tary differentiation in Sichuan Basin, basement subsidence
occurred in southern Sichuan Basin. However, the study
area was not in the semi-deep-water suboxic environment
like other areas during this period; the sea water was shallow
and in a strong oxic environment with weak hydrodynamics,
strong restriction, and high deposition rate. The structural
differentiation leads to a sedimentary difference of the stag-
nant sea. The climate was warm and humid, which is suit-
able for a large number of plankton breeding, giving this
period high primary productivity. However, the OM content
of the shale deposited is extremely low, indicating that the
high paleoproductivity is only the basis of OM enrichment,
and its anoxic degree with high deposition rate is the key fac-
tor for its preservation. Due to the detrital input the OM was
diluted in the sediments, and the water column was shallow
in this area, the OM cannot be effectively preserved due to
the oxidizing environment, which results in extremely low
TOC content in early O;w. Until the deposition of late
O,w, the relative sea-level began rising caused by global
sea-level change. Coupled with the rising sea level and the
restricted stagnant environment, the expansion of anoxic
zone led to the gradual transition from a strongly oxic envi-
ronment to a suboxic environment. Previously, it is discov-
ered that the global upwelling led to the flow of nutrient-
rich and CO,-rich oceanic currents from high latitudes to
low latitudes along the deep continental slope during the
Late Paleozoic [97]. This upwelling brought nutrients from
the deep ocean to the continental shelf and slope to promote
primary productivity. In contrast, during late O;w in this
region, with a warm and humid climate, the plankton prolif-
erated, making the primary productivity higher. Given the
presence of some seasonal upwelling, the primary productiv-
ity was slightly higher than that of the early O,w. The devel-
opment of organic-rich shale during this period is due to the
reduced terrestrial detrital input, the high paleoproductivity,
and the restricted stagnant suboxic depositional environ-
ment (Figure 14(a)).

During the deposition of sublayer 1, large-scale trans-
gression occurred around the world due to the end of the
Hirnantian glaciation. And the transgression direction
mainly came from the east in the Sichuan Basin [96]. The
relative sea level reached the highest and decreased slightly
during sublayer 1. Since Luzhou and Changning areas were
located in deep-water sedimentary areas, the slow reduction
of sea level has no impact, contributing to an anoxic-euxinic
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FIGURE 14: Enrichment of OM pattern in the southern Sichuan Basin during the O;w and S,1;, Southeast China.

environment, while Weiyuan area is located in the middle
depression of Chuanzhong Uplift and Neijiang-Zigong
Uplift, making well W214 located in a slope area deposited
in an anoxic environment in the early stage due to the rela-
tive high sea level. And the water column became shallower
in the later stage, resulting in a suboxic environment, rela-
tively more uplift exposure, more input of terrigenous debris
from the Chuanzhong uplift than in the early stage, dilution
of OM to a certain extent, and poor preservation of TOC.

The end of the glaciation makes extremely rich nutrients,
and transera organisms began to multiply, resulting in the
gradual flourish of organisms. Therefore, the paleoproduc-
tivity was at a high level. Just after the glaciation, the temper-
ature of the surface seawater increased rapidly in a warm
and humid environment, while the bottom seawater was still
at a relatively low temperature, making the seawater stratifi-
cation obvious and more conducive to the preservation of
OM in this environment (Figure 14(b)).
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During the deposition of sublayer 2, the relative sea level
rose first and then fell, but also at a high relative sea level.
Primary producers became the most prosperous after a cer-
tain period of reproduction, and then, consumers began to
appear. Therefore, an anoxic environment in deep-water
depositional region was maintained followed by sublayer 1
of Luzhou and Changning areas, which paleoproductivity
was relatively higher. However, Changning and Luzhou
areas were in an unabiding hot and dry environment during
the early sublayer 2, in which paleoproductivity level first
became lower. This environment has a certain negative
impact on the preservation of OM, resulting the TOC of
the sublayer 2 being still lower than that of sublayer 1. Due
to the special geographical pattern of Weiyuan area, the
changes of relative sea level briefly affected the location of
W214, making it in a suboxic-oxic environment and contin-
uously receiving the dilution of terrigenous debris. Although
it is in a warm environment, the OM is still not effectively
preserved (Figure 14(c)).

During the deposition of sublayer 3, the water column
declined slowly on the whole region, which response well
to the redox indicators. It was changed from an anoxic to a
suboxic environment in Luzhou and Changning areas. The
prosperity of various organisms (including the increase of
consumers) also led to a slight decline of paleoproductivity
but remained at a relatively stable level, making the OM
affected from enrichment to lower enrichment under the
environment influence. Southern Sichuan Basin was affected
by Guangxi movement and received compression from the
southeast direction during the whole Longmaxi formation,
which may make the basement subsidence rate in Weiyuan
area greater than that of sea-level decline, resulting in the
depth of sea column showing a trend of gradually deepens,
that is, from oxic to suboxic environment. And the content
of TOC changes from low to high in sublayer 3 in Weiyuan
area (Figure 14(d)).

During deposition of sublayer 4, the structure rose
slowly causing a certain extent sea-level fluctuation, and
towards the northwest, the regression happened, making
the sedimentary center move towards central and northern
Sichuan Basin, and the water column of southern Sichuan
Basin was relatively shallow [42]. Weiyuan, Luzhou, and
Changning areas were in an oxic-suboxic environment dur-
ing this period. The sedimentary environment of sublayer 3
continued in Weiyuan area, causing the water column to be
deep in the suboxic environment in the early sublayer 4 and
well W214 showing the characteristics of strong restriction.
However, its restriction did not bring a continuous anoxic
environment like that of Wufeng formation, and it was still
in an oxic environment, receiving the dilution of terrigenous
debris from the Chuanzhong Uplift, while Luzhou and
Changning area were in an open environment, receiving
the dilution of terrigenous debris from the Qianzhong Uplift
[98, 99]. There was a brief increase in paleoproductivity in
the early sublayer 4 deposition in Weiyuan area. However,
these three areas were in an oxic-suboxic environment,
which has a greater impact on OM enrichment, so that
OM cannot be effectively preserved. TOC in Luzhou and
Changning areas was relatively stable and at a relatively
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low value. The transitory suboxic environment and high
paleoproductivity in Weiyuan area show the trend of TOC
first high and then low (Figure 14(e)).

During deposition of submember 2, the global regression
happened [21], causing the rapid reduction of sea level and
the extremely oxic environment, and the high input of ter-
rigenous debris made the OM content unable to be enriched
in the shale (Figure 14(f)).

6. Conclusion

Based on the characteristics of geochemical parameters of
black shale in the southern Sichuan Basin, we analyze the
paleoenvironmental changes and enrichment of OM of 3
wells in early S,1,. The conclusions are as follows:

(1) The TOC content is lower and gradually increases
upwards throughout O;w (0.22-3.27 wt% in Luzhou
area) and reaches the highest in sublayer 1 (2.02-
4.02wt%, 4.78 wt%, and 6.45wt% in Weiyuan, Luz-
hou, and Changning areas, respectively), followed
by sublayer 2 (2.39wt%, 3.69-4.18 wt%, and 3.5-
3.86 wt% in Weiyuan, Luzhou, and Changning areas,
respectively) and sublayer 3 (1.92-3.33 wt%, 3.82-
5.28 wt%, and 3.77-4.13wt% in Weiyuan, Luzhou,
and Changning areas, respectively), and relatively
low in sublayer 4 (1.31-4.57 wt%, 1.64-3.52wt%, and
3.88-4.49 wt% in Weiyuan, Luzhou, and Changning
areas, respectively). There is no enrichment of OM
in submember 2 of Longmaxi formation (TOC=
0.19 - 0.57 wt% in the Weiyuan area).

(2) The paleoenvironment changed from oxic to suboxic
during O;w in Luzhou area, and that of Weiyuan,
Luzhou, and Changning is a process of gradual tran-
sition from anoxic to oxic during the S,1;, while the
paleoproductivity reached the highest in sublayer 2.
However, a slightly hot and dry climate happened
in the early sublayer 2 period. Weiyuan area was
continuously diluted by terrigenous debris during
S;1;, and the influence of it was the greatest in the
sublayer 4 depositional period, while Luzhou area
was also continuously diluted by terrigenous debris
during O,w, but the influence was much stronger
than that of S;1; in the Weiyuan area

(3) Luzhou area was in a restricted water column in
O,w, and during the depositional period of S,1;,
Weiyuan, Luzhou, and Changning areas were
affected by the seasonal upwelling, and the water col-
umn was relatively open during sublayer 1, 2, and 3.
Due to the shallow water column in sublayer 4,
Weiyuan area was in a restricted environment, while
the water column was still open in other areas

(4) Under the influence of tectonic differentiation, the
enrichment of OM in O,w was controlled by the
paleotectonic pattern, the suboxic environment
caused by a restriction of the water column and
middle-high paleoproductivity, while that of S,1;

Downloaded from http://pubs.geoscienceworld.org/gsallithosphere/article-pdf/doi/10.2113/2022/6809092/56 1394 1/6809092.pdf
bv Institute of Theoretical Phvsics CAS user



Lithosphere

benefits from the extensive anoxic environment
caused by deep water (i.e., redox conditions) and
high paleoproductivity, and other conditions have
little effect on the enrichment of it. Changes in global
sea level (redox environment), tectonic patterns,
and paleoproductivity control the development of
organic-rich shales conjointly

Based on predecessors and combined with the actual
production materials, this study makes a more refined strat-
ification of the shale at the turn of Ordovician-Silurian and
makes a comparative analysis of the OM enrichment from
the perspective of major and trace elements. Further
research can use test and analysis methods such as metal iso-
topes. In addition, controlled by the drilling cost, the core
samples and test analysis taken in this paper do not involve
the formation of the first member of Longmaxi formation.
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