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a b s t r a c t

To improve the understanding of the relationship between silica source and organic matter accumula-
tion, the origin of silica and its implications for organic matter enrichment in the Upper Ordovician-
Lower Silurian (O3w-S1l) black shale in western Hubei Province in the middle Yangtze area, were
investigated through geochemical and petrological analyses. The results show that the O3w-S1l black
shale is mainly composed of five lithofacies with varying graptolite abundance, total organic carbon
(TOC), and silica contents. Biogenic silica and terrigenous siliciclastic input constitute the main silica
sources in O3w-S1l black shale and they exhibit an upward inverse variation trend interpreted to be
related to sea-level changes. Moreover, with the increase in biogenic silica content or decrease in
terrigenous siliciclastic input, TOC values in black shale initially rise and then fall, which is different from
originally expected simple linear relationship. We infer that organic matter enrichment and the distri-
bution of silica from different origins are controlled by sea-level changes and variations in terrigenous
input in a continental shelf with little hydrothermal influence. An environment with appropriate sea
level and terrigenous input should be most favorable for organic matter accumulation, rather than one
with excessive high sea level and less terrigenous input.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Siliceous minerals are the primary components of marine
organic-rich shale and play an important role in evaluating shale
reservoir quality (Dean et al., 1985; Murray et al., 1994; Schieber
et al., 2000; Kennedy et al., 2002; Li et al. 2013, 2018; Keil and
Mayer, 2014; Wang et al., 2014; Han et al. 2016, 2018; Milliken
et al., 2017; Zhao et al. 2017a, 2017b; Dong et al., 2019; Xi et al.,
2019; Ma et al., 2020; Pan et al., 2020). However, there are multi-
ple sources for silica in marine deposits, including terrigenous,
hydrothermal, and biogenic silica (Bio-Si) (Bostr€om, 1973; Adachi
y Elsevier B.V. on behalf of KeAi Co
et al., 1986; Murray et al., 1994; Harris et al., 2011; Milliken et al.,
2016; Yang et al., 2018; Zhang et al., 2018; Jiang et al., 2019; Khan
et al., 2019; Li et al., 2019; Liu et al., 2019; Cai et al., 2020).
Different silica sources have various implications for marine envi-
ronments and shale reservoir characteristics. Siliceous materials
with biogenic origins are more enriched along continental margins
(Khan et al., 2019; Liu et al., 2019), hydrothermal silica is common
in ocean basins and ocean rift environments (Olivarez et al., 1989;
Murray et al., 1994; Chen et al., 2006; Zhou et al., 2006; Qiu et al.,
2011; Zhang et al., 2018), and proximal sediments contain large
amounts of terrigenous silica (Qiu et al., 2018; Yang et al., 2018; Wu
et al., 2020). Most siliceous minerals can improve the shale brit-
tleness index, but Bio-Si enrichment is more favorable to forming
natural and artificial fractures than other forms of silica (Zeng et al.,
2013; Zhao et al., 2017a; Han et al., 2018; Xi et al., 2019). Moreover,
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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in previous researches, Bio-Si content of marine black shale has
demonstrated a good linear correlation with total organic carbon
(TOC), and can be used to infer paleoproductivity (Nelson et al.,
1995; Zhang et al., 2018; Khan et al., 2019; Li et al., 2019; Wang
et al., 2019). Unlike Bio-Si, terrigenous silica is usually considered
to play a negative role in organic matter accumulation due to
dilution and the negative relationship with TOC (Murphy et al.,
2000; Sageman et al., 2003; Ji et al., 2020). However, our new
research shows that organic matter in marine shale with the
highest Bio-Si content or least terrigenous siliciclastic input is not
the most enriched, indicating that there may be a more complex
relationship between different-origin silica and organic matter
accumulation, rather than a simple linear correlation.

To improve the understanding of the relationship between silica
sources and organic matter enrichment, three sections (including
two drilling cores and one field outcrop section) mainly composed
of the Upper Ordovician Wufeng Formation (O3w) and Lower
Silurian Longmaxi Formation (S1l) black shale located in western
Hubei Province, South China were examined. The main goals of this
study are: (1) to systematically analyze the different origins of silica
in the O3w-S1l black shale and their relationships to organic matter
enrichment utilizing petrological and geochemical data and (2) to
discuss the distribution pattern of different-origin silica and
organic matter in a continental shelf environment to improve the
understanding of organic matter enrichment mechanisms.

2. Geological background

The study area is located in the western Hubei Province and be-
longs to thewestern portion of theMiddle Yangtze Platform adjacent
to the Sichuan Basin (Fig. 1a). As a part of the eastern slope of the
ancient Huangling Uplift, the Pre-Cambrian Nanhua-Early Paleozoic
Silurian strata in the studyarea are exposed and theGlobal Stratotype
Section andPoint (GSSP) for the baseHirnantianhas been established
(Fig.1b). In recent years, the O3w-S1l black shale in the study area has
become a hotspot for shale gas exploration in South China due to its
immature faults and relatively stable tectonic environment (Li et al.,
2012; Chen et al., 2018; Zhang et al., 2019).
Fig. 1. (a) Paleogeographic map of the Yangzte Block during the Late Ordovician-Early Siluria
of the study area showing sampling locations.
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From the Late Ordovician to the Early Silurian, the Yangtze
Platform underwent non-uniform subsidence and evolved into a
semi-enclosed continental shelf surrounded by the Qianzhong,
Xuefeng and Chuanzhong uplifts, with gradually intensifying
compression and collision between the Cathaysia and Yangtze
blocks during the Kwangsian Orogeny (Fig. 1a) (Chen et al., 2004;
Su et al. 2007, 2009; Yang et al., 2020). From the beginning of the
late Katian to the early Aeronian, the Yangtze Sea experienced
several significant sea-level variations related to tectonic subsi-
dence and continental glaciation (Yan et al., 2010; Gorjan et al.,
2012; Liu et al. 2016, 2017), which resulted in the widespread
organic-rich black shale deposits of the O3w and lower part of the
S1l (Chen et al., 2004; Su et al., 2007; Fan et al., 2011; Xiao et al.,
2015). The O3w-S1l black rock series in the study area is approxi-
mately 20m thick and is primarily composed of carbonaceous shale
with ubiquitous siliceous minerals, graptolites, and radiolarians,
while the middle and upper S1l are dominated by greyish-green
mudstone and siltstone formed in a shallow marine shelf envi-
ronment caused by sea-level fall resulting from continuous tectonic
uplift (Chen et al., 2004; Huang et al., 2018).

3. Samples and methods

One hundred and two (102) samples were collected from the
O3w-S1l black rock series in three sections, including 20 samples
from the lower S1l in the Hengshi section, 28 samples from Well
Yy2, and 54 samples from Well Yy3 (Fig. 2). Among them, 60
samples were analyzed for element concentration, and a subset of
57 samples was analyzed for TOC. Mineral composition was
analyzed in 63 samples, and the graptolite abundance in 54 sam-
ples from Well Yy3 was also counted. Samples were sent to the
Zhongnan Mineral Resources Supervision and Test Center, Wuhan
Center of China Geological Survey (WHCGS) for geochemical
analysis, and the mineral analysis was completed at Irock Tech-
nology Co., Ltd.

At the WHCGS, all samples were powdered to 200 mesh for
geochemical analysis. Samples were analyzed for TOC using a
CS844-3250 carbon and sulfur analyzer with an analytical
n transition (Modified from Chen et al., 2004 and Zhang et al., 2018). (b) Geological map



Fig. 2. Stratigraphic columns of the O3w-S1l series in wells Yy3 and Yy2, and in the Hengshi section showing the sample location. Hir ¼ Hirnantian, O ¼ Ordovician, and WF Fm ¼
Wufeng Formation.
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uncertainty of <0.5%. For major element analysis, the major oxides
were measured using a Philips PW2404 spectrometer following the
Chinese national standard GB/T 14506. Trace and rare elements
were analyzed using an Element XR ICP-MS with an analytical
uncertainty of <0.5%, following operational procedures detailed by
Li et al. (2015).

In IROCK Technology Co., Ltd, mineral compositions were
measured using a Bruker D8 advanced automated powder diffrac-
tometer. Powdered samples were scanned from 5� to 90� at 2�/min
with a step size of 0.02�. Minerals were identified from the dif-
fractograms and their contents were obtained by using EVA Soft-
ware. Additionally, a high-resolution field emission scanning
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electron microscope (FE-SEM) equipped with an energy dispersive
spectrometer (EDS) was also used to identify minerals.

The O3w-S1l black shale cores ofWell Yy3 are 7.5 cm in diameter.
Hence, it is possible to estimate the graptolite abundance using the
number of graptolites on a bedding surface (NGC) and the ratio
between total graptolite surface area and core bedding surface area
(RGC). Here, the variations in core bedding surface area can be
overlooked because of the low stratigraphic dip.

For analyzing silica sources, excess silica (Siexcess) content is
adopted to represent the total silica content excluding normal
terrigenous silica deposits (Murray and Leinen, 1996; Zhang et al.,
2018), which can be calculated as follows:
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Siexcess ¼ Sis �
h
ðSi=AlÞpaas � Als

i

where Sis and Als refer to the silicon and aluminum contents in
samples, respectively. (Si/Al)paas is the average ratio of Si/Al in the
Post-Archean Australian Shale (PAAS), which is 3.11 (Taylor and
Mcclennans, 1985).

The chemical index of alteration (CIA) is often used to evaluate
terrigenous detrital input and weathering conditions (Nesbitt and
Young, 1982; Price and Velbel, 2003; Liu et al., 2017), which can
be calculated by the following formula:

CIA ¼ 100� ½Al2O3=ðAl2O3 þ CaO* þ Na2Oþ K2OÞ�
Here, CaO* only represents the CaO in silicate minerals, which

can be amended by
CaO* ¼ min½XðCaOÞ � XðP2O5Þ � 10=3; XðNa2OÞ� (Nesbitt and
Young, 1982; Mclennan, 1993), where X refers to the correspond-
ing oxide content.

4. Results

4.1. Mineral composition

Petrographic observations showed that the O3w and lower S1l in
the study area were primarily dominated by organic-rich black
shale with locally interbedded dark-gray shale, thin-bedded silt-
stone, and argillaceous limestone. Analytical data from 63 samples
from the Yy2 and Yy3 wells, as well as the Hengshi section revealed
that the black shale consists primarily of quartz and clay minerals
with secondary carbonate minerals, feldspar, and pyrite (Table 1).

In the black shale samples, quartz content ranged from 27.5% to
91.2% (with an average of 46.7%), and the average quartz content of
samples in the O3w and the lower S1l was 51.8% and 45.8%,
respectively. In thin sections, ubiquitous angular quartz was found
(Fig. 3a and b), as well as biological-related quartz (Fig. 3c, d, e). Clay
minerals were mainly composed of illite and a mixture of illite/
smectite ranging from 5.3% to 65.13% with an average of 39.14%
(Fig. 3f), showing a gradually increasing upward trend. Feldspar
dominated by plagioclase and K-feldspar presented values ranging
from 0% to 22.1%, with an average of 7.65% (Fig. 3f and g). Carbonate
minerals dominated by ferrodolomite and some calcite were pri-
marily distributed in the lower part of the O3w-S1l black shale
(Fig. 3h). Dispersed pyrite was widely distributed in all samples,
and pyrite framboids were common in SEM images (Fig. 3i).

The collected samples were classified into five lithofacies based
on mineral composition: siliceous shale, mixed siliceous shale,
mixed shale, mixed argillaceous shale, and argillaceous shale
(Fig. 4). The lithofacies showed significant upward variations
throughout the studied profiles. Siliceous shale andmixed siliceous
shale were primarily present in the Katian to Rhuddanian sections,
while mixed shale was primarily developed in the Hirnantian
section. Mixed argillaceous shale and argillaceous shale were
widely distributed in the Aeronian section (Fig. 4). In addition, the
shale color in each profile gradually changed from black to gray
vertically.

4.2. Biological fossils

The O3w-S1l black shale in the study area contains abundant
fossils, including graptolites and radiolarians, as well as some
spongy spicules and shells (Fig. 5). Graptolites, dominated by
planktonic graptolites, are primarily distributed in the mixed sili-
ceous shale (Fig. 5c), while are less common in siliceous and
argillaceous shales (Fig. 5a, e). Statistical data from 54 samples from
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well Yy3 showed that NGC ranged from 0 to 90, and RGC ranged
from 0 to 70%. Graptolite abundance in the O3w-S1l black shale
gradually decreases upward (Fig. 4), and shell fossils are common in
the middle O3w to lower S1l (Fig. 5f). The argillaceous limestone
with abundant Hirnantia fauna (known as the Guanyinqiao bed) in
the black shale is commonly used as a lithological marker to
distinguish O3w and S1l (Rong et al., 2002; Chen et al., 2004; Zhan
et al., 2010; Fan et al., 2011). Siliceous radiolarians are visible in the
black shale with high silica content (Fig. 5g), whereas radiolarians
are rare in the clay-rich argillaceous shale (Fig. 5h and i).

4.3. Total organic carbon

According to the analyzed data from the 57 collected samples,
the TOC values varied from 0.36% to 6.38% with an average of 2.47%,
and most TOC values ranged from 1% to 4% (Fig. 6a). In the three
studied sections, the black shale TOC decreased gradually from
bottom to top. In addition, different lithofacies showed significant
variations in TOC values (Fig. 6b). The TOC of mixed argillaceous
shale ranged from 0.36% to 3.32% (averaging 1.09%), TOC of mixed
siliceous shale ranged from 0.98% to 5.53% with an average of 2.74%,
and siliceous shale had a relatively higher TOC content ranging
from 1.28% to 6.38% with an average of 3.16%. In general, the TOC
value showed an apparent increase from clay-rich shale to silica-
rich shale; however, some shale samples with the highest silica
content had low TOC values (Fig. 6b).

4.4. Major elements

Major element analysis indicated that SiO2 and Al2O3 are the
primary constituents in the O3w-S1l black shale. SiO2 ranged from
28.27% to 88.69% and averaged 65.91% (Table 2), showing a gradual
upward decrease. Shale samples with high SiO2 content were pri-
marily distributed in the Katian and Rhuddanian sections. As an
effective proxy for estimating terrigenous input, Al2O3 concentra-
tions varied from 2.16% to 18.4% with an average of 12.6%, showing
an increasing upward trend (Table 2). Fe2O3, FeO, MgO, and K2O
were the second most abundant oxides with average contents of
2.51%, 2.46%, 1.97%, and 3.16%, respectively. CaO contents in most
samples were <1%, as were Na2O and P2O5.

According to the formula for excess silica (Siexcess) content, the
calculated Siexcess in samples ranged from 0% to 33.35% with an
average of 9.89% and showed an abrupt upward decrease in the
three study profiles. The CIA values, which are commonly used to
analyze paleoclimate changes and weathering intensity, showed an
increase upward and ranged from 66.57 to 77.53 with an average of
73.43 (Table 2).

4.5. Trace and rare elements

Geochemical proxies, including sensitive trace element con-
centrations and their ratios, are widely used for paleo-marine
condition reconstruction (Jones and Manning, 1994; Algeo and
Maynard, 2004; Tribovillard et al., 2006). In this research, we
chose U/Th and V/Cr to identify paleo-marine redox environment,
and the geochemical proxies Ni/Al and P/Al ratios were used as
paleoproductivity indicators (Table 2).

U/Th and V/Cr are redox-sensitive indicators (Lewan and
Maynard, 1982; Jones and Manning, 1994; Ross and Bustin, 2009).
For anoxic conditions, the U/Th and V/Cr ratios are usually >1.25
and 4.25. For dysoxic environments, the U/Th ratios range from0.75
to 1.25 and V/Cr ratios generally range from 2.0 to 4.25. U/Th ratios
<0.75 and V/Cr ratios <2.0 indicate oxic conditions (Wignall and
Myers, 1988; Jones and Manning, 1994). U/Th and V/Cr ratios of
the samples from O3w-S1l black shale had similar variation trends,



Table 1
Mineral composition of the O3w-S1l black shale from the Yy2 and Yy3 wells, as well as the Hengshi Section.

Section name Sample location Clay mineral, % Quartz,
%

Albite,
%

K-feldspar,
%

Pyrite,
%

Carbonate minerals, %

Yy3 1415.40 m 64.90 27.80 6.00 0 0 1.36
Yy3 1418.91 m 59.50 30.50 8.60 0 1.50 0
Yy3 1422.80 m 63.20 29.30 6.30 0 1.30 0
Yy3 1432.31 m 61.20 31.30 5.70 0 1.90 0
Yy3 1432.95 m 61.60 31.40 7.00 0 0 0
Yy3 1434.84 m 55.30 34.50 8.10 0 2.10 0
Yy3 1436.23 m 64.80 29.30 6.00 0 0 0
Yy3 1437.63 m 57.30 32.80 6.50 0 3.40 0
Yy3 1440.98 m 42.30 49.10 5.70 0 2.30 0.50
Yy3 1442.58 m 46.30 44.50 5.80 0 3.50 0
Yy3 1445.41 m 5.60 91.20 0.70 0 1.80 0.67
Yy3 1447.23 m 5.30 90.20 1.90 0 1.60 1.00
Yy3 1450.90 m 32.50 61.80 4.10 0 1.60 0
Yy3 1451.55 m 53.10 34.60 6.00 4.60 1.70 0
Yy3 1452.14 m 43.40 39.90 6.90 4.70 1.80 2.30
Yy2 2695.50 m 54.00 36.50 8.40 0 1.10 0
Yy2 2696.00 m 50.40 37.00 6.40 0 6.20 0
Yy2 2697.00 m 51.50 39.30 8.00 0 1.20 0
Yy2 2698.00 m 50.30 40.50 7.60 0 1.60 0
Yy2 2699.00 m 53.90 35.80 6.90 0 2.70 0.70
Yy2 2700.00 m 48.50 42.80 7.30 0 1.40 0
Yy2 2701.00 m 48.70 42.10 6.90 0 2.30 0
Yy2 2702.00 m 46.00 38.50 8.20 0 4.70 2.60
Yy2 2703.00 m 43.90 43.30 6.60 0 6.20 0
Yy2 2703.50 m 39.90 39.00 8.40 0 6.70 4.10
Yy2 2704.00 m 38.20 42.10 8.20 0 4.90 4.70
Yy2 2705.00 m 42.20 47.30 6.20 0 4.30 0
Yy2 2706.00 m 40.90 40.40 9.20 0 9.50 0
Yy2 2707.00 m 29.60 39.50 9.00 0 11.90 8.60
Yy2 2707.90 m 32.20 39.80 10.60 0 2.40 14.10
Yy2 2708.80 m 27.70 33.90 22.10 0 7.10 6.40
Yy2 2710.00 m 24.10 50.10 10.60 0 7.00 8.20
Yy2 2710.90 m 20.40 66.30 7.30 0 4.20 1.80
Yy2 2711.90 m 22.80 65.20 6.30 0 4.10 1.60
Yy2 2712.70 m 23.20 63.50 5.60 0 4.40 1.70
Yy2 2713.10 m 24.80 44.10 7.40 0 7.30 15.40
Yy2 2713.60 m 10.50 17.80 5.60 0 4.90 59.80
Yy2 2714.40 m 27.40 36.20 2.60 0 19.30 14.50
Yy2 2715.00 m 20.50 69.30 2.10 0 3.40 4.70
Yy2 2716.00 m 15.30 78.50 1.40 0 2.50 2.30
Yy2 2717.00 m 8.50 88.80 0.80 0 0 1.90
Yy2 2718.20 m 33.10 61.00 4.00 0.80 0.80 0.30
Yy2 2719.00 m 42.40 35.70 7.30 0 3.40 9.70
Hengshi S1l-1 29.70 42.50 6.10 5.80 0 8.10
Hengshi S1l-2 30.40 54.00 7.60 8.00 0 0
Hengshi S1l-3 22.00 67.80 5.40 4.70 0 0
Hengshi S1l-4 18.00 74.70 3.40 3.90 0 0
Hengshi S1l-5 13.00 77.20 5.10 4.70 0 0
Hengshi S1l-6 9.20 79.50 4.60 6.70 0 0
Hengshi S1l-7 11.70 76.60 3.00 8.70 0 0
Hengshi S1l-8 28.10 55.30 11.00 5.60 0 0
Hengshi S1l-9 19.00 62.90 14.70 3.40 0 0
Hengshi S1l-10 22.50 67.80 9.70 0 0 0
Hengshi S1l-11 20.90 68.80 10.30 0 0 0
Hengshi S1l-12 60.8 32.90 6.40 0 0 0
Hengshi S1l-13 81.10 8.10 8.90 0 2.00 0
Hengshi S1l-14 42.30 52.10 5.60 0 0 0
Hengshi S1l-15 42.60 52.20 5.20 0 0 0
Hengshi S1l-16 49.70 44.70 5.70 0 0 0
Hengshi S1l-17 85.10 10.90 4.00 0 0 0
Hengshi S1l-18 43.10 50.40 6.40 0 0 0
Hengshi S1l-19 65.10 30.00 4.90 0 0 0
Hengshi S1l-20 27.50 26.20 1.50 1.70 0 43.20
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ranging from 0.21 to 3.14 (average of 0.99) and 1.07 to 14.18
(average of 3.44), respectively. Ni/Al ranged from 1.7 � 10�4 to
62.64 � 10�4 showing an upward decrease and P/Al ranged from
23.09 � 10�4 to 177.96 � 10�4, which are considered as effective
parameters for evaluating marine paleoproductivity (Lewan and
Maynard, 1982; Poter et al., 2014; Khan et al., 2019).
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The total rare earth element (SREE) content varied from 138.68
to 221.78 with an average of 189.63 (Table 3). The ratio of light rare
earth element to heavy earth elements (LREE/HREE) ranged from
6.72 to 10.64 (average of 8.56). Eu/Eu* values exhibited significant
negative anomalies and had an average value of 0.66 and the mean
value of Ce/Ce* is 0.96 with a range of 0.91e0.96.



Fig. 3. Micrographs of minerals from the O3w-S1l black shale. (a) Terrigenous detrital quartz along lamina in S1l black shale, Well Yy2; (b) Scattered detrital quartz in S1l black shale,
Well Yy2; (c) Massive siliceous radiolarians in O3w black shale, Well Yy2; (d) Siliceous radiolarians and syn-sedimentary laminae in S1l black shale, Hengshi section; (e) Siliceous
radiolarian and its Si element content reaches 69% in S1l black shale, Well Yy2; (f) Plagioclase, illite and mixed layer illite/smectite in S1l black shale, Well Yy2; (g) K-feldspar in S1l
black shale, Well Yy2; (h) Ferrodolomite in S1l black shale, Well Yy2; and (i) Pyrite framboid in O3w black shale, Well Yy2. Arrows in each photo refer to corresponding minerals.
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5. Discussion

5.1. Origin of silica

Biogenic, terrigenous detrital, and hydrothermal are the three
primary sources for silica in marine deposits. Marine shale con-
taining silica from different origins commonly has distinctive
petrological, geochemical, and paleo-biological characteristics that
can be used to identify silica sources (Adachi et al., 1986; Murray
et al., 1994; Chen et al., 2006; Zhou et al., 2006; Harris et al.,
2011; Qiu et al., 2018; Khan et al., 2019; Liu et al., 2019). Terrige-
nous silica, primarily from silicate and aluminosilicateminerals, has
a close relationship with terrigenous input (Liu et al., 2017; Li et al.,
2019). Detrital quartz is resistant to weathering and can be
deposited after long-distance transport, and it is one of the primary
forms of terrigenous silica in marine shale (Wright, 2001; Schieber,
2016; Zhao et al., 2016; Dong et al., 2019). Abundant terrigenous
detrital quartz and feldspar are observed in the O3w-S1l black shale,
and the detrital quartz usually has an angular shape with a diam-
eter of 10e25 mm (Fig. 3a and b and 5i). Meanwhile, sandy layers are
widely distributed in the S1l black shale (Figs. 3a and 4), indicating
that the terrigenous detrital source is an important origin of silica in
the study area, which is consistent with widely developed sandy
gravity flows in the upper Rhuddanian (Wang et al., 2015).

TiO2 and Al2O3 are useful proxies for terrigenous input and the
variations in their content can reflect the intensity of terrigenous
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silica influence on marine deposits (Milliken et al., 2016; Liu et al.,
2017; Li et al., 2019). TiO2 and Al2O3 concentrations show a long-
term increasing upward trend in three studied sections, indi-
cating the gradually increasing influence of terrigenous input
(Fig. 7). However, the average TiO2 and Al2O3 contents in the black
shale are only 0.65% and 13.11%, which are less than that of PAAS
(0.99% for TiO2 and 15.9% for Al2O3) (Taylor and Mcclennans, 1985),
showing a relatively minor influence of terrigenous input on black
shale except shale during the Aeronian (Fig. 7). Significant negative
correlations between SiO2 versus TiO2 and SiO2 versus Al2O3 indi-
cate that there are additional silica sources in the O3w-S1l black
shale besides normal terrigenous silica deposits (Siexcess in section
2). Meanwhile, the Katian-Rhuddanian black shale with less TiO2
and Al2O3 usually has higher SiO2 content, indicating that the
additional silica source makes an important contribution to the
total silica (Fig. 7).

The ratios of Si/(Si þ Al þ Fe) and Al/(Al þ Fe þ Mn), and the Eu
anomalies are effective parameters for identifying the origin of
Siexcess in marine shale (Adachi et al., 1986; Yamamoto, 1987;
Murray, 1994; Qiu et al. 2011, 2018; Zhang et al., 2018; Jiang et al.,
2019; Khan et al., 2019; Li et al., 2019). Previous studies have
shown that Si/(Si þ AL þ Fe) for biogenic silicalite is commonly
higher than 0.90, Al/(Al þ Fe þ Mn) is higher than 0.6, and Eu
anomalies are negative (Adachi et al., 1986; Yamamoto, 1987; Qiu
et al., 2018; Khan et al., 2019; Li et al., 2019). For hydrothermal
silicalite, Al/(Al þ Fe þ Mn) is less than 0.3, Eu anomalies are



Fig. 4. Shale lithofacies of the O3w-S1l black shale and its vertical variations in Well Yy3. The ternary diagram is modified from Wang et al. (2019). Changes in graptolite abundance
are marked as NGC and RGC. Hir ¼ Hirnantian, NGC ¼ number of graptolites on the core bedding surface, and RGC ¼ ratio between total graptolite surface area and core bedding
surface area.
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positive, and shale with a lower Al/(Al þ Fe þ Mn) ratio and higher
Eu/Eu* ratio generally reflect stronger hydrothermal activity
(Adachi et al., 1986; Murray, 1994; Qiu et al., 2011; Zhang et al.,
2018). In the study area, samples from the O3w-S1l black rock se-
ries have Si/(Siþ Alþ Fe) and Al/(Alþ FeþMn) values ranging from
0.65 to 3.52 (averaging 1.17) and 0.39 to 0.85 (averaging 0.66)
(Table 2), respectively, and the average Eu/Eu* value is 0.66
(Table 3). These results are most like the parameters for biogenic
silicalite, indicating that Siexcess may be biogenic. Moreover, ac-
cording to the AleFeeMn ternary chart, the majority of samples
plot in the bio-origin zone (Adachi et al., 1986) (Fig. 8). Therefore,
we infer that the excess silica in the O3w-S1l black shale is biogenic
80
rather than hydrothermal in origin. This inference coincides with
the semi-restricted continental shelf environment of the O3w-S1l,
where the average Ce/Ce* of samples is 0.96 (Table 3), greater than
that of sediments at mid-oceanic ridges (averaging 0.3) and oceanic
basins (with an average of 0.6) (Murrayet al.,1991; Murray, 1994).

Furthermore, the paleoproductivity and petrology also provide
strong evidence for excess silica that are biogenic. High Siexcess
content is primarily present in siliceous shale and mixed siliceous
shale, while mixed argillaceous shale and argillaceous shale have
little Siexcess content, and these features coincide with the numbers
of observed siliceous organisms in different lithofacies (Fig. 3). In
the O3w-S1l siliceous shale, siliceous radiolarians are widely



Fig. 5. Fossils in the O3w-S1l black shale. Arrows point to graptolites in (a) Siliceous shale; (bed) Mixed siliceous shale; (e) Mixed argillaceous shale; (f) Hirnantia fauna and
abundant graptolites in mixed siliceous shale; (g) Massive radiolarians and some sponge spicules in siliceous shale; (h) Several radiolarians in mixed siliceous shale; and (i) Mixed
argillaceous shale without siliceous fossils. S ¼ sponge spicule; R ¼ radiolarian.

Fig. 6. (a) TOC histogram for the O3w-S1l black shale. (b) TOC histogram for different black shale lithofacies in the O3w-S1l black shale.
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distributed (Figs. 3c and 5g), and few radiolarians are found in
mixed argillaceous shale (Figs. 3a and 5i). Moreover, the Siexcess
value shows good linear correlations with paleoproductivity
proxies (Ni/Al and P/Al) except for some samples with higher
Siexcess content (Fig. 9), indicating the O3w-S1l black shale Siexcess
origin is biogenic (Bio-Si). Therefore, it can be concluded that Bio-Si
and terrigenous siliciclastic input are the main O3w-S1l black shale
silica sources.
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5.2. Relationships between origins of silica and organic matter
accumulation

Terrigenous detrital input has an important influence on marine
organic matter accumulation (Murphy et al., 2000; Sageman et al.,
2003; Li et al., 2017; Khan et al., 2019). Generally, high terrigenous
influxwill promote organic matter burial and diminish its exposure
time while substantially diluting its abundance, resulting in lower



Table 2
Main geochemical parameters of the O3w-S1l black shale from Yy2 and Yy3 wells, and Hengshi Section.

Section
name

Sample
location

SiO2,
%

Al2O3,
%

TiO2,
%

Fe2O3,
%

FeO,
%

CaO,
%

K2O,
%

Na2O,
%

P2O5,
%

MnO2,
%

U,
ppm

Th,
ppm

V,
ppm

Cr,
ppm

Ni,
ppm

Siexcess,
%

U/
Th

V/Cr Ni/Al,
� 10�4

P/Al,
� 10�4

Al/Ti,
� 10�2

Si/
(Si þ Al þ Fe)

Al/
(Al þ Fe þ Mn)

CIA TOC,
%

Yy3 1413.76 m 59.82 18.40 0.71 1.77 4.76 0.30 4.52 1.13 0.10 0.05 3.64 17.10 135.00 112.00 61.10 0.00 0.21 1.21 6.27 45.72 22.58 0.66 0.66 76.51 0.77
Yy3 1415.40 m 60.97 17.97 0.75 1.43 5.05 0.29 4.34 1.20 0.11 0.06 3.46 16.50 120.00 110.00 48.20 0.00 0.21 1.09 5.07 51.86 21.02 0.66 0.66 76.44 0.36
Yy3 1417.16 m 60.75 17.77 0.75 2.21 4.49 0.29 4.28 1.17 0.12 0.06 2.62 11.30 138.00 102.00 49.40 0.00 0.23 1.35 5.25 54.30 20.74 0.66 0.65 76.53 e

Yy3 1418.91 m 59.74 17.83 0.75 1.55 5.22 0.36 4.33 1.19 0.11 0.05 3.92 18.40 118.00 115.00 66.30 0.00 0.21 1.03 7.02 50.88 20.94 0.66 0.65 76.36 1.11
Yy3 1422.80 m 59.18 17.64 0.79 0.84 5.61 0.58 4.29 1.16 0.10 0.06 5.45 18.90 149.00 109.00 67.40 0.00 0.29 1.37 7.22 48.62 19.54 0.66 0.65 75.65 1.39
Yy3 1428.14 m 59.05 17.50 0.76 2.63 4.06 0.50 4.33 1.10 0.10 0.06 3.87 13.80 179.00 106.00 84.20 0.00 0.28 1.69 9.09 48.07 20.07 0.66 0.65 75.78 e

Yy3 1432.31 m 59.83 16.98 0.72 2.69 3.80 0.71 4.22 1.10 0.10 0.06 4.76 16.20 150.00 98.00 70.10 0.00 0.29 1.53 7.80 48.57 20.52 0.67 0.65 74.88 1.70
Yy3 1432.95 m 62.80 16.66 0.68 1.27 4.97 0.33 4.00 1.16 0.12 0.05 4.41 16.50 112.00 97.80 40.80 1.88 0.27 1.15 4.63 58.91 21.32 0.71 0.65 76.35 0.44
Yy3 1434.84 m 61.91 16.06 0.77 1.60 4.73 0.40 3.98 1.10 0.10 0.05 5.37 15.20 104.00 92.60 63.10 2.45 0.35 1.12 7.42 52.89 18.23 0.73 0.64 75.76 1.23
Yy3 1436.23 m 62.25 16.41 0.70 1.67 4.26 0.49 4.14 1.03 0.11 0.05 3.95 15.10 192.00 98.70 66.40 2.03 0.26 1.95 7.64 52.77 20.40 0.72 0.66 75.56 1.27
Yy3 1437.63 m 60.92 15.65 0.73 6.09 1.41 0.51 3.86 1.08 0.11 0.05 5.78 14.80 130.00 93.10 83.20 2.66 0.39 1.40 10.04 56.39 18.79 0.72 0.61 75.45 1.83
Yy3 1442.58 m 64.33 13.90 0.62 2.08 4.22 0.59 3.43 1.00 0.11 0.04 6.60 12.90 111.00 75.40 68.10 7.13 0.51 1.47 9.25 65.86 19.68 0.86 0.61 74.92 2.24
Yy3 1445.41 m 82.56 4.31 0.30 0.76 1.80 1.16 0.93 0.62 0.09 0.03 9.92 6.34 86.40 33.80 66.10 31.43 1.56 2.56 28.97 177.96 12.66 3.41 0.54 66.57 3.72
Yy3 1446.78 m 67.03 8.09 0.51 5.09 1.98 3.79 1.81 1.06 0.14 0.06 50.10 14.70 219.00 43.60 184.00 17.96 3.41 5.02 42.96 139.66 13.83 1.38 0.45 67.30 4.40
Yy3 1447.23 m 84.70 3.75 0.25 1.37 2.71 0.79 0.82 0.53 0.06 0.04 15.50 5.81 112.00 39.90 70.40 33.35 2.67 2.81 35.46 123.16 13.23 3.52 0.39 66.68 1.28
Yy3 1451.55 m 69.28 12.93 0.54 0.29 3.52 0.44 3.58 0.77 0.10 0.03 4.08 14.50 105.00 72.70 49.20 11.04 0.28 1.44 7.19 61.23 20.80 1.04 0.70 74.34 3.32
Yy3 1452.14 m 59.66 14.93 0.94 0.13 4.60 0.96 4.12 0.99 0.16 0.04 4.95 14.60 368.00 145.00 86.30 3.26 0.34 2.54 10.92 87.28 13.89 0.77 0.68 72.95 4.16
YY2 2695.50 m 60.02 17.96 0.71 2.61 3.49 0.34 4.44 1.08 0.11 0.06 2.17 5.10 133.00 85.80 44.90 0.00 0.43 1.55 4.72 48.68 22.11 0.67 0.67 76.49 0.38
Yy2 2696.00 m 62.02 17.10 0.74 2.55 3.85 0.32 4.18 1.11 0.11 0.05 3.26 6.19 126.00 88.60 49.40 0.79 0.53 1.42 5.46 54.02 20.36 0.69 0.65 76.37 0.61
YY2 2697.00 m 63.06 16.88 0.75 4.55 1.18 0.42 4.22 1.11 0.11 0.05 3.66 10.20 130.00 78.00 47.40 1.64 0.36 1.67 5.30 54.23 19.64 0.72 0.68 75.83 0.66
YY2 2698.00 m 62.48 17.05 0.72 4.47 1.90 0.28 4.22 1.10 0.11 0.05 3.54 8.48 172.00 90.60 54.90 1.09 0.42 1.90 6.08 52.72 20.70 0.70 0.66 76.22 0.68
YY2 2699.00 m 61.48 17.70 0.73 4.65 1.91 0.27 4.35 1.06 0.11 0.05 2.81 8.49 126.00 88.90 43.50 0.00 0.33 1.42 4.64 51.72 21.10 0.67 0.66 76.59 0.44
YY2 2700.00 m 61.74 16.92 0.75 4.11 2.46 0.35 4.12 1.13 0.11 0.05 3.56 7.16 156.00 91.60 68.10 0.95 0.50 1.70 7.60 54.59 19.72 0.69 0.65 76.32 0.99
YY2 2701.00 m 60.20 16.02 0.74 3.28 3.68 1.04 3.92 1.14 0.11 0.08 5.45 7.94 142.00 76.20 57.60 1.72 0.69 1.86 6.79 56.63 19.05 0.70 0.62 73.64 0.98
YY2 2702.00 m 61.61 15.25 0.73 4.92 1.81 0.96 3.65 1.15 0.11 0.07 6.11 8.35 118.00 73.10 61.10 3.64 0.73 1.61 7.57 59.49 18.28 0.76 0.62 73.86 1.39
YY2 2703.00 m 61.45 15.24 0.69 5.45 1.72 0.62 3.70 1.04 0.12 0.04 5.92 7.00 131.00 79.40 53.10 3.58 0.85 1.65 6.58 63.32 19.33 0.75 0.61 75.39 2.24
YY2 2703.50 m 62.30 15.32 0.69 5.72 0.95 0.51 3.82 1.01 0.10 0.04 5.28 4.94 182.00 79.50 96.30 3.85 1.07 2.29 11.87 55.99 19.35 0.76 0.63 75.41 2.04
YY2 2704.00 m 60.36 14.51 0.76 6.49 1.09 0.84 3.63 0.95 0.10 0.04 6.57 5.53 144.00 75.80 99.70 4.28 1.19 1.90 12.98 59.11 16.66 0.76 0.59 74.09 2.37
YY2 2705.00 m 64.46 13.74 0.61 2.68 3.94 0.53 3.40 0.91 0.10 0.03 6.43 5.90 131.00 69.80 86.80 7.46 1.09 1.88 11.93 60.62 19.65 0.86 0.59 75.34 2.02
YY2 2706.00 m 60.98 14.56 0.69 5.38 1.86 0.78 3.53 1.16 0.11 0.04 8.48 8.33 128.00 73.80 88.70 4.48 1.02 1.73 11.51 62.31 18.52 0.77 0.60 74.04 2.62
YY2 2707.00 m 59.23 14.27 0.70 6.84 0.76 0.66 3.55 1.09 0.12 0.03 20.90 8.95 117.00 67.60 64.10 4.15 2.34 1.73 8.48 67.04 17.82 0.76 0.58 74.37 2.92
YY2 2707.90 m 60.90 17.94 0.61 4.56 0.58 0.79 4.14 1.54 0.13 0.03 14.10 16.70 82.90 39.00 58.80 0.00 0.84 2.13 6.19 58.38 25.74 0.68 0.72 74.79 1.76
YY2 2708.80 m 68.95 11.49 0.65 1.53 2.35 2.20 2.36 1.67 0.13 0.04 15.00 17.50 199.00 54.20 92.70 13.26 0.86 3.67 15.24 92.59 15.45 1.15 0.68 66.84 2.17
YY2 2710.00 m 69.86 9.84 0.58 2.96 1.80 2.31 2.14 1.28 0.11 0.05 16.40 15.40 140.00 50.60 102.00 16.40 1.06 2.77 19.58 93.87 14.95 1.31 0.60 67.68 2.45
YY2 2710.90 m 65.40 12.69 0.85 3.31 1.75 0.75 3.05 1.04 0.12 0.03 13.40 11.40 560.00 59.90 145.00 9.63 1.18 9.35 21.58 77.34 13.10 0.98 0.64 74.07 3.85
YY2 2711.90 m 76.20 7.30 0.43 1.72 1.26 1.63 1.66 0.73 0.08 0.02 11.20 8.06 387.00 38.60 120.00 23.54 1.39 10.03 31.05 88.12 14.82 1.97 0.64 70.06 3.78
YY2 2712.70 m 68.02 9.20 0.56 3.17 1.54 2.21 2.15 1.09 0.11 0.03 25.20 11.20 595.00 66.30 182.00 16.60 2.25 8.97 37.37 96.82 14.33 1.35 0.59 68.00 5.37
YY2 2713.10 m 69.79 9.19 0.56 2.27 1.33 1.40 2.17 1.05 0.10 0.03 27.60 10.10 714.00 70.70 167.00 17.44 2.73 10.10 34.32 92.43 14.39 1.44 0.65 68.28 5.30
YY2 2713.60 m 63.60 11.58 0.53 3.61 1.46 2.04 2.81 1.20 0.13 0.04 27.20 14.50 764.00 58.50 162.00 10.61 1.88 13.06 26.42 89.74 19.05 1.03 0.62 68.97 5.53
YY2 2714.40 m 64.35 9.83 0.57 4.12 1.31 2.85 2.51 0.99 0.13 0.04 23.20 12.10 250.00 59.90 123.00 13.85 1.92 4.17 23.64 104.87 15.07 1.19 0.57 68.65 5.52
YY2 2715.00 m 68.20 7.91 0.43 2.05 2.38 4.01 1.99 0.67 0.08 0.14 9.57 10.50 298.00 62.80 82.60 18.80 0.91 4.75 19.72 87.58 16.06 1.55 0.55 70.39 2.58
YY2 2716.00 m 74.49 8.33 0.47 2.10 1.47 0.71 2.14 0.70 0.09 0.03 17.40 8.26 947.00 66.80 123.00 21.05 2.11 14.18 27.89 91.09 15.38 1.68 0.63 71.93 4.30
YY2 2717.00 m 83.61 4.74 0.27 0.97 2.19 0.87 1.24 0.40 0.06 0.03 8.72 8.57 423.00 50.10 66.20 31.21 1.02 8.44 26.38 97.44 15.48 3.07 0.51 69.85 2.55
YY2 2718.20 m 69.06 13.28 0.54 1.33 1.54 1.22 3.72 0.58 0.06 0.03 4.67 13.50 246.00 54.70 52.00 10.36 0.35 4.50 7.40 38.50 21.72 1.04 0.77 73.16 2.68
YY2 2719.00 m 58.39 17.46 0.85 3.79 2.06 0.33 5.00 0.79 0.09 0.08 2.92 8.52 222.00 68.50 48.60 0.00 0.34 3.24 5.26 43.46 17.93 0.67 0.68 75.00 3.01
Hengshi S1l-1 66.66 14.50 0.70 0.50 1.61 0.21 3.58 0.86 0.17 0.01 22.10 13.80 681.00 96.20 126.00 7.23 1.60 7.08 16.41 96.69 18.13 0.94 0.83 76.55 3.74
Hengshi S1l-2 73.46 9.13 0.56 0.65 0.86 0.18 2.80 0.68 0.06 0.01 25.80 10.10 885.00 79.40 87.80 19.25 2.55 11.15 18.16 56.01 14.32 1.63 0.81 72.43 6.38
Hengshi S1l-3 79.92 7.58 0.52 0.40 0.55 0.11 2.29 0.43 0.05 0.01 19.70 10.10 382.00 56.20 43.00 24.82 1.95 6.80 10.72 50.05 12.76 2.17 0.85 73.57 3.84
Hengshi S1l-4 76.39 7.69 0.68 0.46 0.56 0.14 2.16 0.70 0.03 0.01 44.40 13.40 211.00 43.80 255.00 22.99 3.31 4.82 62.64 35.39 9.85 2.04 0.84 72.65 2.95
Hengshi S1l-5 78.49 7.72 0.54 1.32 0.70 0.16 2.30 0.62 0.06 0.01 13.60 9.40 144.00 49.00 26.90 23.92 1.45 2.94 6.58 58.76 12.47 2.01 0.73 72.58 3.76
Hengshi S1l-6 80.97 6.95 0.51 0.21 1.04 0.20 2.07 0.64 0.04 0.01 9.09 8.45 150.00 48.30 23.60 26.34 1.08 3.11 6.41 47.47 11.97 2.35 0.79 71.53 3.90
Hengshi S1l-7 80.58 7.02 0.47 1.73 1.38 0.15 1.92 0.74 0.08 0.01 10.40 9.67 155.00 45.70 76.50 26.05 1.08 3.39 20.58 97.51 12.96 2.14 0.62 72.51 3.15
Hengshi S1l-8 71.19 13.93 0.77 0.97 1.08 0.56 3.69 1.34 0.04 0.01 8.89 16.60 130.00 73.50 30.40 10.29 0.54 1.77 4.12 23.09 15.81 1.04 0.83 71.86 1.78
Hengshi S1l-10 77.09 10.13 0.60 0.27 2.29 0.27 2.53 1.21 0.05 0.01 9.60 14.80 90.90 57.80 36.80 19.30 0.65 1.57 6.86 42.34 14.70 1.50 0.73 72.54 1.92
Hengshi S1l-12 76.70 10.04 0.61 0.64 2.03 0.18 2.46 1.16 0.07 0.02 8.14 13.10 104.00 59.60 21.10 19.26 0.62 1.74 3.97 56.68 14.50 1.50 0.72 73.50 2.26
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TOC values in marine shales with abundant terrigenous materials
(Ibach, 1980; Rimmer, 2004; Lu et al., 2019; Wang et al., 2019).
Hence, terrigenous detritus input is generally considered a negative
factor for organic matter accumulation.

In marine black shale, Al2O3 is a direct proxy for terrigenous
siliciclastic input, and the CIA can also help in analyzing the prov-
enance weathering intensity of marine siliciclastic sediments
(Milliken et al., 2016; Liu et al., 2017; Li et al., 2019; Wang et al.,
2019). Despite the long-term increasing upward trend of CIA and
Al2O3 in the O3w-S1l shale within the study area, indicating grad-
ually increasing terrigenous detritus input and weathering in-
tensity, the CIA value and Al2O3 content of samples show complex
correlations with TOC (Fig.10). CIA values > 73 have strong negative
correlations with TOC, showing that weak weathering conditions
may favor organic matter enrichment, but the negative correlations
abruptly deteriorate when the CIA value is < 73, indicating that
weak weathering conditions may not always be beneficial for
organic matter accumulation (Fig. 10a). The Al2O3 and TOC contents
exhibit a similar relationship (Fig. 10); Al2O3 content in black shale
>12% has a strong negative correlation with TOC, indicating less
terrigenous siliciclastic input will benefit the organic matter accu-
mulation. However, it should be noted that the correlation is poor
when the Al2O3 content is <12%, and Al2O3 content <8% shows a
positive correlation with TOC, indicating that too little or too much
terrigenous siliciclastic input are not favorable for the organic
matter enrichment either. Sufficient terrigenous detrital supply will
benefit organic matter preservation by diminishing exposure time,
but it will substantially dilute organic matter abundance (Murphy
et al., 2000; Sageman et al., 2003; Rimmer, 2004; Khan et al.,
2019; Li et al., 2019; Lu et al., 2019). Too little terrigenous input
will lead to the decrease in aluminosilicates, which function as
effective organic matter absorbents (Rimmer, 2004), and the lack of
aluminosilicates will slow organic matter burial rate and lead to
widespread oxidation of organic matter in thewater column (Ibach,
1980; Wang et al., 2019), resulting in low TOC in the black shale.
Consequently, we infer that a certain amount of terrigenous silici-
clastic input and appropriate weathering conditions should be
most favorable for the organic matter accumulation inmarine black
shale. In other words, too much or too little terrigenous silica input
will negatively influence marine organic matter enrichment.

In previous researches, Bio-Si content was regarded as an
important paleoproductivity proxy, and linear relationships were
usually utilized to describe the correlations between TOC and
Bio-Si (Dong et al., 2019; Li et al., 2019; Lu et al., 2019; Khan
et al., 2019). However, Bio-Si content (equal to Siexcess) and TOC
of samples from the O3w-S1l black shale in the study area exhibit
complex relationships (Fig. 11a and b). Black shale samples with
10%e20% Bio-Si contents usually have the maximum TOC.
Furthermore, the Bio-Si contents show strong positive linear
correlations with TOC when Bio-Si content remains below a
certain threshold value (10%), and negative correlations to some
extent when Bio-Si content exceeds 20% (Fig. 11a). These corre-
lation characteristics are also consistent with published data
(Dong et al., 2019; Khan et al., 2019; Liu et al., 2019). For example,
although Khan et al. (2019) used a positive linear correlation to
describe the relationship between TOC and Bio-SiO2, it can be
found that the relationship between TOC and Bio-SiO2 is not
linear; TOC in black shale gradually decreases with the increase
in Bio-SiO2 content when the Bio-SiO2 content in black shale is
greater than approximately 40% (equivalent to 18.6% of Bio-Si
content) (Fig. 11b). The relationship between Bio-Si and TOC is
also consistent with the variations in graptolite abundance in
different lithofacies. Graptolites, as a kind of organic matter (Luo
et al., 2016), are rare in siliceous shale and argillaceous shale
(Fig. 5a, e), but are easily found in mixed siliceous shale (Fig. 5c).



Table 3
REE concentrations (ppm) and selected parameters of the O3w-S1l black shale from Well Yy2.

Sample depth, m 2696.00 2698.00 2701.00 2704.00 2707.90 2710.00 2713.10 2716.00 2719.00 Chondrite

La 44.20 45.60 41.20 39.20 43.30 38.50 32.60 28.20 51.50 0.38
Ce 89.00 91.60 85.00 80.40 86.30 78.00 64.40 54.00 91.80 0.98
Pr 9.63 9.77 9.32 8.88 8.97 8.67 7.60 6.53 9.59 0.14
Nd 35.70 35.50 35.40 33.30 32.20 32.80 30.40 25.70 35.10 0.72
Sm 6.44 6.19 6.88 6.20 5.96 6.21 6.08 5.17 6.73 0.23
Eu 1.34 1.14 1.54 1.38 1.24 1.16 1.32 1.11 1.41 0.09
Gd 5.70 5.29 5.98 5.38 5.61 5.59 5.58 4.78 6.47 0.31
Tb 0.86 0.78 0.92 0.81 0.90 0.88 0.89 0.79 1.10 0.06
Dy 4.97 4.51 5.25 4.71 5.60 5.18 5.31 4.77 7.03 0.39
Ho 1.00 0.92 1.06 0.96 1.17 1.04 1.08 1.01 1.47 0.09
Er 2.75 2.63 2.90 2.64 3.32 2.94 2.92 2.77 4.04 0.26
Tm 0.44 0.43 0.46 0.42 0.57 0.46 0.46 0.45 0.65 0.04
Yb 2.96 2.87 3.07 2.77 3.85 3.01 2.96 2.98 4.28 0.25
Lu 0.41 0.40 0.44 0.39 0.55 0.42 0.40 0.42 0.61 0.04
SREE 205.40 207.63 199.42 187.44 199.54 184.86 162.00 138.68 221.78
LREE/HREE 9.76 10.64 8.93 9.37 8.25 8.47 7.27 6.72 7.65
Eu/Eu* 0.67 0.60 0.73 0.72 0.65 0.60 0.69 0.68 0.65
Ce/Ce* 0.98 0.98 0.99 0.98 0.98 0.97 0.93 0.91 0.92

The value of Eu/Eu* and Ce/Ce* are calculated by the formula: Eu=Eu* ¼ 2EuN=ðSmN þGdNÞ ; Ce=Ce* ¼ 2CeN=ðLaN þ PrNÞ. The value of XN is the concentration of element X
normalized by chondrite.

Fig. 7. Cross-plots of SiO2 versus TiO2 and Al2O3 of shale samples from the O3w-S1l black shale showing strong negative correlations.

Fig. 8. AleFeeMn ternary plot showing the siliceous origin of shale samples from the
O3w-S1l black shale (Base map is modified from Adachi et al., 1986).
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Therefore, it can be found that the O3WeS1l black shale with a
specific content of Bio-Si or terrigenous siliciclastic input will have
higher TOC values (Figs. 10 and 11), not the black shale with the
highest Bio-Si content or the least terrigenous silica input. The
relationship between graptolite abundance and silica from
different origins can also illustrate the nonlinear correlations
described above, inwhich shale with higher or lower Bio-Si content
and terrigenous siliciclastic input reflected by Al2O3 usually have
low graptolite abundance (Figs. 4, 5 and 12). Hence, a black shale
with too much or too little Bio-Si content or terrigenous silica input
indicates that there may be a decrease in TOC and graptolite
abundance. These features also demonstrate that siliceous organ-
isms with some hydrocarbon generation materials are not the
primary organic source in the O3w-S1l black shale and using Bio-Si
content to evaluate the organic matter enrichment of siliceous
shale should, therefore, be evaluated carefully.
5.3. Sedimentary model for siliceous materials and organic matter

Based on the above geochemical and petrological analysis,
terrigenous siliciclastic input and Bio-Si constitute the main sour-
ces of silica in the O3w-S1l black shale (Fig. 13). In the Well Yy2



Fig. 9. Cross plots of Ni/Al and P/Al versus Siexcess for shale samples from the O3w-S1l black shale in wells Yy3 and Yy2.

Fig. 10. Cross-plots of TOC versus CIA and Al2O3 of the O3w-S1l shale samples showing a complex correlation between terrigenous siliciclastic input and organic matter enrichment.
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profile, the normal terrigenous siliciclastic deposits represented by
Al2O3 show a long-term increasing trend, whereas the Bio-Si con-
tent decreases upward. Meanwhile, the geochemical proxies such
as U/Th and V/Cr exhibit a long-term decreasing trend and CIA
values show gradual increase, indicating a gradually oxidizing
environment with sea-level fall and an intensifying weathering
condition during the depositional stage of the O3w-S1l black shale
(Fig. 13). Shale samples with high Bio-Si and TOC contents only
occur in the O3W and the lower S1l, in which the U/Th and V/Cr
ratios are higher than 0.75 and 2, respectively (Fig. 13). These var-
iations in geochemical proxies indicate that Bio-Si prefers reducing
environments and terrigenous silica prefers oxidizing environ-
ments, and a strong reducing environment with relatively high sea
level and productivity may be beneficial for organic matter accu-
mulation (Liu et al. 2016, 2019; Dong et al., 2018; Zhang et al. 2018,
2019; Lu et al., 2019; Yan et al., 2019).

However, the cross-plots of TOC versus V/Cr and U/Th in the
O3w-S1l black shale exhibit nonlinear correlations rather than a
simple linear relationship when the V/Cr and U/Th ratios are >5.0
and 2.0, respectively (Fig. 14). Meanwhile, graptolites are rare in
siliceous shale formed in a strongly reducing environment and
argillaceous shale formed in an oxidizing environment (Fig. 5a, e),
but are very common in mixed siliceous shale formed in a relatively
reducing environment (Fig. 5c). These characteristics indicate that
an appropriate redox condition should be more favorable for
organic matter accumulation, rather than the strongest reducing
environment.
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Organic matter enrichment is primarily controlled by the supply
and preservation of organisms. The supply of organisms is closely
related to paleoproductivity, and organic matter preservation pri-
marily depends on redox conditions, burial rate, and hydrodynamic
conditions (Murphy et al., 2000; Sageman et al., 2003; Li et al. 2017,
2019; Lu et al., 2019; Khan et al., 2019; Yang et al., 2019). According
to the above nonlinear relationships of TOC versus silica origin and
redox parameters, the O3w-S1l shale is taken as an example to
establish a sedimentary model for organic matter and silica origin
distribution within a continental shelf with little hydrothermal
influence.

During theOrdovician-Silurian transition, the Yangtze areawas a
semi-restricted shelf covered by a broad epeiric sea (Chen et al.,
2004; Su et al., 2009; Gorjan et al., 2012; Liu et al., 2017). With the
early sea-level rise, an upwelling current provided plentiful nutri-
ents to the semi-enclosed shelf basin, leading to an increase in
marine primary productivity and in Bio-Si content characterized by
abundant siliceous radiolarians (Figs. 13 and 15). Many planktonic
organisms, including graptolites, are well-preserved in deep-water
sediments (Figs. 4 and 5), resulting from gradually strengthening
anoxic conditions and a weakening hydrodynamic environment
(Figs. 4 and 13). However, seawater nutrients cannot increase
continuously and even decrease when the rising sea level exceeds a
certain limit, just like the lackof nutrients in themodernocean (Platt
and Sathyendranath, 1988; Li et al., 2003). Siliceous radiolarians are
more commonwith continuously rising sea level (Khan et al., 2019),
while enhanced open seawater environments lead to the migration



Fig. 11. Complex correlation between TOC versus Bio-Si and Bio-SiO2 content. (a) Cross plot of Bio-Si content versus TOC for the O3w-S1l black shale samples in the study area. (b)
Cross plot of Bio-SiO2 content versus TOC for the O3w-S1l black shale samples in Sichuan Basin, and data are taken from Khan et al. (2019).

Fig. 12. Bio-Si and Al2O3 content versus graptolite abundance for the O3w-S1l shale samples in Well Yy3, showing variations in graptolite abundance in shale samples with different
biogenic or terrigenous siliceous contents. NGC¼ number of graptolites on the core bedding surface. RGC ¼ ratio between total graptolite surface area and core bedding surface area.
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of organic matter within a greater paleogeographic space. Insuffi-
cient terrigenous detrital input accompanied with sea-level rise
slows the burial rate of organismsdue to the lackof aluminosilicates,
and abundant organisms are easily oxidized while slowly settling
through the water column (Ibach, 1980; Rimmer, 2004; Lu et al.,
2019; Wang et al., 2019). Meanwhile, large planktonic graptolites
cannot be transported to a deep-water area over long distances,
except for some small fragments. These concepts can illustrate why
the TOCvalue decreases in siliceous shalewith higher Bio-Si content
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and fewer terrigenous siliciclastic deposits formed in an enhanced
reductive environment (Figs. 10 and 11), and why mixed siliceous
shale with Bio-Si content ranging from 10% to 20% commonly con-
tains abundantorganicmatter andgraptolite fossils (Figs.11and12a,
b). However, the TOC of siliceous shale formed in a deep-water
environment is commonly greater than that of mixed argillaceous
shale because of good organic matter preservation after burial,
despite the slightly decreased TOC in siliceous shale caused by a
continuous sea-level rise (Figs. 11, 14 and 15).



Fig. 13. Vertical variations in different geochemical proxies from O3w-S1l shale samples in formations in Well Yy2 (Lx Fm ¼ Lingxiang Formation, and Hir ¼ Hirnantian). V/Cr ratios
of 2 and 4.25 and U/Th ratios of 0.75 and 1.25 are used to identify redox conditions and are marked by blue vertical dash lines.
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On the contrary, the increased restriction of sedimentary water
caused by sea-level drop will restrict nutrient materials migrated
from the ocean to the shelf, leading to a decrease in paleo-
productivity (Wang et al. 2015, 2019; Dong et al., 2018; Lu et al.,
2019). In the semi-enclosed paleoenvironment, although
decreasing paleoproductivity may reduce the organisms supply,
organic matter will not disperse widely and can be easily concen-
trated. Furthermore, a slight increase in terrigenous siliciclastic
input will benefit organic matter preservation by decreasing the
exposure time for oxidation (Rimmer, 2004; Lu et al., 2019). How-
ever, once sea-level fall exceeds a certain elevation, terrigenous
detrital influx will dilute the organic matter content markedly (Lu
et al., 2019), and stronger hydrodynamic conditions and exhaus-
tive bottom water oxidation are not favorable for organism depo-
sition and preservation (Fig. 13). Therefore, some organisms are
buried but are still oxidized, and siliceous radiolarians are also not
common in mixed shale or mixed argillaceous shale (Fig. 5h and i).
Fig. 14. Cross-plots of TOC versus V/Cr and U/Th for the O3w-S1l shale samples showing TOC
indicate an oxic environment, the U/Th ranges from 0.75 to 1.25 or V/Cr ranges from 2.0 to 4
anoxic environment.
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For example, the Longmaxi Formation Aeronian shale formed in
shallow water generally has a low graptolite abundance and low
TOC (Figs. 10 and 12c, d).

For organic matter enrichment in a continental shelf with little
influence from hydrothermal activity, we emphasize the controls of
organic matter supply and preservation caused by sea-level change
and terrigenous input on organic matter accumulation (Ibach, 1980;
Gambacorta et al., 2016; Lu et al., 2019). The environment with
appropriate sea level and terrigenous input should bemost favorable
for organic matter enrichment (Fig. 14). In this contribution, the
sedimentary environment in the study area corresponding to shale
sediments with approximately 8%e10% Al2O3 content and 10%e20%
Bio-Si content are favorable for organic matter sedimentation and
preservation during the Ordovician-Silurian transition (Figs. 10e12).
However, the threshold values of Al2O3 and Bio-Si content best for
organic matter enrichment may change in environments with
different paleogeomorphology and provenance systems.
variations in different redox conditions. Generally, V/Cr ratios <2 or U/Th ratios <0.75
.25 indicates dysoxic environment, and U/Th ratios >1.25 or V/Cr ratios >4.25 indicate



Fig. 15. Sedimentary models for different siliceous materials and organic matter in a semi-enclosed shelf basin with little hydrothermal influence.

Q.-S. Cai, M.-Y. Hu, B.-M. Zhang et al. Petroleum Science 19 (2022) 74e90
6. Conclusions

Bio-Si and terrigenous siliciclastic input are the primary silica
sources for the O3w-S1l black shale in western Hubei Province, and
they exhibit nonlinear correlations with TOC and graptolite abun-
dance, rather than simple linear correlations. Black shale with
approximately 8%e10% Al2O3 or 10%e20% Bio-Si usually has higher
TOC content. Furthermore, TOC exhibits a complex relationship
with redox parameters. The nonlinear relationships indicate that
organic matter enrichment and distribution of silica with different
origins are mainly controlled by sea-level changes and variations in
terrigenous input, and using Bio-Si content to evaluate the organic
matter enrichment of siliceous shale should be evaluated carefully.
Excessive high sea level accompanied with little terrigenous sili-
ciclastic input will decrease the organism supply and slow their
burial rate but promote biogenic silica enrichment, while excessive
low sea level accompanied with sufficient terrigenous supply will
promote organic matter burial but substantially dilute its concen-
tration and lead to an oxidizing environment with abundant
terrigenous silica. Therefore, an environment with appropriate sea
level and terrigenous input should be most favorable for organic
matter accumulation in a continental shelf with little influence of
hydrothermal activity, rather than an environment with excessively
high sea level, strong reducing conditions, and little terrigenous
supply.
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